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Porous coordination polymers (PCPs) or metal-organic
frameworks (MOFs) are a novel fascinating class of crystal-
line porous inorganic-organic hybrid materials, with many
potential applications in gas storage, separation, sensing,
catalysis, and medical diagnostics.! MOFs are usually syn-
thesized from solution under mild conditions. At present, the
synthesis of new MOFs is guided by choosing metal cations
and polydentate organic bridging ligands with known coordi-
nation preferences that assemble with some degree of
predictability into a particular three-dimensional frame-
work,” which may allow further modification by post-
synthetic methods.”! One limitation of this kind of designing
MOF synthesis is set by the poor understanding of the
molecular-scale mechanisms of MOF crystallization.[*!
Detailed knowledge of the physicochemical fundamentals of
MOF nucleation and growth could also enable better control
over crystal size and shape, an issue that is of particular
relevance in the emerging field of advanced nanoscale MOF
materials.[%” There are as yet only few experimental studies of
the mechanisms of MOF crystallization. For example, ex situ
extended X-ray absorption fine structure (EXAFS) spectros-
copy®! and electrospray ionization mass spectrometry (ESI-
MS)® have been used to detect multinuclear metal complexes
(secondary building units) in solution, whereas in situ static
light scattering (SLS)!"! and in situ energy-dispersive X-ray
diffraction (EDXRD)®! have provided time-resolved infor-
mation about the evolution of particles and crystalline phases,
respectively. The growth of MOF nanorods by oriented
attachment has also been investigated by ex situ transmission
electron microscopy (TEM).'"”) However, direct observations
of MOF nucleation processes in homogeneous solution have
as yet not been reported.
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Herein we present combined time-resolved in situ small-
angle and wide-angle X-ray scattering (SAXS/WAXS)
experiments that enabled for the first time monitoring the
fast nucleation and growth of nanocrystals of a MOF material,
the zeolitic imidazolate framework 8 (ZIF-8). Combining
SAXS and WAXS is a powerful method that provides
detailed information about particle size and shape and
crystalline phase, as has been demonstrated previously by
excellent insitu studies on the formation of zeolite,"!
CaCO;,M Fe;0,,1% and Au particles.'

ZIFs are a distinctive, rapidly developing subclass of
MOFs.!"! Their tetrahedral framework structures consist of
divalent metal cations (such as Zn*', Co®") and bridging
substituted imidazolate anions, and frequently possess a
zeolite topology. The prototypical ZIF-8 of composition
[Zn(mim),]-nG (Hmim =2-methylimidazole, G = guest) crys-
tallizes with a cubic sodalite-related framework."®! We have
previously reported a procedure for the rapid production at
room temperature of 45 nm sized ZIF-8 nanocrystals with a
narrow size distribution."” An excess of the bridging Hmim
ligand with respect to the zinc salt was employed to increase
the nucleation rate. An insitu SLS study of the synthesis
revealed that particle formation is generally characterized by
comparatively slow nucleation occurring together with fast
particle growth on a timescale of a few seconds, which was too
fast for monitoring details of the very early crystallization
events. Furthermore, SLS does not allow the detection of very
small particles and crystallinity. This becomes possible by
using SAXS/WAXS.

The SAXS/WAXS experiments were performed at the
undulator beam line ID02 of the European Synchrotron
Radiation Facility (Grenoble, France). The high brilliance of
the X-ray source enabled monitoring ZIF-8 nanocrystal
formation with a time resolution of 1s. To define the onset
of the fast reaction as precisely as possible, a stopped-flow
device was used for rapid turbulent mixing of the methanolic
component solutions before injection into a glass capillary
that served as the scattering cell (experimental details are
provided in the Supporting Information). The total molar
ratio of Zn(NOs;),-6 H,O:Hmim:MeOH was set to 1:4:1000, in
analogy to previous preparations and SLS studies employing
usual mixing methods.!”)

Figure 1a and Figure 1c show plots of the experimental
SAXS and WAXS patterns, respectively. Two features can be
identified in the SAXS patterns. The feature of a residual
intensity at the momentum transfer ¢ of more than about
0.9nm™' is already observed in the first measurement and
originates from very small particles (denoted clusters here-
after); that is, these clusters form spontaneously upon mixing
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Figure 1. Time-resolved scattering patterns during ZIF-8 nanocrystal
formation: a) SAXS patterns for the first 150 s. The time interval
between succeeding patterns is 1 s. b) High-g region of selected SAXS
patterns originating from the small particles (clusters). The time at
which each pattern was measured is indicated by color: red 10 s, light
green 30 s, dark green 50's, blue 70 s. c¢) WAXS patterns between 1
and 800 s. The time interval between succeeding patterns is 1s.

d) Plot of the extent of crystallization a versus time t as produced
from the integrated intensity of the 211 reflections in the WAXS
patterns.

the component solutions. The feature at g less than about
0.9 nm™' is first detected after 15 s and originates from the
formation of particles. While the intensity corresponding to
the particles increases with time, a simultaneous decrease of
the intensity corresponding to the clusters is observed,
indicating that the formation of particles is correlated with a
depletion of clusters (Figure 1b). All Bragg reflections that
appear in the WAXS patterns belong to the cubic body-
centered lattice of ZIF-8 (space group I43m, a=
1.7012 nm)," revealing that pure-phase ZIF-8 nanocrystals
are generated without the occurrence of any other transient
crystalline phase.

Figure 1d shows a plot of the extent of crystallization
versus time that was produced by normalization of the
integrated intensity of the 211 reflections in the WAXS
patterns at various times to the intensity at 800s. The fast
crystallization process slows down at about 300s and is
followed by a slower process (most likely Ostwald ripe-
ning),""! which may even extend beyond our last measure-
ment at 800 s, where a maximum in intensity (and the end of
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Figure 2. SEM micrograph of ZIF-8 nanocrystals obtained after turbu-
lent mixing and 1 h reaction time. The mixing unit of a stopped-flow
device was used for reproducing as close as possible the mixing
conditions of the SAXS/WAXS experiments. Inset: Size distribution of
the nanocrystals.

reaction) has not yet been reached. A value of about 25 nm
was estimated for the diameter d of the nanocrystals with
an age of 800s from the first oscillation minimum at
g~0.35nm™" in the SAXS pattern (d=4.493¢7").”" A
SEM micrograph (Figure 2) taken after turbulent mixing of
the component solutions and 1h reaction time reveals
spherical particles with indications of a rhombic dodecahedral
shape ({110} crystal form)” and a diameter of (55 = 12) nm.
This size is probably larger than the final size of the
nanocrystals generated in the thin scattering capillary under
stopped-flow conditions.

An evaluation of the SAXS data based on the Guinier
approximation and the Porod invariant that is independent
from any assumption of particle shape® has been performed
after subtraction of the scattering contribution of the clusters
for the period from 22 to 60 s (details of data evaluation are
provided in the Supporting Information). Figure 3a and
Figure 3b show the radius of gyration, weight-averaged
molar mass, and number density for the particles obtained
accordingly as a function of time. The increase of the values of
all these parameters with time can only be interpreted with a
particle growth accompanied by a continuous nucleation of
new particles. Further information about the particle growth
process may be obtained from the power law relation between
the radius of gyration and the particle mass, R, szﬁ
(Figure 3¢). The value of 0.35 determined for the exponent
p is in close agreement with the theoretically expected value
for spherical (isometric) particles of f=1/3. A correlation of
the same radii with the weight average mass of all ZIF-8
species including particles and clusters and/or small units
resulted in an experimental value of 0.17. It is this division of
the exponent by two that is predicted for a monomer addition
mechanism.”!! Hence, particles grow by the addition of
monomers (clusters and/or smaller units) but not by coales-
cence. This result is also in line with the increase of the
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Figure 3. Parameters of ZIF-8 nanoparticles as obtained by SAXS data
evaluation: a) Radius of gyration R, and weight-averaged molar mass
M, as a function of time (0 R, ® M,). b) Number density N/V of
particles and scattering intensity | at g=1.1502 nm~"' taken as an
estimate for the mass concentration of clusters as a function of time
(@ N/V, 0 I). c) Correlation of R, and M,, revealing a power-law
behavior: R~ M,’. The slope of the straight line gives the exponent
p=0.35.

particle number density with time, as coalescence would
decrease the number density of the particles.

To further demonstrate that nucleation and/or growth of
the particles occur at the expense of clusters, the mass
concentration of clusters as a function of time was estimated
by taking the scattering intensity at a fixed g value (Fig-
ure 3b). The intensity starts to decrease with the first
observation of particles in the SAXS pattern at 15s. At
about 60s, the clusters are nearly consumed, while the
particle number density appears to approach a constant value,
indicating that the nucleation process ceases by this time. At
the same time, the extent of crystallization a is about 0.5
(Figure 1d). The fact that the gradual disappearance of
clusters is parallel with the approach of a constant number
of particles suggests that the clusters are involved in the
particle nucleation process.

The SAXS patterns before the appearance of particles
could be fitted with a model of monodisperse homogeneous
spheres, yielding a radius for the clusters of 1.1 nm. This value
should be taken as an average size estimate, as the clusters
may be polydisperse. Thus, the volume of a cluster corre-
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sponds to about 1.1 unit cells of ZIF-8. After the appearance
of particles, that is, after 22 s, the SAXS patterns could be
fitted with a bimodal model consisting of polydisperse spheres
(modeling the contribution of the particles) and monodis-
perse spheres or an additive Lorentzian function for random
fluctuations (modeling the contribution of the clusters).
Examples of model fits and the values obtained for the
radius and polydispersity of the particles are provided in the
Supporting Information. The values support the above
model-independent data analysis.

The first point in time at which the ZIF-8 structure is
established in the particles cannot be determined from the
WAXS data because a few unit cells are needed for the
generation of Bragg reflections and the sensitivity of WAXS is
lower than that of SAXS. Thus, we cannot say whether the
first particles are already crystalline or amorphous and then
reorganize into the ZIF-8 structure. Extrapolation of the
experimental extent of crystallization versus time (Figure 1d)
to a=0 yields a time of about 22s (7s after the first
appearance of particles), which may be taken as the time
where the periodic ZIF-8 structure emerges.

Scheme 1 summarizes the species detected by SAXS/
WAXS during the fast nucleation and growth of ZIF-8
nanocrystals under conditions of high supersaturation that are

Number Density of Particles

———>—

Number Density of Clusters

- uséﬁglgge ‘ ZIF-8 Nanocrystals
Zn? a) — |
® . / \
Hmim Clusters b)
(excess) »
Amorphous
Nucleus
Time 1s 15s 35s 60s

Scheme 1. Species occurring during nucleation and growth of ZIF-8
nanocrystals under conditions of high supersaturation. Two possible
alternative crystallization pathways (a) and (b) are considered.

generated by the excess of the Hmim ligand. Clusters with a
diameter of about 2 nm form in solution from the Zn>" and
Hmim precursors and transform into ZIF-8 particles. The
nucleation of particles continues while the existing particles
grow by attachment of monomers until the clusters are
consumed. The following questions remain to be answered.
First, do the clusters merely constitute a reservoir of mono-
mers or are they actively involved in the particle nucleation
process? As already mentioned, the gradual disappearance of
clusters while approaching a final number of particles (Fig-
ure 3b) may support the alternative suggestion of an involve-
ment of the clusters in nucleation. Second, if the clusters
merely act as reservoir, how do the clusters contribute to the
growing particles (by direct attachment and/or by dissolution
into smaller building units)? Finally, if the clusters are
involved in nucleation, do the clusters possess a structural
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preorganization that is specific for ZIF-8 or not and by which
pathway do they contribute to particle nucleation (by
aggregation or growth)?

The clusters are of a similar size as the prenucleation
particles that have been previously observed during the
crystallization of some zeolites from clear solutions.'>?
Strong evidence exists for an internal structural evolution
towards a zeolite-related structure and aggregation of the
particles during nucleation® and the transformation of
amorphous into crystalline zeolite particles.”™ There might
be similarities between ZIFs and zeolites not only in the
framework topologies but also in the mechanisms of crystal-
lization. Another question concerns the influence of the
turbulent mixing. We believe that the observed ZIF-8 nano-
crystal formation is valid under usual mixing conditions as
well, as we have observed the same overall characteristics of
the crystallization process by in situ SLS under conditions of
usual mixing!"! as well as of turbulent mixing (Supporting
Information, Figures S8, S9). In both cases, continuous,
comparatively slow nucleation and fast crystal growth run
parallel over an extended period of time.

Very recently, Venna et al.?? reported the results of an
XRD and TEM study of ZIF-8 nanocrystal formation from
solutions with similar compositions (excess of Hmim) at room
temperature, yet the time resolution of their ex situ experi-
ments was too low to resolve any details of the fast
crystallization process at early stages. From a classical
Avrami analysis of the extent of crystallization as a function
of time, they inferred that the crystallization process is
nucleation-controlled and suggested the occurrence of an
intermediate metastable amorphous phase. The much larger
size of their nanocrystals ((230+£20) nm, 1 h) compared to
ours may be explained by differences in experimental
conditions (composition, stirring, mixing). Unfortunately,
Venna et al. did not discuss the additional Bragg reflections
(besides those of ZIF-8) that are clearly seen in all of their
time-dependent XRD patterns. It appears likely that these
additional reflections originate from an impurity phase that
was generated during sample preparation for the invasive
ex situ techniques, as we did not detect by our in situ
experiments any other crystalline phase than ZIF-8.

In summary, we have performed insitu SAXS/WAXS
investigations of a fast ZIF crystallization process with high
time resolution at various length scales. This method allowed
us to gain direct insight for the first time into homogeneous
nucleation and early growth events. The observed prenuclea-
tion clusters and nanoparticles/nanocrystals hint at a complex
crystallization process that may not follow classical nucleation
theory and exhibits similarities with crystallization processes
of other chemical systems, such as zeolites. It is clear that
further experiments combining complementary techniques
that probe different length scales, preferably under in situ
conditions,™ are needed to gain a more comprehensive
picture of ZIF and MOF crystallization.
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