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Shape control in metal organic frameworks still remains a challenge. We propose a strategy based on the capping agent
www.rsc.org/ modulator method to control the shape of ZIF-8 nanocrystals. The approach requires the use of a surfactant,
cetyltrimethylammonium bromide (CTAB), and a second caping agent, tris(hydroxymethyl)Jaminomethane (TRIS), to obtain
ZIF-8 nanocrystals with morphology control in agueous media. Semiempirical computational simulations suggest that both
shape-inducing agents adsorb onto different surface facets of ZIF-8, thereby slowing down their crystal growth rates.
While CTAB molecules preferentially adsorb onto {100} facets, leading to ZIF-8 particles with cubic morphology, TRIS
preferentially stabilizes the {111} facets, inducing the formation of octahedral crystals. Interestingly, the presence of both
capping agents leads to nanocrystals with irregular shapes and higher index facets, such as hexapods and burr puzzles.
Additionally, the combination of ZIF-8 nanocrystals with other materials is expected to impart additional properties due to
the hybrid nature of the resulting nanocomposites. In the present case, the presence of CTAB and TRIS molecules as
capping agents facilitates the synthesis of metal nanoparticle@ZIF-8 nanocomposites, due to synergistic effects which
could be of wuse in a number of applications such as catalysis, gas sensing and storage.

competitor to alter the coordination equilibria between copper ions
Introduction and organic linkers."* This competitive interaction determined the
reaction rate and induced anisotropic crystal growth through
oriented attachment. Similarly, Umemura et al. have shown an
octahedron-cuboctahedron-cube morphological transition in a
[Cus(btc),], crystal by tuning the concentration of lauric acid.”” The
presence of the modulator induced MOF crystal growth along the
[111] and [100] directions, which eventually dictated the final shape.
Alternatively, surfactant molecules have also been reported to act
as modulators.” The role of surfactants as capping agents and their
adsorption onto specific crystal facets could also induce a
morphological evolution. Pan et al. demonstrated that the presence
of cationic surfactants could change the morphology of ZIF-8 MOFs,
from truncated cubic to rhombic dodecahedron.” The different
adsorption affinity of the surfactant molecules towards {100} and
{110} facets has been invoked as the main factor modulating their
relative growth rate.

Metal-organic frameworks (MOFs) have found wide
application in various fields such as energy, catalysis and drug-
delivery.l’2 Rational design of the chemical and physical properties
of MOFs relies on structural aspects, such as their size and
morphology, but also on the composition.s'6 Typical synthesis
procedures result in bulk MOF powders with relatively large crystal
sizes, random shapes, and high polydispersity. However, control
over MOF crystal morphology in the nanometer scale is a pre-
requisite in certain fields such as optoelectronics or biomedical
applications.7 Different approaches have been developed to control
the size and morphology of MOFs, which typically focus on
controlling the kinetics of the growth process.8 The main strategy
explored so far toward morphology control is based on the
coordination modulation method, in which different additives are
used to modulate crystal growth, by influencing coordination
equilibria.g’ 0 For instance, Tsuruoka et al. added acetic acid as a We recently demonstrated that the surfactant-based approach
could also be applied to the synthesis of metal nanoparticle@ZIF-8
heterostructures. The adsorption ability of quaternary ammonium
surfactant molecules towards both metal surfaces and ZIF-8 metal
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Figure 1. Representative SEM (1) and TEM (2) images of ZIF-8 nanocrystals synthesized in the presence of different capping
agents: A) 0.07 mM CTAB, B) 10 mM TRIS, C) 50 mM TRIS, D) 100 mM TRIS, E) 0.07 mM CTAB and 10 mM TRIS, and F) 0.07
mM CTAB and 50 mM TRIS. The insets in the SEM images show particles at a higher magnification. Scale bars represents 1

um.

modulation method based on the presence of two modulators,
simultaneously, throughout the crystal growth. The addition of
cetyltrimethylammonium  bromide (CTAB) together  with
tris(hydroxymethyl)aminomethane (TRIS) leads to a cooperative
effect that modulates the final morphology of ZIF-8 nanocrystals
from cubic to octahedral, hexapods, burr puzzles and flower-like
shapes.

Results and discussion

The presence of CTAB as capping agent induced the
formation of ZIF-8 nanocrystals with poly-cubic morphology, as
previously reported, through the preferential stabilization of [100]
facets (see Figure 1A). Additionally, careful tuning of the CTAB
concentration (below its critical micelle concentration, cmc) in the
reaction medium allows us to vary the final particle size.™ On the
other hand, the use of TRIS instead of CTAB led to nanocrystals with
different morphologies, which could be modulated via TRIS
concentration. Whereas the presence of 10 mM TRIS induced the
formation of rough octahedral nanocrystals (Figure 1B), by
increasing the concentration to 50 mM and 100 mM flake-shaped
and flower-like nanoparticles were obtained, respectively (see
Figures 1C and 1D). We additionally studied the combined influence

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

of both modulators, CTAB and TRIS, on the morphology of MOF
particles. Interestingly, in the presence of 0.07 mM CTAB and 10
mM TRIS, particles with well-defined hexapod morphology were
formed (see Figure 1E), but when the amount of TRIS is increased to
50 mM, the particles displayed multiple arms, in a sort of burr
puzzle (see Figure 1F). It should be noted that if CTAB concentration
was increased to 0.35 mM, its modulating effect dominated and
particles with cubic morphology were obtained.™

Different techniques such as electron microscopy, X-Ray diffraction
and Fourier transform infrared (FTIR) spectroscopy were used to
characterize the influence of CTAB and/or TRIS on the final
morphology and structure of the particles. Figure 2A shows powder
XRD patterns (see Figure 2A), recorded from MOFs synthesized in
the presence of different amounts of CTAB and/or TRIS. All
diffraction patterns exhibit the characteristic peaks (011), (002),
(112), (022), (013) and (222), indexed to the unit cell of SOD-type
ZIF-8 structure, confirming that all the samples were the pure ZIF-8
phase, with high o:rystallinity.16 It should be pointed out that in the
case of flake-like nanoparticles (no CTAB; 50 mM TRIS) the XRD
pattern reveals the presence of additional peaks at ca. 11, 15 and
17 degrees. These peaks can be ascribed to the presence of a ZIF
pseudopolymorphism due to the partial deprotonation of 2-

This journal is © The Royal Society of Chemistry 20xx
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methylimidazole.”’ 18 Additionally, selected area electron diffraction

(SAED) was performed on ZIF-8 nanocrystals with burr puzzle
morphology. Shown in Figure 2C is the SAED pattern from the single
particle displayed in Figure 2B, along the [111] direction with
respect to the electron beam. Additional reflections (one of them
highlighted with a green arrow) are also observed, suggesting that
the particle is polycrystalline. Elemental distribution in the same
nanocrystal was visualized by EDX mapping. Figure 2D shows
representative SEM images and the corresponding EDX mapping for
a burr-puzzle particle (see additional SEM and EDX mappings for
nanocrystals with cubic, flake and flower-like morphologies in
Figure S1, in the ESI). In all cases, it can be clearly observed that Zn,
N and C are homogeneously distributed throughout the particles.
The different ZIF-8 morphologies were also analyzed by FTIR
spectroscopy (see Figure S2). All spectra show the characteristic
bands of ZIF-8, being dominated by the vibration of the imidazole
units, without significant differences between different
morphologies and in agreement with those reported in the
literature.™® 2° The absence of vibrational bands characteristic of
amines and hydroxyl groups, characteristic of TRIS, or CN
vibrational modes and CH stretching from CTAB, indicates that
neither of the shape modulating molecules were retained in the
pores of the ZIF-8 nanocrystals and served as capping and shape-
inducing agents only.

The surface area of the different ZIF-8 nanocrystals was
characterized by nitrogen adsorption isotherms (see Figure S3 and
Table S1 in the ESI). All samples showed typical type-l adsorption
isotherms characteristic of nanoscale ZIF-8 and in overall
agreement with reported data for microscale and nanoscale ZIF-8.%
2! The increase in adsorbed nitrogen amount at high relative
pressures (p/py > 0.8) with a small adsorption-desorption hysteresis
loop can been ascribed to the presence of intercrystalline and
interparticle mesopores between adjacent nanocrystals.21 The BET
surface area values estimated for the cubic, octahedron and burr-
puzzle ZIF-8 nanocrystals are within the range of values previously
reported for pure ZIF-8.% Nevertheless, the surface area of the
flake-like nanoparticles is however well below this range (306.9
mz/g), which may be related to the presence of ZIF-8
pseudopolymorphism, which has been reported to present almost
no porosity.17’ 2 Additionally, the thermogravimetric analysis
performed on the samples reveals that the nanocrystals are stable
in air up to ca. 200 °C before decomposition of the framework
structure takes place (see Figure S4 in the ESI). The stability of the
different ZIF-8 nanocrystals was evaluated with time upon storage
in methanol. The results demonstrated that all nanocrystals retain
its shape, except the flower-like nanoparticles, which slightly
reshape/dissolve with time (see Figure S5 in the ESI). The different
behavior of the flower-like nanoparticles could be related with the
lower yield of the reaction and therefore its thermodynamic
stability might be lower (see Table S1 in the ESI).

According to the Wulff’s rule, from a thermodynamic perspective
the most stable crystal morphology is dictated by the relative
surface energies of the different facets, i.e. the slow-growing
facet.” Typically, in the nanometer range, addition of capping
agents of distinct nature can result in variations of the growth rate
of different facets, leading to nanocrystals with a wide variety of

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (A) XRD patterns of different ZIF-8 nanocrystals
obtained in the presence of different amounts of CTAB
and/or TRIS. (B) Bright field TEM image of a burr-puzzle
crystal; its corresponding diffraction pattern is shown in
(C). (D) EDX elemental mapping of a burr-puzzle ZIF-8
nanocrystal.

morphologies.zs’ % In the present case, in the absence of a capping
agent, ZIF-8 nanocrystals present a rhombic dodecahedron shape
with a mixture of {100} and {110} facets. Oppositely, in the
presence of capping agents such as CTAB or TRIS, particles were
obtained with cubic or octahedron morphology, respectively.
Bearing in mind that neither of the two capping agents were
incorporated within the MOF structure, as demonstrated by FTIR
characterization, we propose that their interaction with the
different crystal facets leads to different crystal growth modes. In
order to confirm this hypothesis, we calculated intermolecular
interactions between ZIF-8 and TRIS, using a model formed by a unit
cage of ZIF-8, comprising 708 atoms, and a TRIS unit, similar to that
previously reported for CTAB.” The crystallographic unit cell of ZIF-
8 is composed by a combination of {111} and {100} facets (see Table
1). A conformational analysis of the TRIS molecule showed that the
most stable conformer presents three anti NCCO units. Using the
PM7 semiempirical method, we carried out geometrical
optimizations for different orientations between the TRIS unit and
the three facets of the ZIF-8 unit and computed their interaction
energies (see experimental section for details). Selected minimized
representative conformations and interaction energies are shown in
Figure S4 in the ESI. The obtained negative values clearly indicate
the existence of stabilizing interactions between ZIF-8 and TRIS for
different geometries and relative orientations (see Table 1).
Although the interaction energies are similar, they indicate that
adsorption on {111} facets is slightly preferred. We thus conclude
that, the adsorption of CTAB and TRIS on ZIF-8 takes place
preferentially on {100} and {111} facets, respectively.

Even though MOFs display unique properties, the incorporation of
functional guests or their combination with other materials is
expected to impart additional properties due to the hybrid nature

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Representative TEM images of Au@Ag nanorods
encapsulated within cubic (A) and burr-puzzle (E) ZIF-8
nanocrystals, and visualizations of the corresponding 3D
reconstructions, from a cubic (B,C,D) and a burr-puzzle
(F,G,H) ZIF-8 coated nanoparticle, demonstrating core-shell
configurations. See Supporting Information videos SV1 and
SV2 for the full reconstructions.

of the resulting nanocomposites.27'29 In the present case, the

presence of CTAB and TRIS molecules as capping agents largely
facilitates the synthesis of metal nanoparticle@ZIF-8
nanocomposites, due to a synergistic effect; on one hand both
molecules can modulate the morphology of ZIF-8 nanocrystals, and
on the other hand the presence of CTAB molecules can promote the
nucleation and growth of ZIF-8 nanocrystals on the surface of pre-
synthesized plasmonic nanoparticles, giving rise to hybrid
nanostructures. We have recently shown that the presence of
quaternary ammonium surfactants resulted in the encapsulation of
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individual plasmonic nanoparticles by ZIF-8 MOFs." The presence
of CTAB was shown to lead to a polycrystalline ZIF-8 shell
comprising several cubic nanoparticles, likely due to multiple ZIF-8
nucleation on the metal surface. Similarly, the simultaneous
presence of CTAB and TRIS molecules should allow us to synthesize
core-shell metal NP@ZIF-8 hybrids with shells of different
morphologies. Figure 3 shows representative TEM images of
Au@Ag nanorods encapsulated within ZIF-8 shells, grown in the
presence of only CTAB (0.07 mM, cubic morphology) or a mixture of
CTAB (0.07 mM) and TRIS (10 mM). The 3D morphology of the core-
shell nanoparticles was characterized by electron tomography. A
dedicated procedure was used to image both heavy and light
elements in the same sample, in a dose efficient manner.*®
Visualizations of the 3D reconstructions are presented in Figure 3
and the videos are available as ESI (SV1 and SV2). The MOF shells
are highlighted in yellow, whereas Ag and Au in the nanorods are
labelled with grey and blue colors, respectively. The 3D
reconstructions reveal that Au@Ag NRs are entirely surrounded by
the MOF shells, which are indeed formed by several ZIF-8 cubes,
oriented along different directions for the particles synthesized
using CTAB, or comprise ZIF-8 spikes with different sizes for the
particles synthesized in CTAB/TRIS. The thickness of the spikes was
measured using orthoslices from the 3D reconstructions, yielding a
variation between 25 nm and 60 nm.

Conclusions

In summary, we report an aqueous based synthesis of ZIF-8
nanocrystals with morphology control, based on the capping agent
modulation method using CTAB and TRIS molecules, which adsorb
onto different surface facets of ZIF-8, slowing down their crystal
growth rates. While CTAB molecules adsorb preferentially to {100}
facets, leading to ZIF-8 with cubic morphology, TRIS molecules
stabilize preferentially the {111} facets and give rise to nanocrystals
with octahedral morphology. Interestingly, the presence of both
capping agents leads to nanocrystals with irregular shapes and
higher index facets, such as hexapods and burr puzzles. Additionally,
we have shown that the approach can be extended to the single
encapsulation of metal nanoparticles within the hierarchical ZIF-8
nanocrystals. This may open the way toward the development of
new methods for ZIF-8 nanocrystals with shape control, which will
be of use in a number of applications such as catalysis, gas sensing
and storage.

Experimental
Materials.

Hexadecyltrimethylammonium bromide (CTAB) and
Hexadecyltrimethylammonium chloride (CTAC) were purchased
from Aladdin; HCI were purchased from Adamas; 2-methylimidazole
(HMIM), Zinc nitrate hexahydrate (Zn(NOs),-6H,0), Gold(lll) chloride
hydrate, Tris(hydroxymethyl)aminomethane (TRIS), silver nitrate
and NaCl were purchased from Sigma-Aldrich.

Synthesis of ZIF-8 nanocrystals. The synthetic procedure was based
on a previously reported protocol with slight modifications. First,
stock solutions of Zn(NOj3),6H,0 (24 mM) and 2-methylimidazole

This journal is © The Royal Society of Chemistry 20xx
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(1.32 M) were prepared in different concentration of TRIS (0 mM,
10 mM, 50 mM and 100 mM, pH 7.2). Subsequently, 0.145 mL of an
aqueous solution of CTAB (1 mM) was added to 1 mL of HMIM
stock solution and stirred for 5 min. Then, 1 mL of Zn(NO;),-6H,0
stock solution was added stirred for 5 min and left undisturbed at
room temperature for 3 hours. The final pH is a critical factor
toward the successful synthesis of the different ZIF-8 nanocrystals
in water since basic pH values lead to the deprotonation of HMIM,
thereby promoting the formation of the ZIF-8 structures. In all cases,
the final pH in the reaction medium was between 8 and 9, since a
pH below the pKa’s of HMIM (7.0 and 7.4) leads to its protonation,
hindering the nucleation of ZIF-8 nanocrystals. The ZIF-8
nanocrystals were collected by centrifugation a washed several
times in methanol and redispersed in ethanol. See table S1 for a
detailed description of the different mixtures analyzed.

Synthesis of metal NPs@ZIF-8 core-shell hybrid nanocrystals. Au
nanorods and Au@Ag nanorods are prepared based as previously
work.”® The encapsulation of metal nanoparticles within ZIF-8 was
done as follows: 1 mL of Au nanorods or Au@Ag nanorods (typically
10nM) and 145uL of ImM CTAB were injected into the 1 mL of 1.32
M HMIM in 50 mM TRIS (pH 7.2) and stirred for 5 min. Thereafter, 1
mL containing 24 mM Zn(NO3), in 50 mM TRIS (pH 7.4) was added.
The resulting mixture was stirred for 5 minutes and left undisturbed
for 3 hours. The core-shell Au@Ag@ZIF-8 particles were centrifuged
at 5000 rpm for 5 min, washed with 10 mL of methanol and finally
redispersed in 5 mL of methanol.

Characterization. UV-visible characterization was performed using
an UV-2600 Shimadzu spectrophotometer. Fourier Transform
infrared spectroscopy (FTIR) spectra were recorded in KBr pellets on
a Shimadzu IR-Prestige 21 spectrophotometer. Conventional TEM
images were acquired with a Tecnai G2 microscope operated at 120
kV. Scanning electron microscopy (SEM) was performed on a JEOL
JSM-7800F electron microscope operated at 5.0 kV without coating
the samples.

Acquisition of the tilt series for electron tomography was
performed using a Fischione 2020 single tilt holder and an FEI Osiris
electron microscope, operating at an accelerating voltage of 120 kV.
The projection images were collected over an angular range
between -74° and +73°, with a 3° tilt increment. The tilt series were
aligned using the FEI INSPECT 3D software and reconstructed via
the simultaneously iterative reconstruction technique implemented
in the ASTRA tomography toolbox.”’ During the acquisition of the
projection images, ADF and HAADF detectors were simultaneously
used to retrieve information from both low and high atomic
number elements. More information about the complete
acquisition and the reconstruction procedure can be found in ref. 2%,

Powder X-ray diffraction (XRD) patterns of ZIF-8 were recorded
using a Brucker D8 Advance PC diffractometer in the diffraction
angle range 20= 4-50° with Cu Ka radiation (A = 1.5418 A) at 40 KV,
40 mA.

Nitrogen adsorption—desorption isotherms were measured at
77.35 K on a Micromeritics Tristar Il 3020 v1.03 analyzer. The
powder samples were degassed at 120 °C for at least 12 h prior to
the measurements. The Brunauer—-Emmett-Teller (BET) surface

This journal is © The Royal Society of Chemistry 20xx

areas were calculated from the adsorption data from 0.05 <P/Po<
0.30.

Thermogravimetric analysis (TGA) was carried out on a
Shimadzu-TGA-50. The sample was manteined at room
temperature under 20 mL/min nitrogen flow rate atmosphere, and
then heated at a rate of 20 °C/min over a temperature range from
25°Cto 600 °C.

Computational methods. The intermolecular interactions
between ZIF-8 and the surfactant were studied using
semiempirical PM6 and PM7 methods included in
MOPAC2012.3 A unit model of ZIF-8 containing 708 atoms was
defined and a large number of geometrical optimizations for
different orientations between ZIF-8 and either a CTAB
surfactant monomer or a TRIS molecule were performed. The
interaction energies (E;,;) for the stable complexes found have
been computed as the energy difference Eiyeraction = Ecomplex —
(Ezirs + Etris/crac), Where Ecompiexs Ezirs, @nd Ergis/cras Were the
computed PM7 energies for the complex, the isolated ZIF-8,
and isolated CTAB or TRIS, respectively, at the optimized

geometries of the complex.
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