Revealing the initial reaction behavior in the continuous synthesis of
metal-organic frameworks using real-time synchrotron X-ray analy-
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ABSTRACT: In recent years, continuous process technologies
have attracted increasing attention, as a means of overcoming
limitations in the repeatability and reproducibility of metal organ-
ic frameworks (MOFs) synthesis. Research in this area, however,
has neglected to provide insight into the phenomena leading to the
formation of MOFs. In this work, we report the adaption of high-
energy synchrotron X-ray powder diffraction analysis to a contin-
uous ZIF-8 production process for the on-line monitoring of the
reaction behavior and crystallite formation during the first se-
conds of MOF synthesis. It was confirmed that a diffusion-
controlled growth mechanism was accelerated by additional
radial diffusion processes in the flow reactor. Kinetic analysis
revealed a rapid crystallite formation of ZIF-8 which was
completed after 8 seconds of reaction time, and which offers
potential for future process optimization.

Over the past twenty years, world-wide research on metal-
organic frameworks (MOFs) has produced an impressive
amount of results, ranging from fundamental findings to
technical applications of MOFs.%2 The synthesis of these
materials has traditionally been dominated by batch process-
es.> However, over the last few years an increasing number
of publications have demonstrated the benefits of continuous
MOF syntheses.*® It has become evident that continuous
MOF processes are able to produce the desired products
much faster than batch processes under similar reaction con-
ditions, thus providing significantly enhanced space-time
yields.

However, a particular understanding of the MOF for-
mation processes that are relevant under continuous condi-
tions is missing. In order to further enhance the performance
of these materials, a deeper understanding of their initial
formation and crystal growth processes is crucial. In-situ
diffractometric techniques play an essential role in revealing
this information.

Numerous techniques for determining the crystal growth
mechanisms and kinetics of various MOFs have been imple-
mented ex-situ almost parallel to their invention.®® In-situ

studies concerning the crystallization of MOFs were first
introduced nearly a decade later® and since then, several
MOFs®* as well as synthetic processes'® have been moni-
tored on-line. Nonetheless, these methods have not yet been
applied to the continuous synthesis of MOFs. To the best of
our knowledge, this work is the first available report of an in-
situ monitoring of a continuous MOF synthesis.

The high chemical and thermal stability, wide applicability
and convenient synthetic methods make ZIF-8 (zeolitic imid-
azolate framework-8) one of the most investigated MOFs.
The continuous production of this MOF was followed using
high resolution, high energy synchrotron X-ray powder dif-
fraction. The experiments were conducted with the aim of
optimizing the process with respect to reaction time, and
understanding the crystallization kinetics and crystal for-
mation process during the first seconds of the reaction.

The synthesis of ZIF-8 was conducted by mixing an aque-
ous ammonia solution of Zn(NOs3), with a methanol solution
of 2-methyl-imidazole in a T-type micromixer installed at the
entrance of a wound tube reactor.'® This tailored flow reactor
was adapted to the Petra Il synchrotron beamline P02.1 at
line at DESY (Hamburg, Germany) using a movable stage to
focus the synchrotron beam successively on different reactor
positions along the flow direction. A detailed description of
the experimental process, together with some pictures of the
setup, can be found in the supporting information.

Figure 1 depicts the progression of the reaction through a
waterfall plot of the acquired XRPD patterns. The bottom
pattern represents the first measurement at the entrance of the
reactor and corresponds to a reaction time of 3 sec. Every
following pattern was taken at the subsequent reactor posi-
tion, corresponding to a reaction time of +5 sec after the
previously taken XRPD pattern.

All patterns are dominated by a strong diffraction peak at
2.4 °260 and two halos around 2.2 and 5.2 °26. These signals
represent the reflections of the reaction tube, as revealed by a
blank measurement conducted prior to the main experiments.
Additionally, small peaks (marked with arrows) of increasing
intensity, which can be identified as reflections of the ZIF-8
product,'’”*® emerge in various parts of the diffractogram,
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representing the formation of ZIF-8 and confirming the ca-
pability of the in-situ monitoring of the continuous process.
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Figure 1: Waterfall plot of the XRPD patterns during ZIF-8
formation measured along the reactor tube (arrows mark ZIF-
8 reflections).

The raw diffraction patterns were evaluated using the fit
and pattern decomposition tools of the program TOPAS 4.2
(Bruker AXS) as well as crystal structure and reference data
of ZIF-8.2"!8 The areas under peaks and halos were quanti-
fied using analytical pseudo Voigt profiles. Figure 2, for
instance, shows the decomposition of one of the diffraction
patterns (red line), and the extracted intensities of the ZIF-8
peaks (blue line).
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Figure 2: Raw pattern decomposition (red) and extracted
ZIF-8 profile (blue).

Based on this data analysis, any formation of intermediate
crystalline phases during the ZIF-8 crystal formation process
can be undeniably excluded. In-situ pair distribution function
(PDF) analysis could provide additional information con-
cerning the formation mechanism.'® The decomposition of
the patterns also yielded absolute and relative intensities of
the ZIF-8 peaks and the reflections from the reaction tube.
Relative intensities may be used to level out intensity fluc-
tuations e.g. of the X-ray source, but may also be prone to a
changing thickness of the reaction tube, or if the measuring
position shifts out of the tube center. The relative intensities
from the diffraction peaks between 0.8 and 4.8°20 that be-
long to the crystal structure of ZIF-8 evaluated as hkl-phase,
in relation to the reaction time are shown in Figure 3 and
were used for a kinetic evaluation of the initial ZIF-8 crystal-
lization process. Intensities of the peaks (031), (222), (321)
between 2.1 and 2.5°0 and (006) at 4.2°0 were excluded due

to significant overlap with diffraction intensities from the
tube and/or sample holder.
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Figure 3: Relative intensity of the ZIF-8 peaks plotted
against reaction time, and kinetic evaluation using a JIMAK
fit.

A fitting of the Johnson-Mehl-Avrami-Kolmogorov
(IMAK) equation®2® to the experimental data was compiled,
allowing calculation of the temperature-independent Avrami
exponent of n = 0.61(3), indicating a diffusion-controlled
growth mechanism.?*

Such a mechanism was expected as a result of the laminar
flow conditions present in the applied reactor. However, the
small cross section of the reactor tube (approx. 1,600 pum)
causes a significant contribution of radial diffusion processes
in addition to the axial diffusion in the flow direction, con-
straining the mixing of the reactants to be conducted in a
diffusion-controlled but nonetheless efficient manner.

Further information was extracted from the XRPD data by
means of size/strain analysis which is implemented in the
TOPAS program. Based on the geometric peak profiles cali-
bration using the standard LaBg for reference measure-
ments®, the Lorenzian crystallite size parameter was esti-
mated. The analysis was performed applying an hkl-phase
for ZIF-8 which constrains the positions and the microstruc-
tural parameters of the peaks while keeping the strain broad-
ening unrefined.

Figure 4 depicts the changes to the Lorentzian crystallite
size parameter as a function of reaction time. The diagram
demonstrates a rapid increase in the average size of coherent-
ly scattering domains to about 110 nm during the first 8
seconds of the reaction, followed by essentially no signifi-
cant variation as the reaction time progresses.
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Figure 4: Lorentzian crystallite size of ZIF-8 plotted against
reaction time.

This observation can be explained by the fact that the reac-
tion reaches a stationary state after only 8 seconds, and crys-
tal growth can no longer be sustained since this would in-
volve the further conversion of unreacted reagents. In fact,
previous laboratory studies have shown that the yield of the
reaction does not change after at least 15 seconds, supporting
this theory.®

SEM pictures (Fig. 5) taken from a solid sample of the
here conducted reaction revealed uniform spherical crystal-
lites of about 100 nm in diameter sintered together to form
larger agglomerates. The calculated average size of coherent-
ly scattering domains is thus consistent with the average
crystal size found in the SEM analysis.

Figure 5: SEM image of ZIF-8 crystals isolated after synthesis

In conclusion, the application of in-situ X-ray diffraction
techniques allowed the monitoring of a continuous MOF
reaction. Time resolved XRPD shows that ZIF-8 crystallite
formation is already completed after 8 sec of reaction time.
The ZIF-8 formation process could be followed with high
accuracy, revealing that crystal growth occurs simultaneous-
ly with nucleation during the first seconds of the reaction.

Kinetic analysis based on the acquired data suggests a diffu-
sion-controlled growth mechanism after the initial nucleation
phase, which clearly responds to the flow behavior present in
the chosen reactor setup.

It was shown for the first time that continuous reactions
can be monitored with the use of high-resolution, high-
energy synchrotron XRPD. The advantages of this generally
applicable setup include the ability to follow the reaction
from the very beginning while increasing the time resolution
of the analysis simply by adjusting the flow. Furthermore,
various diffraction or spectroscopic methods (i.e. SAXS,
Neutron diffraction, IR) can be used for the in-situ observa-
tion of the reaction providing a complete understanding of
the formation mechanism, paving the way towards process
optimization, and giving rise to new opportunities for fast,
cheap and repeatable MOF production.
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The supporting information file contains details concerning the
experimental procedures, reactor stage movement and data analy-
sis as well as photos of the experimental setup. This material is
available free of charge at http://pubs.acs.org.
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Synopsis

Combination of high-resolution, high energy synchrotron radiation with a specially designed flow reactor allowed for the
first time the in-situ observation of a continuous metal-organic framework synthesis from the very first seconds with high
accuracy. This technique allowed the optimization of the residence time of the reaction and opened new process windows by
identifying the controlling stage of the MOF formation.
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