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ABSTRACT: Polymorphism is an important concept in crystallization and
has been widely studied for many systems, including calcium carbonate and
zeolite materials. Metal−organic frameworks (MOFs) are crystalline
materials that exhibit polymorphism. MOF polymorphism has been widely
studied from the perspective of which synthetic factors, such as the ligand to
metal ratio, can be used to control the final polymorph. However, limited
studies on the nucleation mechanism of multipolymorph MOFs have been
performed. Here we study the formation of a model zeolitic imidazole
framework-8 and the mechanism that drives the formation of the two most
commonly observed polymorphs, sodalite and diamondoid. To understand
the mechanism and factors that affect polymorph formation, we performed
time-resolved in situ wide-field X-ray scattering, electrospray ionization mass
spectrometry, and time-resolved cryogenic transmission electron micros-
copy. The collective data reveal a clear correlation between the size of the prenucleation clusters and the final polymorph. By gaining
a deeper understanding of the mechanisms governing polymorph control in MOF systems, we can improve the design of synthetic
conditions, allowing the tailoring of crystal properties.

■ INTRODUCTION
Metal-organic frameworks (MOFs) are a class of nanoporous
materials consisting of inorganic metal nodes that are bridged
by organic linkers.1,2 MOFs have a wide range of applications
due to their ultrahigh surface area, fixed porosity, and high
thermal stability.3 MOFs can exhibit polymorphism, where the
MOF structure contains identical chemical composition, but
varies in network topology.4−6 Polymorphism in MOFs can be
a determining factor in function, as demonstrated by the ZIF-8
system where enhanced separation of ethane and ethene is
observed for more dense ZIF-8 structures such as ZIF-8_I4̅3m,
ZIF-8_R3m, and ZIF-8_Cm.7

While much work has focused on the characterization of
MOF polymorphs8 and the synthetic factors affecting
polymorph selection, the mechanisms by which different
polymorphs form have largely been unexplored. This leaves a
substantial knowledge gap in our understanding of MOF
nucleation and growth.9,10 Characterizing MOF nucleation and
growth is challenging due to the transient nature of the
prenucleation clusters (PNCs) and amorphous phases which
are commonly found in the nonclassical nucleation and growth
mechanisms.11 Currently nucleation and growth are studied
through complementary methods to understand each phase
and phase transition.9,12−14 Microscopy allows for insight into
final crystal morphology and size, while spectroscopy and
diffraction allow for an understanding of ensemble information
and crystallization kinetics. In a study by Filez et al., a
molecular understanding of PNCs and crystal formation in

Zeolitic imidazolate framework -67 (ZIF-67) was unveiled
using mass spectrometry, which, due to the soft analysis
techniques would not deteriorate the fragile bonds in the
PNCs. Furthermore, a comprehensive understanding of the
nucleation and growth mechanisms attributed to the final
morphology will aid in elucidating the classical and non-
classical routes of crystal growth in the MOFs. This work aims
to gain an understanding of nucleation and growth of MOFs
through analysis of prenucleation phases with the goal of
uncovering a connection between the prenucleation stages and
the final polymorph selection. Understanding this will facilitate
and streamline the development of high performance MOFs
without the need for high throughput synthesis and instead
utilize a thorough understanding of their structure−function
relationship.15

ZIFs are a subclass of MOFs that are topologically similar to
zeolites, sharing similar structures to those seen in
aluminosilicate zeolite minerals.16,17 ZIFs are composed of
tetrahedrally coordinated transition metal ions that are
connected by molecular imidazolate linkers. In the case of
ZIF-8, the structure is formed by coordination of Zn2+ ions and
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2-methylimidazole (HmIm). ZIF-8 self-assembles into two
prominent morphologies: sodalite (SOD), which has a
rhombic dodecahedral morphology, and diamondoid (dia), a
collection of flat, stacked crystals of diamond cubic
morphologies.12 ZIF-8 SOD is the kinetic product and has a
large pore size (3.4 Å) and high thermal stability and surface
area (BET: 1630 m2 g−1).17 ZIF-8 dia is the thermodynamic
product as discovered by mechanochemical milling of ZIF-8
SOD.12 ZIF-8 dia has the same secondary building units
(SBUs) as SOD but grows into a nonporous 1D channel that
has hexagonal structures that intersect with other channels to
create the 3D dia topology. Although the SBUs of these two
polymorphs are identical, their topology and porosity differ
and influence their functionality and biomolecule encapsula-
tion.18 ZIF-8 has been thoroughly investigated due to its facile
synthesis under aqueous conditions at room temperature.
However, the molecular origin of the polymorph control in
ZIF-8 is still unknown.
In this report, we investigate the polymorph control of ZIF-8

through variation in the ligand (2-methylimidazole) to metal
(zinc acetate) ratio. A combination of scanning electron
microscopy (SEM) and powder X-ray diffraction (PXRD) aids
in understanding the topology and morphology that are
observed in ZIF-8 polymorphs. Time-resolved electrospray
ionization mass spectrometry (ESI-MS) and cryogenic trans-
mission electron microscopy (cryo-TEM) are used to under-
stand the prenucleation cluster composition and structure prior
to polymorph formation. In situ wide-angle X-ray scattering
(WAXS) is used to uncover the rate of crystallization during
polymorph formation.

■ RESULTS
ZIF-8 Synthesis. Stock solutions of HmIm (160, 700, and

1400 mM 1 mL) and zinc acetate (40, 1 mL) were prepared
with Milli-Q water. Stock solutions were used to prepare a
series of MOF crystallization experiments with variation in the
HmIm/Zn ratio (4:1, 17.5:1, and 35:1). The solutions were
combined without mixing and aged for 24 h. The precipitate
was obtained by centrifugation at 10,000 rpm for 10 min. The
precipitates were washed with Milli-Q water and centrifuged
three times prior to Cyro-TEM and powder PXRD analysis.
Polymorph Characterization. To characterize the poly-

morph formation at HmIm:Zn ratios of 4:1, 17.5:1, and 35:1,
bulk analysis was carried out by PXRD of the final crystals
collected by centrifugation after 24 h of reaction. ZIF-8 4:1
diffraction peaks appear around 2θ of 12.4, 12.9, and 13.6° that
relate to the dia polymorph. 35:1 displays diffraction peaks
around 2θ of 7, 10.2, and 12.7° that relate to the simulated
SOD PXRD pattern. 17.5:1 reveals that both of the PXRD
patterns for SOD and dia can be observed with a slight
preference for dia morphology as the SOD peaks are much less
intense. SEM was used to analyze the morphologies of the
different polymorphs. SEM of the 4:1 ratio revealed that only
the dia polymorph for ZIF-8 is defined by larger crystals,
ranging in size around 3 μm (Figure 1a). With an increase in
ratio to 35:1, the surfaces become more faceted and represent
the truncated dodecahedral structure of SOD (Figure 1b). The
17.5:1 ratio displays a mix of both polymorphs in equal
distributions, with the dia crystals being significantly larger and
varying in size compared to the smaller, more uniform SOD
crystals (Figure 1c). Intermediate ranges of HmIm:Zn ratios
were compared to identify the amount of SOD and dia present

in the final crystals and it was shown that the amount of SOD
character increases with HmIm increase (Figure S5).
Crystal size analysis of the final crystals was performed to

determine the size and polydispersity of each of these
polymorphs (Table 1). 35:1 contains much smaller crystals

than that of dia and also has a smaller size distribution showing
more uniform crystals. 17.5:1 displays smaller dia crystals that
are seen in 4:1 and slightly smaller (2000 nm) SOD crystals.
This is consistent with previous studies that show as you
increase the HmIm ratio the polydispersity decreases.13

In Situ X-ray Scattering. In situ WAXS was utilized to
understand the time-resolved crystallization kinetics of ZIF-8.
To gain information about the rate of crystallinity, experiments
were performed using an in-house X-ray source, monitoring
6.5−7.5° 2θ every 10 min for 24 h. Following measurements,
the data was normalized against the background, and the
integrated intensity was plotted to determine the extent of
crystallization (Figure 2a). The ZIF-8 solutions were prepared
by mixing HmIm and Zn precursors at 35:1 and 4:1 ratios and
were immediately placed in 1 mm special glass capillaries. We
define t = 0 as the time of mixing, and the first collected data
point is 10 min. 35:1 ZIF-8 reaches full extent of crystallization
at around 3 h. 4:1 ZIF-8 takes around 8 h to begin to plateau in
crystallinity and does not completely flatten by the end of the
collection time around 12 h. In-house X-ray sources were ideal
for long collection times, but the time resolution and collection
angle were limited by the intensity of the X-ray source. To
achieve a higher temporal resolution, synchrotron-based in situ
WAXS was utilized to collect the entire spectrum of 5−40° 2θ
in 1 s.
In situ WAXS experiments were performed on the 7.3.3

beamline of the Advanced Light Source (ALS) at Lawrence

Figure 1. SEM of ZIF-8 (a) 4:1, (b) 17.5:1, (c) 35:1 (all scale bars are
2 μm), and (d) PXRD of ZIF-8 at HmIm:Zn ratios of 4:1, 17.5:1, and
35:1, and simulated patterns for SOD and dia.

Table 1. Summary of Crystal Sizes of ZIF-8 at Three
Different HmIm Ratios (35:1, 17.5:1, and 4:1)

HmIm:Zn
(mM:mM)

ratio
HmIm:Zn

crystal size SOD
(nm)

crystal size dia
(nm)

80:20 4:1 5500 ± 1100
350:20 17.5:1 1700 ± 390 3500 ± 1100
700:20 35:1 2200 ± 810
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Berkeley National Laboratory (Berkeley, CA). The ZIF-8
reaction was initiated through mixing precursor solutions in a
glass vial, and the solutions were immediately placed in a 1 mm
quartz capillary. The capillary was then mounted into the
instrument over the course of 5 min. The data collection began
once the sample was mounted. We define t = 0 as the time of
mixing, and the first data was collected at t = 10 min. Figure
2b,c shows the WAXS plots of HmIm:Zn ratios of 4:1 and 35:1
respectively, over the reaction time of 4 h. The peaks that are
present in 35:1 after 150 min are related to the lattice for ZIF-8
SOD. The spectrum for 4:1 does not show any significant
peaks but an increase in overall intensity after the 4 h
collection period. This is not consistent with the in-house
collected WAXS which shows an increase in intensity of the
6.5−7.5° 2θ. This could be due to the lack of range in which
the in-house WAXS could collect in comparison to the
synchrotron-based WAXS, and therefore could include some of
the formation of amorphous phases which can cause an
increase in intensity. This wider range data allows us to
understand that in the first 4 h, significant nucleation occurs in
the 35:1 system but not in the 4:1 system.
Mass Spectroscopy. To gain a better understanding of the

species present during the initial stage of nucleation under

different precursor conditions, the relative abundance of
different Zn clusters was determined from time-resolved ESI-
MS. This methodology was adapted from previous work which
studied the evolution of Zn clusters for understanding the
nucleation and growth of ZIF-67.11

The ESI-MS data was analyzed using an in-house MATLAB
script developed to automatically identify characteristic PNC
fragmentation patterns in the data based on simulated
fragmentation patterns of Zn in solution (Figure 3b). nZn
fragments were simulated from n = 1−4 which displayed
distinct isotope patterns. Zn clusters larger than 4Zn were
difficult to distinguish, so the analysis is capped at 4Zn. The
maximum peaks from each characteristic fragmentation pattern
were integrated and summed to determine the total amount of
PNC present in each ESI-MS data set (Figure 3). The
crystallization solutions were mixed for 5 time points running
from 1 min to 12 h and at the desired reaction time, diluted by
100x to stop reaction as well as prepare the solution for mass
spectroscopy appropriate concentrations (Figure 4a−c). Time
points after 12 h were not collected due to a decrease in signal
observed after 12 h as the clusters moved from prenucleation
to bulk crystal phases.11 As ZIF-8 crystallizes, the precipitates
crash out of solution and sink toward the bottom of the

Figure 2. (a) Plot of the normalized area under 2θ 7−7.5 versus time produced by the integrated intensity of the (211) reflections collected by
time-resolved in situ XRD. Time-resolved wide-angle X-ray scattering patterns of ZIF-8 (b) 4:1 and (c) 35:1 for the first 250 min. Background
subtraction was performed for (c) using an in-house MATLAB script, see Supporting Information for details.

Figure 3. (a) ESI source where a dilute solution of ZIF-8 is injected, electrosprayed, and projected toward the MS inlet, yielding relative abundance
versus mass/charge. Automated peak analysis shows the intensity of n Zn oligomers with sizes n = 1−4, (b) Zn fragmentation patterns of n Zn
oligomers with sizes n = 1−4.
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reaction vial, to ensure that a majority of the sample is the
PNCs and not the bulk phases, the samples are taken from the
top of the reaction vessel.
After the Zn clusters were assigned, the sum of each Zn

cluster intensity was calculated at each sampling interval to
show the change in Zn cluster composition as the reaction
progressed (Figure 4d−f). The 4:1 ratio showed exclusively
1Zn and 2Zn clusters at 1 h and predominantly 1Zn and 2Zn
clusters at 4 h with only 10% of the clusters represented by
3Zn and 4Zn, respectively (Figure 4d). In comparison, 35:1
showed the development of 3Zn as soon as 1 h into the
reaction, and the majority of the solution consists of 3Zn at 4 h
(Figure 4f). At the 8 h time point, the abundance of Zn
clusters decreases to less than the initial abundances indicating
that the majority of Zn PNCs are no longer present in the

solution and have crystallized into ZIF-8 SOD. This continues
to 12 h where there is half of the abundance of Zn clusters
observed in 8 h. The 17.5:1 system indicates an intermediate
between the 4:1 and 35:1, with 2Zn not appearing in large
abundances until 4 h but still showing a large decrease in Zn
clusters around 8 h, indicating that many of the Zn clusters
have left the prenucleation phase (Figure 4e). This is
supported by the WAXS data that show an increase in
crystallinity as the prenucleation cluster concentration
decreases (Figure 2). Precautions were taken to ensure that
little of the bulk crystal was sampled, but it is possible that the
solution sampled contains some larger Zn clusters that have
fragmented. Although there may be a mixture of prenucleation
species and fragmented species in the sample, there is a clear

Figure 4. Stacked ESI-MS plots of ZIF-8 at times 1 min, 1 h, 4 h, 8 h, and 12 h at Zn: HmIm ratio of (a) 4:1, (b) 17:5:1, and (c) 35:1. Sum of
peaks of Zn oligomer size for Zn:HmIm ratios of (d) 4:1, (e) 17.5:1, and (f) 35:1.

Figure 5. Representative Cryo-TEM images of nucleation and growth at 1 h of ZIF-8 in water. Scale bars are 100 nm. ZIF-8 with precursor ratios of
(a) 4:1, (b) 17.5:1.
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trend in the concentration of Zn clusters that demonstrates the
presence of PNCs.
Cryo-TEM. Cryo-TEM was used to compare the structure

of the amorphous precursor particles at 1 h of reaction time.
4:1 (Figure 5a) shows <100 nm spherical particles that appear
to be stable to aggregation. 17.5 (Figure 5b) shows smaller
particles but they appear to be highly aggregated. Although
17.5:1 at 1 h of reaction shows aggregation, based on the
spherical morphology and our previous data on ZIF-8,(ref
alana) we interpret these to be amorphous particles.
Crystallinity of ZIF-8 at early time points was showcased in
a previous publication from our lab.13 This work shows a
crystallinity of 35:1 at the 1 min time point through diffraction
patterns and faceted crystals. The cryo-TEM images for 17.5:1
appear to be similar to those of previous studies of aggregation
that did not display crystallinity.

■ DISCUSSION
The collective data show that the formation of ZIF-8 SOD and
dia occurs via the formation of PNCs which aggregate into
spherical amorphous particles. SOD crystallization occurs
more rapidly than dia, as supported by the in situ X-ray
studies. The formation of SOD occurs through the rapid
aggregation of particles (cryo-TEM), which results in the
formation of 3Zn clusters (ESI-MS). In contrast, the formation
of dia occurs via the formation of particles that are more stable
to aggregation (cryo-TEM) and results in the formation of 2Zn
clusters (ESI-MS). This would indicate that the rate-
determining steps in the nucleation of dia and SOD occur
through the reaction of the 2Zn and 3Zn clusters, respectively.
This reaction could be through the addition of another Zn or
through the aggregation of the 2Zn and 3Zn clusters (Figure
S6). The main difference between the dia and SOD synthesis is
that for the latter, there is a much greater concentration of
ligand. The excess ligand appears to be responsible for the
rapid formation of 3Zn clusters and the rapid aggregation of
amorphous particles, both of which lead to the nucleation of
the SOD polymorph. Specifically, how the excess ligand
controls these phenomena remains an open question requiring
further investigation.

■ CONCLUSIONS
This study of the early stages of nucleation and growth
demonstrates the importance of studying the PNCs of ZIF-8 to
understand the polymorph control. The main challenge that
we address in this study is a molecular understanding of the
PNCs and their role in the final polymorph formation. To
address this challenge, we utilized complementary methods to
study the formation of ZIF-8 through the stages of nucleation
and growth, and the combination of these techniques allowed
for a more complete picture understanding of polymorph
control in ZIF-8 systems. The combined data revealed that
SOD nucleates rapidly via the formation and aggregation of
amorphous particles that contain a significant amount of 3Zn
clusters, whereas dia nucleates more slowly via the formation
of stable amorphous particles that are composed of 2Zn
clusters.

■ METHODS
Materials. All chemical reagents used for ZIF-8 were obtained

from Sigma-Aldrich and were used without further purification unless
stated otherwise. Stock solutions of bovine serum albumin, b-
cyclodextrin, 2-methylimidazole (HmIm), and zinc acetate (Zn) were

made using Milli-Q water (18MW). Glass capillaries were obtained
from Hampton Research.

ZIF-8 Synthesis. Stock solutions of 2-methylimidazole (HmIm)
(1400, 700, and 160 mM, 1 mL) and zinc acetate (Zn) (40 mM, 1
mL) were prepared in water (ρ > 18 MΩ cm). Stock solutions were
then used to prepare a series of crystallization experiments with
variation in the HmIm:Zn ratio (35:1, 17.5:1, and 4:1) Zinc acetate
solution was added to 2-methylimidazole solutions and crystallization
was initiated. The solutions were aged for 24 h at room temperature
without stirring and the precipitate was obtained via centrifugation at
10,000 rpm for 10 min. The precipitate was washed by water and
centrifuged twice more and a final rinse with methanol.

SEM. Samples were prepared by pipetting 10uL of diluted MOF
sample onto 1 mm thick glass slides, which were then coated with 5
nm iridium (Quorum Q150T) to reduce charging. Samples were
imaged with Magellan 400 XRH system with secondary electron
images taken at an accelerating current ranging from 2 to 3 keV.

Cryo-TEM. Cryo-TEM samples were prepared using Quantifoil
R2/2 Holey Carbon Films from Electron Microscopy Sciences or 400
Mesh Carbon grids from TedPella. Prior to sample application, glow
discharge was applied to the grids for 70 s. Reaction solutions at
various time points were centrifuged for ∼2 s, and 3 μL of each
sample was taken from the reaction solutions and underwent
vitrification using an Automatic Plunge Freezer ME GP2 (Leica
Microsystems). Vitrification was performed at ∼ 95% humidity with a
blot time of 4 s, and samples were plunged into liquid propane.
Samples were then analyzed using a JEOL-2100 TEM instrument
with a Schottky field-type emission gun set to 200 kV. Images were
obtained using Digital Micrograph software or a Gatan OneView
Camera.

PXRD. After all liquid from the top of centrifuged crystal
precipitates was removed and samples were allowed to air-dry, a
Rigaku SmartLab X-ray diffractometer was used to obtain the PXRD
pattern at 40 kV and 30 mA. Results were plotted with background
subtraction using IGOR software.

In Situ WAXS (UCI IMRI). MOF samples were prepared and
immediately after mixing were loaded into 1 mm special glass
capillaries. All measurements were performed on a Rigaku SmartLab
X-ray diffractometer was used to obtain a PXRD pattern at 40 kV and
30 mA scanning from 2θ 6.5−7.5°. Results were plotted and analyzed
in Matlab using an in-house script.

In Situ WAXS (LBNL ALS). WAXS samples were prepared in 2
mL quantities as described in the ZIF-8 synthesis, and immediately
after mixing the solutions were added to 2 mm in diameter special
glass capillaries (10 μm wall thickness) and mounted onto a custom
built sample holder. The solutions were mounted horizontally to
ensure that the entire width of the capillary was being sampled. In situ
WAXS data was collected at the SAXSWAXS beamline (7.3.3) at the
ALS, Lawrence Berkeley National Laboratory, using a photon energy
of 10 keV (wavelength = 1.24 Å). Measurements were taken place at
ambient temperatures. Data was collected by a Dectris Pilatus 2 M
detector with a pixel size of 0.172 × 0.172 mm, and 1475 × 1679
pixels was used to capture the 2D scattering patterns at a distance of
300 mm from the sample. A silver behenate standard was used as a
calibrant. Data was analyzed using the Nika package for Igor Pro.19

Background subtraction was performed via an in-house MATLAB
script (see the Supporting Information for details).

ESI-MS. Spectra were recorded on a Xevo G2-XS QTOF (Waters
Corporation, Massachusetts, U.S) in positive ion mode. ZIF-8
solutions were mixed to make various HmIm:Zn ratios and were
diluted 100x to reach MS appropriate concentrations at time points of
1 min, 1 h, 4 h, 8 h, and 12 h. Samples were electrosprayed using a
syringe pump at a flow of 0.1 mL/min coupled to an ion max source
set to 3.5 kV spray voltage. A mass range of 100−2000 m/z was
used.20 After each sample, a reference of pure water was collected for
data correction. An in-house MATLAB script was developed to
identify characteristic PNC fragmentation patterns based on
simulated fragmentation patterns. Each simulated fragmentation
pattern was analyzed individually. The script first identified all
possible peak combinations that had the characteristic spacing found
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in the simulated data within an error of 0.01 m/z. For each valid peak
combination, the “goodness of match” was determined by calculating
the mean square error between the normalized peak heights of the
valid peak combination and the normalized peak heights of the
simulated fragmentation pattern. The top matches were manually
checked, and any anomalous matches were removed from the analysis,
allowing preference for higher ranking matches.
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