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We report here a rapid room-temperature colloidal chem-
istry route to produce nanocrystals with a narrow size
distribution of a prototypical zeolitic imidazolate framework
(ZIF) material, ZIF-8." ZIFs'~7 are a new subclass of porous
metal-organic frameworks (MOFs)® in which divalent metal
cations are linked by imidazolate anions into tetrahedral
frameworks that frequently possess a zeolite topology. Most
interestingly, some guest-free ZIFs, e.g., ZIF-8, are reported
to exhibit, besides a large intracrystallite surface area,
exceptional chemical and thermal stability,'! a combination
of properties rarely to be found among other porous MOF
materials. To further tune the properties of ZIFs for specific
applications in gas storage, separation, or sensing as well as
to make ZIFs available as novel building blocks for advanced
nanotechnology devices, it is mandatory to develop synthetic
routes for the production of monodisperse nanocrystals.’

The chemistry of nanoscale carboxylate-based MOF
materials has started to be developed only recently. Direct
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mixing,'? microwave,!! ultrasound,'? and microemulsion'?

methods have been used for synthesis and some degree of
size and shape control could be achieved. The formation of
stable colloidal dispersions of MOF-5 nanocrystals in the
presence of a stabilizing monocarboxylate ligand has been
monitored in situ by time-resolved static light scattering.'*
Also, nanocrystals of MOFs have been grown on function-
alized self-assembled organic monolayers.'> However, this
is the first report on the synthesis and characterization of a
nanoscale ZIF material.

It is also remarkable, in comparison with previous
syntheses of nanoscale carboxylate-based MOFs,'*™!> that
our simple method does not need any auxilary stabilizing
agents or activation (conventional heating, microwave or
ultrasound irradiation) and yields well-shaped ZIF-8 nanoc-
rystals in the form of powders or stable colloidal dispersions.
The method relies on pouring at room temperature a
methanol solution of Zn(NOs3),*6H,0 into a methanol
solution of the imidazole derivative, 2-methylimidazole
(Hmim). It is important to add Hmim in excess to the zinc
source, contrary to reported protocols'? that were designed
to produce large microcrystals and used the zinc salt and
Hmim in a molar ratio <1:2. We obtained good results when
employing Zn(NOs3),*6H,0, Hmin, and methanol in a molar
ratio of approximately 1:8:700 (details are provided in the
Supporting Information).

Comparison of an X-ray diffraction (XRD) pattern taken
from a powder sample with a pattern simulated from known
structural data' (see Figure S1 in the Supporting Information)
demonstrates that the product is single-phase ZIF-8 material.
An average particle diameter of 46 nm is estimated from
the broadening of the XRD peaks. Secondary electron
micrographs (Figure 1a) reveal that the product consists of
isometrical nanoparticles with sharp edges and a narrow size
distribution. A statistical evaluation of 250 particles results
in an average diameter of 40(3) nm. Considering that MOFs
are easily damaged in the high-energy electron beam of a
transmission electron microscope (TEM),'® a minimum dose
exposure technique was applied for acquisition of high-
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Figure 1. ZIF-8 nanocrystals prepared in methanol. (a) SEM micrograph,
(b) HRTEM micrograph showing nanocrystals that exhibit lattice fringes
of ca. 1.2 nm that correspond to the (110) family of planes.

resolution TEM (HRTEM) micrographs (Figure 1b). The
nanocrystals were oriented on the TEM grid so that they
exhibit predominantly (110) lattice fringes. Thus, the nanoc-
rystals are approximately imaged almost along the [001]
direction, and their approximate hexagonal envelope then
indicates that the particles actually have the shape of a
rhombic dodecahedron, that is a {110} crystal morphology
(see Figure S3 in the Supporting Information).

Early stages of nanocrystal formation could be successfully
monitored in situ by time-resolved static light scattering (TR-
SLS). Because of the high refractive index of the nanopar-
ticles and their rapid growth, the solutions had to be diluted
for these experiments. As shown in Figure 2 for the 1:5:
1000 Zn:Hmim:MeOH molar ratio, ca. 130 s after mixing
the component solutions, particles with a radius of gyration
R, of ca. 20 nm had been formed. During the 170 s following,
the weight averaged particle mass M,, increased further,
whereas the corresponding size of the particles remained
essentially constant in this growth period. This apparent
contradiction can be explained by means of the different
averages of the R, and M,, values, respectively.

The radius of gyration R, is a square root of the z-averaged
squared radius of gyration [$°()

Sn,M ;S0
R}=BU="—"+
2n;M,

and the molar mass value M, is a weight averaged value.
ZniMi2
M, =~

W nM.

ol 1
1

In both averages, i denotes the number of elementary units
forming a nanoparticle and n; and M; are the number and
the molar mass of this nanoparticle, respectively. The
scattering signals average over all species of nanoparticles
with variable i including elementary units or monomers,
which are not yet incorporated into particles. A situation with
the size values staying constant but with mass values
increasing is observed if single particles grow very fast
compared to the duration of our time-resolved experiment.
In such a case, the mass fraction of nanoparticles does not
increase because of a growth of particles with time but
because of an increase in the number of particles due to a
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Figure 2. Growth of ZIF-8 nanocrystals in methanol (1: 5:1000 Zn:Hmim:
MeOH). Radius of gyration R, vs time (squares) and weight-averaged
particle mass M,, vs time (spheres).

continuous nucleation. Such a process still affects the weight
average of the mass, whereas the higher z-average of the
squared size has already reached its final value. The results
thus indicate the existence of an intermediate (primary)
nanocrystal with R, ~ 20 nm, which by assuming a spherical
particle corresponds to a diameter of ~50 nm (Rgphere = (5/
3)"2R,). This nicely agrees with the XRD and TEM results.

Beyond 300 s, both the particle size and mass further
increased, indicating an acceleration of the growth process,
which likely is due to an agglomeration of primary nanoc-
rystals. A correlation between the radius of gyration and the
corresponding mass in this regime of agglomeration led to
a power law behavior for R, ~ M,* with an exponent of
0.65 < a <0.75. This exponent is well above the value of a
compact sphere or cube (¢ = 1/3) and indicates a fractal
dimension 1/a that corresponds to a loose aggregate of
constituent nanocrystal particles. During syntheses, it was
observed that sedimentation from the milky synthesis
mixtures occurred only very slowly.

Stable, slightly turbid colloidal dispersions were obtained
by redispersing the nanocrystals in methanol and studied by
dynamic light scattering (DLS) as well as small-angle X-ray
scattering (SAXS). A hydrodynamic diameter of 49 nm and
a polydispersity index (PDI) of 0.09 were obtained by DLS
(see Figure S5 in the Supporting Information), whereas the
SAXS data show that isometrical nanoparticles with an
average R, = 20.4(7) nm are present (see Figure S6 in the
Supporting Information).

Thermogravimetry (TG) performed on a nanoscale ZIF-8
powder sample (see Figure S7 in the Supporting Information)
and temperature-dependent powder XRD (see Figure S8 in
the Supporting Information) reveal that in air the nanocrystals
are stable up to ca. 200 °C before decomposition of the
framework structure takes place. Thus, nanoscale ZIF-8
exhibits considerable thermal stability although it is, as one
would expect, of lower thermal stability than microscale
ZIF-8 (up to ca. 400 °C in air,? and up to ca. 550 °C in N,').
Permanent microporosity of the nanoscale ZIF-8 powder is
demonstrated by gas sorption analyses (see Figure S9 in the
Supporting Information). From the N, sorption isotherms
(Figure 3), an apparent specific surface area of 962 m*g
(BET method) and a micropore volume of 0.36 cm?®/g are
estimated for the evacuated nanocrystals. These values are
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Figure 3. ZIF-8 nanocrystals prepared in methanol. Nitrogen sorption
isotherms shown as linear—log plot in order to emphasize the low-pressure
range. Adsorption and desorption branch are represented as red and blue
curves, respectively.

lower than the highest values reported recently for microscale
ZIF-8 (BET surface area: 1630 m*/g, micropore volume: 0.64
cm¥/g).!

This possibly indicates that the as-synthesized nanoscale
ZIF-8 still contains some residual species (e.g., unreacted
Hmim) that could not be desorbed from the cavities of the
nanocrystals during the activation step before the sorption
measurements.

Taking together, our rapid and cheap (regarding chemicals
and energy) synthetic protocol yields pure-phase nanoscale
ZIF-8 material with a narrow size distribution, good thermal
stability, and large accessible internal surface area. Such
preformed nanocrystals should be excellent candidates for
the preparation of supported ZIF films and membranes, as
known for zeolites.!” Also, nanoscale microporous adsorbents
and catalysts are favorable over microscale ones with regard
to the mass and energy transport properties.’ This could be
particularly beneficial for ZIF materials, which frequently
possess large cavities that are connected by small apertures
(as in the case of ZIF-8, ZIF-95, and ZIF-100), resulting in
slow adsorption kinetics when microscale powders are used.*

We explain the formation of ZIF-8 nanocrystals with the
excess of Hmim employed in the syntheses (Scheme 1).

Hmim can act both as a linker unit in its deprotonated
form and as a stabilizing unit in its neutral form. If one takes
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Scheme 1. Synthesis of ZIF-8 Nanocrystals Capped with
Neutral 2-Methylimidazole (Hmim)

MeOH, RT

Zn(NO,), + (2-x+y) Hmim ———»

nano-[Zn(mim),(Hmim),] + (2-x) H" + 2 NO;

g alie 3

[Zn(mim),,] [Zn(mim),,(Hmim)]°*
Zn™ coordination in crystal Zn* coordination at surface

the pK, (7.1) and pK,, (14.2) values for imidazole'® as a
rough estimate for the acid—base properties of Hmim in
methanol, one would expect that an equilibium of the cationic
(protonated) and neutral forms exists in solution and depro-
tonation of Hmim is only driven by the crystallization of
ZIF-8 (gain of lattice energy). Enough neutral Hmim should
then be available in solution for terminating growth and
stabilizing positively charged nanocrystals. This is supported
by the value (+55 mV) measured for the § potential of stable
dispersions of ZIF-8 nanocrystals in methanol. This line of
arguments suggests that our method of excess protic linker
might be a general one and transferable to other ZIFs, and
even carboxylate-based MOFs at low pH conditions.
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