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Abstract
Metal-organic frameworks offer a diverse landscape of building blocks to design high performance materials for implications in 
almost every major industry. With this diversity stems, complex crystallization mechanisms with various pathways and 
intermediates. Crystallization studies have been key to the advancement of countless biological and synthetic systems, with MOFs 
being no exception. This review provides an overview of the current theories and fundamental chemistry used to decipher MOF 
crystallization. We then discuss how intrinsic and extrinsic synthetic parameters can be used as tools to modulate the 
crystallization pathway to produce MOF crystals with finely tuned physical and chemical properties. Experimental and 
computational methods are provided to guide the probing of MOF crystal formation on the molecular and bulk scale. Lastly, we 
summarize the recent major advances in the field and our outlook on the exciting future of MOF crystallization. 

1.     Introduction
Metal-organic frameworks (MOFs) have become one of the largest and fastest growing research fields since the 

material was first introduced in the late 1990’s.1 Composed of metal nodes connected with organic ligands, MOFs have attracted 
popularity due to their incredibly high surface area, with some obtaining surface areas greater than the area of a football field 
per gram of material (~7800 m2/g).2  These high surface areas make MOFs perfect for storage of large amounts of gaseous guest 
species such as hydrogen3 or carbon dioxide.4 MOFs also enjoy greater synthetic flexibility when compared to other porous 
materials like zeolites, which are currently used in many applications but have limited catalytic usage due to a narrow range of 
synthetic precursors.5  In contrast, MOF coordination networks can be synthesized from many different transition metals and 
linkers and can be easily tuned to obtain crystals with varying chemical functionality and porosity, allowing small molecules and 
biomolecules to be selectively adsorbed or encapsulated.6–8 Because of this synthetic diversity and ease of tunability, MOFs are 
now being studied for applications in almost every major industry, including catalysis,9 gas storage,10 sensors,11 and drug 
delivery.12,13 

While high throughput screening methods can be credited for accelerating the synthesis of new MOFs (>90,000 
recorded MOFs),14 currently only a limited number of MOFs are actually in industrial usage due to limited knowledge in how 
synthetic scaling and how high temperature and pressure processing techniques affect MOF formation and final structure.15 The 
zeolite community–which has exploded in catalysis applications in the past two decades–has demonstrated that mechanistic 
studies on how a material forms enables its advancement, even with the limited catalytic applications this material has when 
compared to MOFs.16–18 Additionally, the commercialization of most pharmaceutical drugs can be largely credited to mechanistic 
studies of drug formation as the studies were used to tailor drugs with specific surface chemistries and properties.19,20 Most 
studies on the nucleation and growth of MOFs have been from the perspective of crystal growth, focusing on the rate of crystal 
formation, precursor phases, and crystal morphologies, rather than a molecular chemistry approach, focusing on bonding. 21 
Extensive mechanistic studies have been performed only on a limited number of MOF systems, and they have found MOFs 
formations to often be complex, not fitting conventional crystallization models.22,23 Large-scale studies need to be performed to 
generalize these findings, which is challenging due to multiple intermediate phases occurring for each MOF synthetic condition. 
These phases need to be identified and characterized to better predict dominant MOF pathways. Additionally, how the reaction 
solution influences the formation and dynamics of the various intermediate phases has yet to be fully realized. Thus, a 
combination of ex-situ and in-situ studies are essential to gain a holistic understanding of the reaction dynamics and mechanisms 
of MOF synthesis on both the molecular and bulk scale. Such mechanistic studies will enable tighter control of MOF synthetic 
conditions and provide translatable findings for other materials. This review encompasses how we currently understand, control, 
and monitor MOF crystallization mechanisms, specifically focusing on zeolitic imidazolate frameworks (ZIFs), a class of MOFs 
which are structurally similar to zeolites and are widely studied. Additionally, we will provide our outlook on the future directions 
of the field. 

2.     Understanding MOF nucleation and growth 
2.1. Nucleation and Growth Theories and Models

Crystallization studies have proven to be an important area of research in synthetic materials such as MOFs and across 
many natural systems occurring in biology and geology. Through these studies, scientists have extracted key thermodynamic and 
kinetic factors that unlock how atoms, ions, and molecules can pack to obtain final crystals with targeted properties. Three broad 
approaches are used, either alone or in combination, to model MOF nucleation and growth: classical nucleation theory, 
nonclassical nucleation models, and the SBU model. 
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2.1.1. Classical nucleation theory
Since the early 20th century, classical nucleation theory (CNT) has served as a theoretical framework for understanding 

the rates and mechanisms during crystallization.24–26 The theory breaks crystallization down into two main categories: nucleation 
and crystal growth. Nucleation describes the assembly of monomers (atoms, ions, or molecules) into the smallest 
thermodynamically stable structure which possesses a crystalline lattice, known as a crystal nucleus. The key principle for 
nucleation is that there is a significant energy barrier to the formation of stable nuclei. This barrier is determined by two 
competing factors: Surface or interfacial energy and bulk energy.27 The interfacial energy is always a positive term as it is the 
origin of the nucleation barrier due to the fact that it requires energy to make an interface.  The bulk energy is always a negative 
term as it denotes a release in energy or stabilization of the nuclei. The idea is to use enthalpy and entropic strategies such as 
manipulating bond strengths and degrees of freedom of MOF precursors to minimize the interfacial energy term.  If the interfacial 
energy is too high, a nucleus cannot be formed and precursors remain in solution or bulk phase. If the interfacial energy is 
reduced,  the nucleation barrier becomes manageable and crystal growth can proceed. Crystal growth occurs on the downhill 
slope of the energy barrier and involves the addition of monomers to the surface of the growing crystal lattice. The key principle 
for crystal growth is that monomers will tend to add to different crystal faces at different rates, which controls the morphology 
of the crystal as it grows. This growth often occurs through Ostwald Ripening, which refers to a phenomenon in which smaller 
particles of MOF precursors dissolve and add onto the surface of the growing crystalline phase.28 

2.1.2. Nonclassical nucleation models
While CNT is essential to understanding how MOFs form,  it has only been able to describe a few MOF systems.29–31 

Most MOF crystallizations are categorized as non-classical, as they include intermediates and irregular final crystal structures and 
morphologies that cannot be explained with CNT. Additionally, MOF crystals often form metastable phases, which are a local 
energy minima in the MOF formation reaction (Figure 1).22,32 These metastable phases have broad definitions as they can be 
characterized as molecular clusters,33 crystalline nanoparticles,31 liquids,22 kinetic polymorphs (which later evolve to a more 
thermodynamically stable, often nonporous polymorph),34 and amorphous species.23 The behavior of this metastable phase has 
significant consequences of the final MOF’s characteristics, as it aids in establishing a degree of local supersaturation for the 
critical nucleus to form and start the nucleation process. Metastable phases have been observed to form when precursors 
concentrate and phase separate from the bulk solution to form solute-rich and solvent-poor areas. The solute-rich area then 
condenses into species such as amorphous particles and/or dense-liquid phases,23 which serve as the metastable phase (Figure 
1).  Once the metastable phase is formed, an energy barrier must be overcome for the metastable phase to transition into a 
critical nucleus for the final crystalline phase. While this transition is challenging to probe, the critical nucleus can form through 
the aggregation of the metastable phase, which is based on attractive forces of phases at close distances. If the metastable phase 
is of amorphous character, this transition is often called the amorphous-to-crystalline (ATC) pathway, which is a common 
mechanism observed in zeolites,35 biomimetic polymers,36 and magnetite.37 Additionally, this transition into a critical nucleus can 
occur when disordered Metal-Ligand-Metal bonds rearrange into an ordered, crystalline structure. In this case, nucleation occurs 
within the rearrangement of Metal-Ligand-Metal bonds. Once a critical nucleus has been reached, MOFs have been observed to 
or through particle attachment,23 where amorphous particles attach to the growing crystal in no particular orientated preference. 
Additionally, they can grow through oriented attachment (OA),31 where crystalline precursors attach to the critical nucleus 
through alignment of their lattices to the growing crystal.38 

2.1.3. The Secondary Building Unit (SBU) model
The nucleation and growth of MOFs can also be described by the secondary building unit (SBU) approach.39–41 SBUs are 

the molecular complexes from which the extended frameworks of MOFs are derived, and as such, they are the smallest possible 
assemblies of MOF precursors, consisting of single or multiple metal nodes coordinated to organic linkers.42 In these coordination 
complexes, the metal node acts as the vertex and the organic linkers act as the edges that join the vertices together, locking the 
metal node into a fixed geometry which lends itself to the rigid framework. SBUs can be classified by points of extension, defined 
as the number of possible metal connections between the organic linkers.43  SBUs are also sometimes referred to as prenucleation 
clusters (PNCs) - which can refer to any species present in MOF synthesis reactions before nucleation –  but here, PNCs which 
contain only metal nodes and organic linkers are referred to as SBUs.

In the SBU model of MOF nucleation and growth, SBUs form via coordination chemistry between nodes and linkers and 
aggregate via coordination linkages into a critical nucleus. This critical nucleus then grows into the final MOF crystal through the 
incorporation of more SBUs. This model is supported by a study of the MIL-n MOF family by Fe K-edge extended X-ray absorption 
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fine structure (EXAFS), which revealed that SBUs are present during both the nucleation and growth of MOFs, retaining their 
connectivity and structure throughout.44  The formation of the SBUs themselves has been studied in systems including Mg-
carboxylate MOFs,45 ZIF-8,46 MIL-101,47 UiO-6648, In-MIL-6849, ZIF-6750, MOF-2/MOF-551, and SIFSIX-3-Zn52 using a variety of 
techniques from Electrospray Ionization - Mass Spectrometry (ESI-MS) and UV-visible spectroscopy to pair distribution function 
analysis and single molecule electron microscopy. These studies have shown that SBUs can assemble through a variety of 
mechanisms, such as ligand exchange and elimination at a single metal node, 50 chain growth from a single metal node and linker, 
49 or organic linker coordination to inorganic metal clusters. 48 These studies have also shown that not all MOFs follow the SBU 
model; specifically, the critical nucleus of ZIFs like ZIF-67 is not likely formed from SBU aggregation due to the tetrahedral 
geometry of the metal node in the final MOF and mixed geometry of SBUs found in solution during nucleation.50 

SBUs can arrange into a large library of geometries which have direct implications on the structural properties of a 
crystal.41 The stability, structure, and rigidity of SBUs can be tailored using factors further explored in section III, offering a 
promising area of MOF research. As the smallest possible assembly of MOF precursors, SBUs dictate the fundamental structure 
of the MOFs they make up. Thus, through the design of SBUs with appropriate geometries and sizes, final MOF properties such 
as network topology, stability and porosity can be controlled. This rational design of MOFs is a departure from previous high-
throughput brute force methods which have been responsible for many MOF discoveries. 53 As an example, Park et al used the 
principles of SBU design to produce MOFs with a new topology, ssp, by manipulating the structure of the organic linker to include 
a delocalized electron hole, showing that rational design of MOFs for specific uses is possible.54 This concept of rational MOF 
design has already transformed the understanding of surface effects on MOF nucleation and growth, where the SBU approach 
has been used to model the interactions between MOF precursors and biomolecules to inform encapsulation, as has been done 
in BSA@ZIF-8 studies.55 

MOF growth from SBUs can be described by two mechanisms analogous to polymer growth: chain or step growth.31  In 
chain growth mechanisms, single SBUs add like monomers to the growing ends and facets of a crystal. In step growth mechanisms, 
SBU dimers, longer oligomers, and/or smaller crystals add to each other through oriented attachment.24 The latter mechanism 
has been probed in the ZIF-67 system through molecular dynamics simulation, optical spectroscopy, and ESI-MS, giving insight 
into the molecular interactions that take place during SBU addition.50 This study also found that complexes which can initiate 
nucleation are different from those which can initiate growth, both in how they form and in structure. 50 This is not always the 
case; In the UiO-66 system, SBUs form a critical nucleus upon heating, and add to the growing nucleus, ordering themselves into 
the final MOF with time. 48 Understanding how SBUs form, aggregate and incorporate into MOFs is crucial to describing the 
growth and especially nucleation of these materials, and we expect SBU formation to continue to play a key role in discovery of 
new MOFs and control of established ones.
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Figure 1: Free energy diagram comparing monomer addition (classical nucleation theory) and nucleation through metastable 
phase (nonclassical nucleation theory) mechanisms. 

2.2. Kinetic Models of MOFs
While the previously mentioned models describe the mechanics of MOFs nucleation and crystal growth, it is also 

necessary to investigate their crystallization kinetics. X-ray Diffraction techniques (described in Section IV) are frequently used to 
exploit MOF crystallization kinetics. Data from this technique are coupled to fit two quantitative kinetic models: Avrami and 
Gualtieri. Originally, Avrami was a model used to describe crystallization by solid-state transformation, and it later evolved to 
describe solvothermal crystallization.  The Avrami equation is expressed as:

                                                                                                            (1)𝛼 = 1 - exp [ - (kt)n]

where is the extent of crystallization,  is the crystal growth rate constant, is the reaction time, and  is the Avrami exponent 𝛼 k t n
related to the dimensionality and the crystal growth. A significant limitation of this model is that it does not make a distinction 
between the nucleation and the growth step. The Avrami model assumes that crystallization occurs by adding individual 
molecules at a constant rate.56  In contrast to the Avrami model, Gualtieri separates the rates of nucleation and crystal growth, 
as it was originally developed for zeolite synthesis analysis. 57–59 The Gualtieri model can expressed by the equation:

                                                                               (2)𝛼 =
1

1 +  exp [ - (
t - aN

bN
)]
{1 - exp [ - (kgt)nG]}

The Gualtieri expression describes the extent of crystallization (α) as a function of time (t), growth rate constant (kg), and crystal 
growth dimensionality (n). For example, if a crystal with tetrahedral geometry forms, the growth dimensionality (n) would equal 
3 as this geometry is 3-dimensional. The fitting parameters aN , which is the reciprocal of the nucleation rate (kN), and bN, which 
is variance of the probability of nucleation distribution, can then be used to calculate the nucleation and crystallization 
probability.60 A bN value below 15 indicates heterogeneous nucleation; a value of 20 indicates homogenous nucleations; and a 
value greater than 20 indicates autocatalytic nucleations.21 The nucleation probability is determined using the fitting parameters 
aN  and bN using the following equation: 

                                                                               (3)PN = exp { -
(t - a)2

2b2 }

While the majority of the experimental data used to fit into these models are obtained from XRD techniques, a study by Filez et 
demonstrated that the Gualtieri model could be fit to curves in an in situ VIS spectra. Through the model, the nucleation 
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distributions could be predicted. Additionally by fitting the model to curves from different synthetic ratios of the ligand:metal, 
trends relating to how change in ligand:metal affects nucleation and growth rates could be determined.50 In summary, while the 
Avrami and Gualtieri models have been extensively applied to MOF crystallization, Avrami is often inadequate in characterizing 
MOF kinetics due to it being too general. Gualtieri, on the other hand, is more specific and can make distinctions between the 
nucleation and crystal growth rates.21  However, information relating to the nucleation energy barrier and to how synthetic 
parameters such as concentration and temperature affect the barriers cannot be obtained from either model. 

Within the last few years, the microkinetic model has been introduced, which takes into account the SBU approach 
rather than the traditional classical and nonclassical nucleation and growth theories. While the Avrami and Gualtieri models focus 
on nucleation and crystallization rate and probability, and still provide useful information for MOF nucleation and growth, the 
microkinetic model extrapolates fundamental mechanisms occurring at the different steps in a crystal’s formation. The model 
breaks the mechanisms down into 3 main steps: initiation of SBUs, chain and step growth, and termination. By breaking the 
mechanisms into 3 different steps, the activity energy barrier for initiation can be solved along with the rate constants for both 
the initiation and growth reactions.31 A key benefit of the microkinetic model is that it can further relate the nucleation rate to 
reaction conditions such as temperature and concentration of precursors using the following equation:

         )                               (4)Ṅ (ξ,T) =  k0,n ξAn(1 - ξ)Bnexp( -
ΔGn

RT

In Eq. 4,  represents the rate of nucleation in units of per second while  is the reaction extent. T represents the temperature Ṅ 𝜉
in units of Kelvin, and  is the pre-exponential factor of the nucleation rate constant in units of per second. and are k0,n kn An Bn

rate orders with being with respect to the reaction extent and with respect to the limiting reactant. (J mol-1) represents An Bn 𝛥Gn
the activation energy required for nucleation, and R (J mol-1 K-1 ) is the gas constant. 

For example, the authors who created this equation demonstrated that by increasing the temperature of a system, the 
ratio of the chain to initiation rate can be used to predict the induction period and concentration of SBUs that can be used in the 
growth step. Additionally, the equation can be used to determine how increasing or decreasing the concentration of MOF 
precursors affects the initiation rate and concentration of SBUs that can be used in the growth step. The microkinetic model can 
further extract information regarding rate of MOF growth and the reaction order with the following equation: 

                                                    )                               (5)G (ξ,T) =  k0,n ξAg(1 - ξ)Bgexp( -
ΔGg

RT

In Eq. 5,  represents the rate of growth in units of meters per second.  is the pre-exponential factor of the growth rate G k0,g 
constant in units of per second. and are rate orders with being with respect to the reaction extent and with respect kg  Ag Bg Ag Bg 
to the limiting reactant. (J mol-1) represents the activation barrier required for growth. 𝛥Gg

By extracting the growth rates from this equation, crystal size and dispersity can be predicted. Furthermore, the 
microkinetic model can be used to describe mechanisms leading to crystal termination. For example, the authors who created 
this equation demonstrated that the termination step was caused by decreasing the reactivity of the MOF surface. While the 
microkinetic model definitely provides significant mechanistic insights, Flory’s approximation is used to predict the bond strength 
for the growth step of the model, which does not take into account size dependence of the clusters or aggregates as the size of 
aggregates can influence overall binding strengths. Additionally, as MOFs can develop crystal defects,  future work is needed to 
develop a kinetic model that can integrate defect mechanisms. 

2.3. Polymorphism in MOFs
MOFs can exhibit polymorphism, where MOF crystals can consist of identical chemical composition but differ in their 

network topology.61 As a result, multiple crystalline phases of MOFs can be produced with different symmetries and densities. By 
tuning the activation energy of the MOF through changing synthesis conditions, higher energy products can be kinetically trapped 
at low activation energy barriers or the reaction can proceed to the lower energy thermodynamic products at high activation 
energy barriers; thus polymorphs can be found at different energy minimas of a free energy landscape diagram.62 Since 
polymorphs can display different crystal structures while retaining identical molecular composition, the structure-function 
relationship based on structural parameters can be investigated.63,64 Polymorph transition can be induced post-synthesis through 
physical steps like additional heating,65 pressure, or template mediation.66 Typically, post-synthetic phase transitions result in the 
formation of more dense, thermodynamic crystalline phases through reconstruction or displacement of internal structures.63 For 
example, washing of ZIF-8 MOFs synthesized in water with alcohol solvents can initiate phase change from ZIF-C and ZIF-L to ZIF-8 
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(sod).67,68 Additionally, intrinsic and extrinsic synthetic conditions can control the competition among polymorph phases during 
the MOF formation.69 For example, the use of template vapors in chemical vapor deposition enables control over the formation 
of a porous or nonporous ZIF polymorph.66 

While polymorphism is often not screened in MOF studies, mechanistic studies of zeolites, which have ~250 different 
polymorphs,70 have aided in polymorph control of MOFs, as the metal-ligand coordination in ZIFs are similar to the building units 
of inorganic zeolites. Whereas zeolites are composed of SiO4 and AlO4 units, ZIFs have tetrahedral metal centers, commonly 
divalent metals such as Zn2+ or Co2+ , that are bridged with imidazolate ligands.  Consequently, ZIFs share many of the same 
network topologies and rich polymorphisms as zeolites.71 In all zeolite polymorphs’ formation reactions, primary amorphous 
phases form, followed by secondary amorphous phases.  Recent computational studies have determined the rate in which this 
secondary amorphous phase grows into a crystalline phase determines the final polymorph selection.72 Polymorphs with distinct 
physical properties can be produced by altering the packing density of the building units as well as the orientation of the 
imidazolate units. For example, ZIF-8 sodalite (sod), which is the most widely studied kinetic polymorph of ZIF-8, is the least 
densely packed, resulting in large pores (~11.4 Å) that are ideal for encapsulating guest molecules.73 In contrast, ZIF-8 diamondoid 
(dia), which is the most thermodynamically stable polymorph, is the most densely packed and not ideal for encapsulating guest 
molecules. Polymorphs of ZIFs can be revealed through in-situ monitoring techniques such as in situ PXRD, which allowed for the 
observation of a new metastable ZIF-8 polymorph generated through mechanochemical milling, kat.34 Additionally, cryo-TEM 
studies have shown amorphous particles emerge for the formation of ZIF-8 (sod) and dia polymorphs.23 While these TEM studies 
have also shown that the amorphous particles undergo a redissolution-crystallization mechanism for sod, a separate mechanism 
is suggested for dia formation that requires further exploration. 

2.4. Summary:
The field of nucleation and growth is well established, and while there has been significant progress made in 

understanding the nucleation and growth of MOFs, there is still much work to be done. While all MOFs are assembled via 
coordination chemistry, the mechanism by which this occurs can be different for each MOF and can change with different 
synthesis conditions. While some MOFs’ nucleation and growth can be described using classical nucleation theory, others require 
different theoretical frameworks like SBU addition and/or OA, or a combination of several. In a similar fashion, the mathematical 
models used to properly describe both MOF nucleation and growth are not universal; different MOF systems can be described 
by different equations. Understanding the different MOF systems’ different mechanisms is essential in the development of a 
unifying theory describing the nucleation and growth of these exciting materials. Specifically, more work is needed to understand 
the molecular chemistry for all MOF classes, and more work should be done to expand nucleation and growth for different classes 
of MOFs. In the case of ZIFs, while much is known about the nucleation and growth of these composites, there are still many 
unanswered questions. The formation mechanisms of many ZIF polymorphs–such as the thermodynamically formed dia and 
carbonate-incorporating ZIF-C–are not understood. We predict that further examination of the nucleation and growth of ZIFs 
specifically, perhaps guided by previous work studying zeolites, will help in the understanding of similar other MOF systems’ 
nucleation and growth, like MAFs, or Metal Azolate Frameworks. 

3.     Controlling MOF nucleation and growth 
The MOF nucleation and growth reaction can be controlled through manipulating phase changes during synthesis. 

Phase change of a system occurs when the total free energy of the proceeding phase is less than the total free energies of the 
prior phase. Intrinsic and extrinsic parameters can dictate whether a phase transformation is energetically favorable through 
increasing or decreasing the free energy barrier to nucleate a particular phase. Intrinsic factors refer to the internal properties 
within a MOF system, such as the chemical composition and concentration of the precursors, along with temperature and 
reaction medium. Extrinsic factors include the presence of foreign surfaces, small molecule modulators, and confinement, which 
can directly affect the surface energy barrier to nucleation. Extrinsic factors frequently control the rates and mechanisms of MOF 
by favoring a type of nucleation called heterogeneous nucleation, which occurs outside of the bulk solution such as on a foreign 
surface. Heterogeneous nucleation enables nucleation to occur at lower supersaturation conditions, resulting in increased rates 
of nucleation compared to nucleation occurring in the bulk solution (homogeneous nucleation).74 Much has been written about 
the effects of different synthetic conditions on final MOF size and quality. In this section, we use these final properties to 
extrapolate information about MOF nucleation and growth mechanisms. Some properties mentioned in this review which can be 
tied to nucleation and growth include metal-ligand bond strength (which relates to both nucleation probability and to growth),75 
crystal size (which can relate to the relative nucleation and crystal growth rates), 76 crystalline defects (which indicate errors in 
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SBU formation and/or arrested growth), and crystal polymorph (which can be used to tell whether a reaction is 
thermodynamically or kinetically controlled). 23  Both intrinsic and extrinsic factors will be discussed in more detail in this section. 

3.1. Chemical composition and medium
Both MOF composition and solvent play significant roles in both the nucleation and growth of MOFs. The strength of 

the metal-ligand bond, which is essential to the assembly of stable SBUs, can be modulated based on electron sharing between 
the ligand and metal. When choosing a ligand, factors to consider are the electron- withdrawing and electron-donating effects. 
For example, ZIF-8 has a stronger  Zn-N coordination than ZIF-108, as the ligand in ZIF-108, 2-nitroimidazole, has a greater 
electron-withdrawing effect on the imidazole ring, and thus greater Zn-N bond length than the ligand in ZIF-8, 2-
methylimidazole.77 The different strength of the Zn-N bond in different Zn-based imidazolate MOFs provides different 
applications for the materials; while stronger Zn-N bonds are desired for storage applications, weaker bonds can facilitate 
reversible phase transformation, which broadens the material's applicability.78 Indeed, ZIF-108 undergoes metal substitution 
much easier than ZIF-8 does, the latter of which requires a base to prevent phase transformation during this process 77,79.  This 
suggests that the rate of growth should be higher for ZIF-8, as hydrolysis-resistant metal-ligand bonds lead to higher crystal 
growth rates. When choosing a metal, the Irving-Williams series can be used to determine the strength of divalent metals 
complexes in water.80,81 This series is often explained based on the ionic radius of a divalent metal and the crystal field stabilization 
energy of a complex. For example, Cu2+ is expected to form a more stable metal complex than Zn 2+ based on the smaller ionic 
radius of Cu2+. Of course, to measure MOF nucleation and growth, a given metal and linker must be able to form a MOF. While 
this may seem obvious, many metal-ligand combinations will not produce MOFs, meaning selection of a linker for a corresponding 
metal node must be done with care. When designing the metal-ligand combination for a MOF, Pearsons’s hard-soft acids and 
bases (HSAB) theory must be utilized, as the binding strength and stability of the metal and ligand bond drives the self-assembly 
process and dictates the final performance of a MOF.82 Hard metals such as Zr4+ form strong metal-ligand complexes with strong 
bases such as carboxylate ligands, and soft metals such as Zn2+ form strong metal-ligand complexes with weak bases such as 
azolate ligands.83 Borderline metals such as Cu2+ can interact with both strong and weak bases, examples being benzene-1,3,5-
tricarboxylate, a strong base,  and 2,2’-dipyridyl, a weak base, in the case of the HKUST-1 and [Cu(4,4′-DP)0.5Cl]n  frameworks 
respectively.84–86 Different linkers and metals will display different nucleation and growth kinetics, the understanding of which 
varies between MOF systems. 

Metal-ligand bond strength cannot be discussed in a vacuum; the reaction solution, and specifically the solvent, is 
critical for dictating the metal and ligand coordination environments.87 Furthermore, MOF’s can only self-assemble into crystalline 
units if the metal-ligand bond formation is more energetically favorable than the solvent-ligand exchange rate. Solvent can play 
various roles in the self-assembly process. It can govern the rate and pathway of crystal formation, be incorporated into the MOF 
by coordinating with the metal ions, or both. In the case of water-stable ZIFs, the ΔG of hydrolysis must be a positive value, 
meaning that metal-ligand binding is more energetically favorable than the metal or ligand binding with water.83 By modulating 
the hydrophobicity of the ligand, the rate of ligand/solvent binding can further be tuned, as hydrophobic ligands have a lower 
rate of binding with water molecules. 

The solubility of the ligand in the reaction medium plays an important role in the crystallization rate as a more soluble 
ligand facilitates increased nucleation and growth rate. For example, a study demonstrated this concept by using a ligand more 
soluble in DMF than in water and showed how the MOF crystallized much faster in DMF than water due to the ligand’s high 
solubility in DMF.88 The solubility of the ligand also can impact the network dimension of a MOF as it influences the binding 
affinity of the solvent molecules to the metal centers. For example, a study showed that through increasing ligand solubility,  the 
solvent-metal binding consequently decreased, which resulted in an increase of the crystal dimensionality (i.e. 1D, 2D, 3D).89 
The rate and extent of deprotonation of the ligand further affects the self-assembly and final MOF structure and size. A study by 
Kim et al. observed larger particles formed in more polar solvents as more polar solvents have higher proton acceptance power.90 
As a result, the interfacial energy of the system decreases as the concentration of available ligands for metal coordination 
increases. With a higher concentration of available ligands, larger MOFs with high crystallinity can form. This is not only seen in 
systems with changing solvent polarity; in MOFs, lower metal-ligand binding (growth) rate equals larger particle size (Figure 2).

Page 8 of 27Chemical Society Reviews

https://www.zotero.org/google-docs/?uEODMW
https://www.zotero.org/google-docs/?SXfr8I
https://www.zotero.org/google-docs/?vNhOzU
https://www.zotero.org/google-docs/?Ot1Qvd
https://www.zotero.org/google-docs/?g5hjcn
https://www.zotero.org/google-docs/?yjfPoZ
https://www.zotero.org/google-docs/?cIZeOJ
https://www.zotero.org/google-docs/?3MiGxq
https://www.zotero.org/google-docs/?Ti8jRe
https://www.zotero.org/google-docs/?PwwKhM
https://www.zotero.org/google-docs/?gKXGge
https://www.zotero.org/google-docs/?cS9kQT
https://www.zotero.org/google-docs/?zb31Kr


Figure 2: Particle size dependence on solvent polarity and reaction temperature 

Functionalizing organic ligands allows for  electronic and steric effects during self-assembly and in the final MOF product 
to be finely tuned. For example, by combining two complementary imidazole ligands, a study showed the organization and 
conformation of ligands in the initial building units could be tuned based on ligand size, as this influences ligand-ligand 
interactions and, consequently, sterics.91 Ligands can further be functionalized in a way that does not alter MOF self-assembly, 
yet plays a greater role in the final properties of a MOF.92 As shown in early ZIF studies, increasing the length of the ligand directly 
increases the pore size without affecting nucleation and growth.5 Furthermore, a study done by Kim et al suggested that ligand 
rigidity directly affects final MOF stability and selectivity. In this study, researchers examined six ligands with varying rigidity, and 
found that the MOF synthesized with the most rigid ligand exhibited the best stability in water.93 

In addition to solvent polarity, the purity and ionic strength of a solvent affects the arrangement and size of the initial 
assembled clusters. For example, a pure aqueous solvent has been shown to facilitate fast nucleation and produce larger clusters 
compared to an aqueous solution with ions.33  Additionally, free ions, such as Na+ and F-, in solution can dictate the extent of 
defects in a crystal structure.94 This occurs as a result of the ions interacting with the MOF building units during growth, preventing 
ligands from rotating and consequently forming defects. Defect formation is most prominent at lower ion concentrations. As ion 
concentration increases, the probability of crystalline unit formation is decreased, due to an increased stability between the 
metal and counterion. Ions also can stabilize complexes during growth, raising the energy barrier to add more monomers or SBUs, 
which leads to defects and trapping of kinetic products.  Ions can also add themselves into the crystal lattice of a MOF, as is the 
case with ZIF-C–where carbonate ions incorporate themselves into the ZIF-8 lattice during formation–changing the nucleation 
and growth mechanism in a way that is still not understood.

The concentration of precursors and ratio of ligand to metal is further key in MOF self-assembly mechanisms. Excess 
ligand drives nucleation in some ZIF systems through the deprotonation of building units, reducing the rate of hydrolysis. 
Increasing the extent of excess ligands speeds up the reaction rate, producing smaller kinetic products with low dispersity. Ogata 
et al. found that at high ligand-to-metal ratios, ZIF-8 is formed by adding amorphous nanoparticles. These precursors then follow 
a dissolution-recrystallization mechanism to form ZIF-8 (sod) crystals. Without excess ligands, protonated ligands remain in 
solution, causing the crystallization rate to decrease and the formation of thermodynamic phases such as dia.23,95,96 In the same 
study by Ogata et al, it was found that ZIF-8 nanoparticles initially formed at low ligand-to-metal ratios, but that the nanoparticles 
appeared to be relatively stable, as no particle aggregation could be observed for the first 24 hours, after which ZIF-8 (dia) crystals 
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formed. This further supports the idea that the crystallization rate decreases at lower ligand to metal ratios, and that ZIF-8 (dia) 
is the thermodynamic product of the ZIF-8 reaction.

3.2. Temperature 
Temperature is another key intrinsic factor for controlling MOF nucleation and growth. The temperature of the MOF 

synthesis reaction dictates the ligand solubility and conformation as well as its extent of coordination to the metal node. Systems 
synthesized under high temperatures increase the chemical potential, ∆µ, within a system and have greater solubility of reactants 
and rates of metal-ligand bond formation as given by: 

                              (5)𝛥𝜇 = kBTσ

       (6)𝜎 = ln(AP/Ksp)
where kB is the Boltzmann constant, T is temperature, σ is supersaturation, Ksp is the MOF reaction’s equilibrium constant, and 
AP  is the activity product of the reactant.27 It is important to note that there are other ways of defining both ∆µ and σ, with some 
definitions of σ being given as approximations.27,97,98. Additionally, the temperature can dictate the probability of overcoming an 
energy barrier and stability of the final crystal. By increasing temperatures, the thermal energy within the system increases, 
resulting in a greater driving force for crystallization, specifically of the thermodynamic product, to occur. On the other hand, at 
lower temperatures, the thermal energy within a system is low, allowing for intermediates and kinetic products to be formed.  A 
study compared ZIF-8 synthesized in methanol at 130˚C and 25˚C, and found the higher synthesis temperature facilitated a 
greater percent yield of MOFs, which indicates a greater rate of ligand/metal coordination.96 Target synthesis of MOF crystals 
with desired size, porosity, and morphology can be accomplished in part by obtaining a holistic understanding of how 
temperature influences MOF growth. The number of nucleating species and nucleation rate is greater at higher temperatures 
facilitating the formation of more nuclei and, consequently, crystals with smaller diameters. This theory is supported by a study 
that found that increasing the synthesis temperature from -15˚C to 60˚C caused the average diameter of ZIF-8 crystals to decrease 
from 78 nm to 26 nm.99 In addition to controlling the nucleation and growth and crystal size, reaction temperatures can dictate 
the dimensionality of the final MOF crystal by controlling the rate of metal binding to ligand and solvent molecules. By increasing 
the temperature, crystals with greater dimensionality can be obtained as coordination to solvent molecules decrease, often 
resulting in the coordination number of the metal center to increase.100 

3.3. Surfaces
Surface substrates have shown great potential for nanoscale control of crystal formation,101 aiding in the discovery of 

new types of materials for CO2 separation,102 water splitting,103 and field-effect transistors.104 Surfaces control the self-assembly 
pathway of crystal formation by modifying the interfacial free energy barrier and offering a site for crystals to nucleate (Figure 
4).105  The effects of surfaces themselves on crystal growth are usually not as pronounced, although confinement by surfaces can 
noticeably affect growth of MOFs; this is discussed in a separate section. The extent of which a surface can modify crystal 
nucleation is largely dependent on two factors: 1.)  atomic structure of the surface and 2.) the strength of the bonds formed by 
the MOF precursors and the surface. By matching the atomic structure of a surface to a desired lattice place of a crystal, surfaces 
can be used to control the orientation of the crystal lattice by minimizing the lattice strain in a desired orientation. Planar 
substrates include flat, smooth surfaces such as alumina106 and silica107,108  and provide a uniform surface for MOFs to grow. 
These substrates often include self-assembled monolayers (SAMs),109,110 that can be functionalized with different terminating 
groups to dictate the orientation of the MOF crystal. In a study by Shekhah et al, the authors describe studying the formation of 
metal-organic frameworks (MOFs) in a sequential fashion on a functionalized SAMs.111 The surface of the SAMs was functionalized 
with mercaptohexadecanoic acid (MHDA) as the carboxylic acid groups matched with the (100) plane in the crystal lattice.  As a 
result, the orientation and growth of the crystal could be controlled, resulting in homogeneous crystalline films. Furthermore 
SAMs can be functionalized with multiple different terminating groups which promotes nucleation of different lattice 
orientations.  Such control of the nucleation enables the engineering of novel MOF structures with finely tuned lattice patterns.112 

Another aspect to consider when choosing a surface is the chemical composition of the surface interface. The interfacial 
chemistry can be used to modulate the binding strength of the MOF precursors to the surface, and consequently, the probability 
of nucleation. By the MOF precursors forming stronger bonds with the surface rather than with the solvent molecules, the 
interfacial energy barrier required for nucleation decreases.27 The available surface area for strong-bonds to form can also impact 
the probability of nucleation. Non-planar substrates, which are surfaces that are more complex and have three-dimensional 
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structures, provide a larger surface area for the  MOFs to grow on, leading to faster formation and higher yields.113–115 Examples 
of non-planar substrates include foams,116 fibers,117 nanowires,118 proteins,7,115,119,120 and porous metals.121,122  A study by Ogata 
et al. used bovine serum albumin as a non-planar substrate to lower the interfacial energy barrier and tune the crystal morphology 
and structure.23 In the study, cryo-TEM observed that a protein was capable of concentrating MOF precursors, forming 
amorphous protein/Zn/HmIm particles and, subsequently, ZIF-8(sod) crystals through a dissolution recrystallization mechanism. 
Otherwise, in the absence of protein, ZIF-8(dia), the nonporous and thermodynamically stable ZIF-8 polymorph, formed (Figure 
3).  The ability for the protein to drive crystal formation of ZIF-8 (sod)was strictly dependent on its negatively charged surface as 
other studies have shown that biomolecules with high isoelectric points (>7) cannot promote crystal formation.115  With this 
insight, molecular modifications of proteins have shown to be promising methods for tailoring the surface chemistry to promote 
nucleation and growth of a particular MOF phase and morphology.123 Furthermore,  proteins are believed to add to the growing 
crystal through particle addition. Through addition, the proteins create defects in the crystal as they are too complex to match 
the lattice planes of the MOF.23,120  By controlling the size and concentration of protein particles, such defects can be tailored. 

Figure 3: Comparison of free energy barrier in homogeneous (without surface) and heterogeneous crystallization (with 
surface).124 

Along with biomolecules, polymers can also serve as templates to regulate the crystalline phase, shape, size, and 
porosity of MOFs.125  Ionic polymers offer many coordination sites for MOF nucleation, while instead, non-ionic polymers may 
self-assemble to influence the final MOF structure and porosity through electrostatic interactions. For example, through a 
coordination-modulation mechanism, a non-ionic block copolymer was able to trap a kinetic crystalline phase through 
stabilization of prenucleation aggregates. 126  In summary, each type of surface has its own benefits for tailoring the nucleation 
and growth of MOF formation.  For example, if a planar substrate is being used, a fabrication method may be developed that 
takes advantage of the flat and smooth surface of the substrate to help control the growth and formation of the MOFs in a precise 
and uniform manner. On the other hand, if a non-planar substrate is being used, a fabrication method may be developed that 
can adequately grow the MOFs on the more complex surface of the substrate, potentially leading to faster formation, higher 
yields, and trapping of kinetic products. 

Page 11 of 27 Chemical Society Reviews

https://www.zotero.org/google-docs/?ca8r7d
https://www.zotero.org/google-docs/?e1whYz
https://www.zotero.org/google-docs/?lZvIqR
https://www.zotero.org/google-docs/?AMNDHV
https://www.zotero.org/google-docs/?JkBAAJ
https://www.zotero.org/google-docs/?b9hfj8
https://www.zotero.org/google-docs/?lLAaoH
https://www.zotero.org/google-docs/?s4zsBU
https://www.zotero.org/google-docs/?RVSxik
https://www.zotero.org/google-docs/?7B7FoK
https://www.zotero.org/google-docs/?ZAUhx3
https://www.zotero.org/google-docs/?0U5orD
https://www.zotero.org/google-docs/?pP37fk


3.4. Small Molecules
The idea of using small organic molecules as structure-directing agents (SDA) to design porous frameworks has been 

well-established in the zeolite community.127,128 Additionally, SDAs are widely credited for the structural diversity of zeolites as 
they can embed into zeolite structures and influence the pores based on the chemical structure and size of the additive.35 Small 
molecules have been similarly used as modulators during the self-assembly of metal-organic frameworks (MOFs). These 
molecules, which can be organic or inorganic, can be added during the synthesis of the MOFs to stabilize kinetic products and 
control the resulting crystals' size, structure, and shape. 

Acids and bases are common small molecule modulators for polymorph selection and crystal size, as they can either 
increase or decrease the rate of crystallization. For example, MAF-7, which uses triazolate linkers, only forms rhombic 
dodecahedron morphologies upon addition of ammonia. Otherwise, the interfacial energy required for crystallization is too high, 
and only amorphous products are formed.129 The addition of a strong base greatly increases the supersaturation of the 
deprotonated ligand (which is required for MOF formation) and decreases the interfacial energy required for nucleation. In 
contrast, Brønsted acids such as HCl or monocarboxylic acids can be used to increase the interfacial energy of a system as it 
increases the concentration of protonated ligands, resulting in a decrease in the rate of crystallization.130  Thus, fewer nuclei are 
formed promoting the growth of large, highly crystalline MOFs. For example, a study used benzoic acid to modulate the rate of 
crystallization of UiO-68-NH2 and obtained crystals as large as 100 μm.131 

Capping agents are types of small molecules that can selectively bind to a facet of a crystal. This type of modulator is 
able to affect both thermodynamic and kinetic factors of MOF growth. From a thermodynamics perspective, the structural 
morphology of a system can be estimated by the Wulff construction principle, where the crystal shape with the lowest surface 
energy will be formed.132,133 By adding onto a preferred facet of a crystal, capping agents can minimize the surface energy of that 
facet and alter the most stable structural topology. From a kinetics perspective, the morphology of a system is dependent on the 
rate of diffusion of monomers that are deposited onto a growing crystal.134 Capping agents can act as a physical barrier for a 
particular facet, resulting in a decrease in the rate of monomers diffusing and depositing onto the facet decreases. Such 
mechanisms can facilitate the formation of higher energy, kinetic products. Examples of modulators used to tune the crystal size 
and morphology of ZIF-8 include organic amines135 and surfactants.136,137 A study used by Pan et al used the surfactant 
cetyltrimethylammonium bromide (CTAB) to trap kinetic morphologies of ZIF-8.138  In the study, CTAB preferentially adsorbed 
onto the {100} face causing a reduction of crystal growth in that direction. By increasing the concentration of CTAB, the capping 
effect was amplified, causing smaller particles with truncated cube morphologies to form rather than the typical rhombic 
dodecahedron morphology (Figure 4).  

While small molecules can serve as capping agents, they can also serve as competing agents which promote the 
formation of larger crystals and the most thermodynamically stable morphology (i.e. the Wulff polygon). A study by Cravillon et 
demonstrated that small molecules, specifically monodentate ligands, can serve as competing agents that compete with the 
bidentate ligands to bind to the metal ions. In the study, target diameters of ZIF-8 nanoparticles could be achieved with addition 
of monodentate ligands (1-methylimidazole, sodium formate, or n-butylamine).135 Through addition of 1-methylimidazole or 

sodium formate, larger crystals (1 m) with narrow size distribution were formed, as the competitive binding decreases the rate 𝜇
of nucleation and growth. Furthermore, the particle size can be dictated by tuning the similarity of the ligand and modulator pKa 
as it is key to dictating the rate of binding to the metal node. Additionally, the presence of the monodentate ligands resulted in 
preference of the thermodynamic morphology (rhombic dodecahedra) over the kinetic morphology (cubes). In summary, by 
understanding how modulators can be used to control the activation energy barriers for nucleation and the growth rates, we can 
use them as tools to design MOFs with targeted shapes and sizes. 
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Figure 4: Schematic diagram of various kinetic and thermodynamic products associated with small molecules either serving as 
capping or competing agents during the crystal formation. With a small molecule acting as a capping agent, it  is adsorbed onto 
a facet of a crystal resulting in square-shaped crystals. Depending on the binding strength of the capping agent, crystals of varying 
sizes can be produced. Without a small molecule, hexagon-shaped crystals form. With a competing agent, MOF precursors are 
competing with a small molecule to bind to the growing crystal resulting in larger hexagon-shaped crystals.

3.5. Confinement and synthesis volume  
Nanoscopic confinement has been widely used to design high-performance materials with hierarchical structure in the 

biomineralization community. Nanoscopic confinement influences occur in restricted volumes such as membranes and pores 
which can limit crystal growth in the x, y, or z dimensions. The confinement's character can significantly influence the nucleation 
rate and stability of intermediate phases. By increasing the degree of confinement on a system–lowering the volume where 
synthesis and crystallization can take place–studies have observed a decrease in the nucleation rate of crystallization. This 
decrease is due to a decrease in any impurities that could act as nucleators and volume is proportional to nucleation probability.139 

Nanoscopic confinement has been shown to stabilize metastable products and phases for non-MOF systems. For 
example, a study found that by increasing the degree of confinement during the crystallization of amorphous calcium carbonate, 
the amorphous phase was stabilized.140 This is due to the energy barrier for the thermodynamic product increasing. In addition 
to the degree of confinement affecting growth, the surface area of the synthesis vessel can have a further effect. For example, 
when a system is assembling in a porous confinement, a greater fraction of the nucleus will be in contact with the substrate and 
thus have a greater nucleation rate than in a system that occurs within flat confinement.139 Confinement methods using various 
interfaces, such as colloforms 141 and droplets,142  have synthesized MOF nanoparticles with high uniformity and low size 
distribution. The key to obtaining such products lies in having fast nucleation but slow growth. Synthesizing a MOF in a confined 
environment allows this to occur as it decreases the probability for nuclei to aggregate. 

Confinement interfaces have shown the potential to serve as templates for controlling the growth direction of crystals 
by restricting growth in designated orientations. Many studies have succeeded with this method by using emulsion interfaces to 
confine MOF growth within a specific geometric mold. By varying the length of the surfactant in a reverse micelle system, ZIF-8 
crystals with targeted sizes could be achieved.106 One specific study used an aqueous-organic liquid interface to mold HKUST-1, 
ZIF-8, and LnBT crystals into a wide range of crystal geometries such as hearts, circles, and rectangles.143 The ability to obtain 
each crystal geometry was based on localizing the nucleation and growth within molds of specific geometries.  This mold was 
stationed at an opening in the interface surface where its shape could be altered by varying buoyancy and capillarity forces. In 
addition to emulsion interfaces being used to control crystal shapes, hard confinement surfaces can template MOFs with 
hierarchical structures and porosity. Synthesizing such hierarchical materials can be advantageous for catalytic applications as 
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demonstrated with PCN-224 which was synthesized within the confinement of macroporous melamine foam to create geometry 
that promoted greater catalytic activity.144 

While studies have used nanoscopic confinement methods to synthesize MOFs with desired physical properties, future 
research is still needed to use confinement as a method to discover and trap metastable MOF products. Additionally, on the other 
side of the spectrum, nucleation and growth mechanisms that occur during  macroscopic scaling of a MOF synthesis are currently 
unexplored. Such mechanistic studies are crucial for designing large-scale MOF synthesis using green approaches, as many current 
synthetic approaches in industry use toxic solvents and MOF precursors along with pressure-sealed reaction vessels, all of which 
pose high financial costs.145,146  Recently, advances towards this challenge include a study by Deacon et al which investigated 
kilogram-scale production of ZIF-8 while using water as the solvent. The authors note that the crystals observed in the scale-up 
synthesis have distinctly different sizes than those reported in literature from small-scale synthesis.67 Such findings emphasize 
the impact that scaling has on final MOF crystals and the need for mechanistic studies. 

3.6. Summary
Intrinsic and extrinsic factors are commonly used to control MOF formation by manipulating the MOF nucleation energy 

and growth rate. Intrinsic factors include chemical composition, medium and reaction temperature, and extrinsic factors include 
surfaces, modulators and confinement. Currently, there is a better understanding of intrinsic factors vs. extrinsic factors. 
Heterogeneous nucleation is a powerful way to control nucleation and growth, especially for applications in uses of MOFs like 
drug delivery or enzyme immobilization. Extrinsic factors are also extremely useful for finely controlling things like crystal size 
distribution, which is vital for applications like catalysis. We predict that the future studies of extrinsic factors on MOF nucleation 
and growth will become more important as the aforementioned applications of MOFs become more widespread. 

4.     Monitoring MOF nucleation and growth 
The complexity of MOF nucleation and growth requires strategic experimental and instrumental methods to obtain a thorough 
understanding of the mechanisms and kinetics driving each intermediate and final phase. While no single instrumentation 
method can capture the broad spectrum of the crystallization process from initial building units to final bulk crystal, each 
instrument has its own strength as some instrumental techniques enable characterization of a specific, localized region and 
provide qualitative insight into individual crystal size and morphology, while other techniques may provide ensemble information 
and quantitative insight into the crystallization kinetics. Thus, multiple complementary instrumentation methods are required to 
obtain a holistic overview of the crystallization by providing descriptions of each phase and phase transition. Each instrument will 
be discussed in more detail in this section, and examples of how each technique can be used to monitor MOF nucleation and 
growth will be provided. 
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Figure 5: Summary of experiential and computational techniques to study nucleation and growth of MOFs and the phase 
regime that they are useful for probing 

4.1. Mass Spectrometry and Spectroscopy Techniques
Mass spectrometry and spectroscopy techniques are the most widely used techniques among organic and 

organometallic chemists to provide characterization on chemical structure and interactions of small molecules. Spectroscopy 
operates through radiating a sample with photons and measuring the absorption of the radiation, which can then be used to 
determine properties of nuclei, bonds, or atomic orbitals, depending on the energy of the photon. Mass spectrometry measures 
the interactions between the sample and radiation, allowing the mass of a sample to be determined through its mass-to-charge 
ratio. Such measurements enable the study of the initial coordination among prenucleation phases as well as the local bonding 
environments in metastable and stable phases. While both mass spectrometry and spectroscopy are unable to differentiate 
between localized regions of differing chemical interactions, they provide an averaged overview of an entire system, which is 
powerful for monitoring nucleation and growth.

4.1.1. Mass Spectrometry (MS)
Mass spectrometry (MS) provides compositional and structural information of the initial building units in solutions that 

occur prenucleation. Such studies enable a molecular understanding into the mechanisms and dynamics in which metastable 
phases such as particles form. Electrospray ionization (ESI) is a soft ionization technique that is frequently paired with MS (i.e. 
ESI-MS) to minimize any damage, such as fragmentation, to the prenucleation species. In a study by Filez et al, ESI-MS was used 
to determine the composition of the prenucleation clusters in ZIF-67, which allowed for a greater understanding of the quantity 
and composition of the initial SBUs.50 By taking measurements of sample aliquots, the mechanism in which these building units 
evolve to form a stable nuclei was determined to be through monomer-by-monomer addition. In a different study by Salionov et 
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al, high resolution ESI-MS was used to monitor the growth of MIL-53(Al), which revealed how solvent byproducts play a role in 
the nuclei formation.147 The study further uncovered the crystallization mechanism to occur through nuclei aggregation.  

4.1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy
Nuclear magnetic resonance (NMR) is typically used to investigate prenucleation and metastable intermediates, but 

can also be used to study final MOF crystals and interactions with guest species.148 As crystallization processes are complex, 
producing both liquid and solid phases, different NMR methods (i.e. solution state NMR or solid state NMR) must be used for 
each phase. Solution state NMR is advantageous for studying the solvent-assisted ligand exchange that occurs within the liquid 
phase during MOF formation. A study by Yuan et al used in situ solution-state NMR to compare the rate of linker-solvent exchange 
during a MOF formation in various solvents which could then be linked to the extent of defect formation in the final MOF 
crystals.57 

Solid-state NMR (SSNMR) can be used to study both the short-range and medium-range order. Short-range order is 
when atoms are ordered only over a short distance, such as during nucleation, and medium-range order is when atoms are 
ordered over a medium distance, such as in metastable amorphous phases.149 Additionally, information on local defects and 
disorders on the bulk crystal can be obtained.150 SSNMR is also particularly useful for providing information pertaining to the 
amount and position of guest molecules–such as CO2 gas–within a framework, in addition to the chemical bonds between the 
MOF and guest molecule, as discussed in a review by Witherspoon et al.148  Advanced NMR techniques such as high-field-SSNMR 
allow both liquid and solid phases to be monitored simultaneously on the molecular scale, providing insight into the nucleation 
and growth processes. Such methods are currently challenging for ZIFs, with SSNMR used only for characterization of the 
structural ordering in final ZIF structures. This is due to multiple reasons, with the three biggest being the low gamma and 
therefore low sensitivity, high quadrupole moment–which can lead to peak broadening and improper assignment–and low 
natural abundance of 67Zn, the isotope of zinc needed for NMR spectroscopy.151,152 Applications of SSNMR to non-ZIF MOFs 
abound however; an in situ high-field SSNMR study by Jones and coworkers was successfully performed on a nickel-phosphonate 
MOF, as multiple NMR spectras could be monitored.153 Through the study, NMR was used to monitor time dependent changes 
that occurred during MOF formation and collected kinetic information for reactions at various temperatures.  

4.1.3. Infrared and Raman Spectroscopy
Infrared (IR) and Raman Spectroscopy both provide information on the molecular bindings occurring in solution and in 

various phases in MOF formation through measurement, by means of either scattering or absorption of the vibrational modes of 
the chemical bonds. Thus, influences by intrinsic or extrinsic factors can be monitored through changes in the vibration mode. IR 
spectroscopy relies on atoms being free to vibrate in order to detect different functional groups with known absorptions. Atoms 
in MOFs are locked in a crystal lattice, having different IR absorption than the free atoms. Time-resolved Fourier transform 
infrared spectroscopy (FTIR)  has been used to measure the folding of enzymes within ZIF-8, specifically the Amide I, II, and III 
peaks.154 FTIR measurements can be used to determine the presence of enzymes in a p-MOF, as well as presence of CO2, in the 
case of ZIF-C.68,154 

Whereas IR is based on absorption of IR light, Raman Spectrometry measures vibrational modes by means of photon 
scattering. Raman is particularly useful for studying MOF-guest interactions in aqueous solutions, as Raman is not sensitive to 
water vibration which could overlap the MOF-guest vibrations.155 In situ Raman has been used to study how temperature plays 
a role in molecular packing and, consequently, ability to integrate guest molecules. Furthermore, a study by Kumari et al found 
that lower temperatures promoted greater gas adsorption in ZIF-8 due to larger windows between the methyl-imidazole rings in 
the MOF building blocks.156 Using a combination of both Raman and IR is most impactful, as each is sensitive to different 
vibrations, providing greater insight into the chemical reactions occurring in solution, and this is applicable to all MOFs. Embrechts 
et al used in-situ Raman and FTIR to study the nucleation and growth of MIL-53 (Al) in DMF through evolution in the vibrational 
bands.157 Through this study, the transformation of the atomic ordering in the metastable phase to the stable crystalline nucleus 
could be probed. 

4.2. Scattering Techniques 
Scattering techniques can be performed on MOFs to obtain averaged ensemble data pertaining to the nucleation and 

growth kinetics of a crystallization as well as the evolution of particle size, morphology, and distribution. Data of a sample is 
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obtained through collecting scattered radiation off a sample as a function of angle and/or time. Based on the radiation 
wavelength, different length scales can be obtained. 

4.2.1. Light Scattering
Dynamic light scattering (DLS) and static light scattering (SLS) use light or photon radiation sources, allowing for 

nanometer resolution, of initial MOF species.158  DLS measures the scattering of light at a single angle to determine the 
hydrodynamic radius (Rh), which relates the diffusion of a particle in solution to the diameter of a sphere. SLS measures radiation 
at several angles to obtain the radius of gyration (Rg), or the radius based on a particle's center of mass. Rg allows the molecular 
weight of particles to be determined. Using a mathematical approximation, Saha and coworkers fit time-resolved SLS data from 
the growth of ZIF-71 nanoparticles to a Nucleation and Growth (NG) model.159,160  By determining the mass values of the 
intermediates, the NG model then provided information on how the mass of the nanoparticles evolve over time.  Additionally, 
by using the ratio of Rg/Rh, particle morphology and shape evolution of MOF particles can be studied.160 

Light scattering techniques can further be used to measure solution turbidity by measuring the scattering intensity, 
enabling the rate of particle formation to be determined.23 Zeta potential, which measures the surface charge of particles, 
measurements can be performed with light scattering techniques. Surface charge measurements are particularly important to 
understanding the electrostatics driving heterogeneous nucleations on surfaces such as biomolecules115 and zeolites.161 It is 
important to note that light scattering techniques are limited in that they cannot obtain accurate particle or intensity 
measurements in very heterogeneous and/or turbid MOF solutions. Thus controls are needed for all lights scattering methods to 
determine the best working concentrations of MOF samples. 

4.2.2. X-ray scattering
X-ray scattering techniques use x-rays as radiation sources, enabling higher resolution than previously mentioned light 

scattering techniques due to the short wavelengths of X-rays compared to visible light. These methods can provide insight into 
the nucleation and growth mechanisms of MOFs through morphological and structural evolution studies of the amorphous and 
crystalline phases. X-ray diffraction is a subclass of x-ray scattering where the scattered radiation is elastic (i.e the same energy 
as the incident x-rays) and is limited to measuring crystalline structures. While the arrangement of amorphous species cannot be 
determined with XRD, the presence of the species can still be determined through broad peaks occurring in the spectra 
background. The rate of crystallinity can then be monitored through changes in peak intensities over time, as it gives insight into 
reaction pathways and observes intermediate crystalline and amorphous phases. A study by Katsensis and coworkers used in-
situ XRD to monitor the structural evolution of ZIF-8 while applying a mechanical stress (i.e. mechanochemical synthesis).162 By 
monitoring the XRD peaks, they were able to discover new metastable phases and a deeper understanding of how structural 
density plays a role in polymorph transformation.  Additionally, Pair distribution function analysis (PDF) of In-Situ XRD 
measurements is a powerful tool for measuring the interatomic distances of species present during MOF prenucleation, 
nucleation, and growth, and has been used to study the UiO-66 system. 48 

Small angle X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS) are both types of x-ray scattering techniques 
which can identify crystallographic information as well as information pertaining to particle shape and size. SAXS is extremely 
versatile and can monitor the size and shape of initial MOF phases during nucleation and growth of MOF in the 1-100 nm range. 
Samples can be amorphous, semi crystalline, or crystalline, allowing for information on the initial stages of nucleation and growth 
that are not typically observed in XRD to be collected. In-situ SAXS is also used to track the increase in crystalline peak area over 
time after nucleation, offering insight into the growth rate of MOF systems and polymorphs 159,163.  SAXS’ applications are not 
limited to identification of crystalline size and shape; this technique can also be used to understand the shape and function of 
enzymes when they are encapsulated in  MOFs.164  In a recent study, SAXS was used to track the microstructural changes of 
hollowed MOFs to hold different enzymes and showed that the microporous region would shrink, allowing for the macropores 
to expand to hold the enzymes. 

WAXS measurements are taken with the detector in a closer position than with SAXS, so larger diffraction angles can 
be monitored, which is used to look at crystalline phases.163,165 WAXS has been utilized to studying the change and formation of 
transitory MOF structures and monitor the kinetics of MOF crystallization and growth.  MOF synthesis reactions often absorb 
significant amounts of X-rays, limiting the amount and accuracy of data that can be collected via X-ray scattering techniques. 
Additionally, many laboratory X-ray sources lack the brilliance, beam coherence, and tunable wavelength ideal for studying 
material formation kinetics in situ. SAXS and WAXS also suffer from poor temporal resolution, as laboratory X-ray source 
measurements–especially ones with low signal-to-noise–often take minutes to hours, during which important kinetic information 
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can become lost. While synchrotron sources can and have mitigated these issues, obtaining experiment time at these sources is 
difficult, and consequently, few studies of this type have been conducted. WAXS has been used mainly to monitor the growth of 
characteristic crystalline peaks and measure the kinetic growth. For example, it has been used to understand the formation 
mechanisms of a multicomponent MOFs, revealing phase transitions throughout the synthesis.166 The kinetic information gained 
from these experiments are crucial in the development of scaled up reactions and optimization of the synthesis.  

4.2.3. Neutron Scattering
Small angle neutron scattering (SANS) has the highest resolution of the scattering techniques, allowing nanometer 

resolution. As it is sensitive in measuring lighter elements such as carbon and oxygen, SANS is useful in monitoring the 
encapsulation and structure of biomolecules in MOFs.  Using SANS, the spatial arrangement of a protein was able to be 
determined within the pores of MOF-919, which is not possible with other scattering or microscopy techniques. 167 In the study, 
the protein was deuterated to enhance the contrast between the protein and MOF. Additionally, SANS has been used to 
determine the arrangement of ions in the pores of a conductive MOF, providing insight into how to enhance the performance of 
the system as a capacitor.168 While SANS is a relatively new technique to studying MOFs, we foresee it having a huge impact in 
deciphering how guest species influence nucleation and growth mechanisms as well as further insight into how crystal structure 
influences the performance of guest species.

4.3. Microscopy Techniques
Microscopy methods provide images of localized regions of a sample enabling phases that occur simultaneously to be 

distinguished. Additionally, information on the dynamics and character of individual phases and crystals can be obtained. The 
resolution or viewing range of a sample is dependent on the wavelength of the beam source and the voltage at which the beam 
is emitted. For example, microscopes that use photons (a.k.a. visible light) rather than electrons for a beam source have lower 
resolution as photons have a longer de Broglie wavelength than electrons. 

4.3.1. Optical Microscopy
Optical microscopes use visible light enabling samples to be viewed within the microns to millimeters range. This 

viewing range limits usage of this technique to characterization of final crystal size measurements and morphologies as the 
prenucleation and amorphous phase regimes occur within the nanometer range. Despite these limitations, optical microscopes 
are more accessible to researchers as their cost and maintenance is more affordable than other microscopy techniques and are 
more user-friendly, making them a powerful technique to study final MOF crystals.  Using optical microscopy techniques, the 
orientation and shape of final ZIF-8, MIL-88A, and MIL-96-1 crystals could be described, providing insight into how the crystals 
pack onto certain substrates.169  In the case when large (~100μm) MOF crystals are produced, it is even possible to monitor the 
growth kinetics, such as in a study with MOF-5.170 Additionally, confocal scanning laser microscopy can be used to determine 
surface functionalization171 and localization of guest species such as drugs172 or biomolecules.7 

4.3.2. Atomic Force Microscopy
Atomic force microscopy (AFM) uses a laser probe that allows resolution 1000 times greater than that of an optical 

microscope. The technique produces images through direct interactions or scannings of the probe tip with the MOF surface, 
allowing for topological and morphological growth studies of the metastable phases and final crystals. Advancements in in-situ 
AFM have enabled AFM measurements to be performed in the native, solution environment of MOF crystallization.173 Such 
studies have discovered, through measuring the change in surface heights, that nucleation of ZIF-8 occurs on the surface followed 
by spreading of a metastable phase to form a stable, crystalline phase.87 Additionally the study provided insight into how non-
framework species, such as solvent molecules, can play a role in the stabilization and ordering of monomeric species during 
crystal growth. A follow up study revealed that ZIF-67, which has the same crystal structure as ZIF-8 but has a cobalt metal center 
rather than zinc, follows the same growth mechanism as ZIF-8.174 

4.3.3. Electron Microscopy 
Electron microscopes utilize beams of electrons to image samples, allowing atomic scale resolution. The two main 

categories of electron microscopes are transmission electron microscopes (TEM) and scanning electron microscopes (SEM). These 
microscopes are largely differentiated based on the energy of electrons emitted.  Transmission electron microscopy uses high 
energy electrons to pass through the sample and provide internal information such as pores and defects in the crystal structure. 
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TEM is unique among all techniques because the lattice structure of individual phases and products can be imaged using high 
resolution TEM (HRTEM).175 This allows amorphous phases to be distinguished from crystalline phases and provide insight into 
the evolution of the system.23 Video imaging using HRTEM has also  been used to elucidate molecular level information about 
prenucleation species in MOF formation in the case of MOF 5.51 While HRTEM provides crystal structure in real-space imaging, 
micro electron diffraction (microED) images a sample in reciprocal space and obtains diffraction patterns, similar to that in x-ray 
diffraction, on selected phases of interest. 176 

While previously mentioned TEM methods provide 2D images of a sample, electron tomography (ET) allows the sample 
to be tilted at various angles within the TEM to provide a three dimensional view of the crystal structure. This method is 
advantageous for studying how guest molecules such as drugs and biomolecules interact with the MOF structure. For example, 
ET was used to understand the distribution of doxorubicin, a cancer treatment drug, within ZIF-8.6 Additionally, ET has been used 
to determine the mechanisms which small molecules cap onto growing crystal facets to dictate growth rate and final crystal 
morphology.136 

MOFs can be a challenge to image with TEM, especially at high resolution, as the high electron energy can damage the 
crystal structure.175,177 To combat the beam sensitivity of MOFs, cryogenic TEM (cryo-TEM) has been used to improve beam 
stability of the specimen. In this technique, aliquots of samples are brought to cryogenic temperatures, providing a snapshot of 
the reaction at certain time points.175  To provide further information into the kinetics and dynamics of a crystallization in real-
time, liquid phase TEM (LPTEM) can be used to visualize the growth of MOFs while in their native solution.178 Using LPTEM, Liu 
et al captured three key nucleation steps during the formation of MOF nanocrystals.22 The LPTEM videos display a homogeneous 
solution of MOF precursors that phase separate to form a dense liquid phase. The dense liquid phase then condenses into an 
amorphous cluster that then undergoes crystallization. The direct observations in this study provides insight into how to better 
control crystallization and should be generalizable to many other MOF systems. 

Scanning electron microscopy (SEM) uses lower energy electrons compared to TEM, allowing external features such as 
the surface morphology of the MOF crystals to be imaged, with resolution as low as 1 nm.179  SEM has proved to be particularly 
useful for studying how the size, shape, and morphology of metastable and stable phases evolve over time. A study by Jian et al 
demonstrated that by modulating the rate of nucleation through precursor concentration, the shape and size of ZIF-8 crystals 
could be controlled.180 At a set concentration, the authors monitored the morphological evolution over the course of 24 hours 
and observed crystal growth through Ostwald ripening as small ZIF-8 crystals disappeared overtime while larger crystals 
appeared.  Because MOFs are not conductive materials, electrons often build up on the surface of the crystals, called “charging”, 
producing blurry images.181 To reduce charging, thin coatings of conductive elements such as iridium or gold are coated onto the 
sample using a plasma sputter coater.182 

4.4. Computational Techniques 
Computational techniques have the ability to complement each of the previously mentioned experimental techniques 

and can be used to predict the mechanistic pathways of each phase and phase transition. The most common computational 
techniques used to study MOF formation are molecular dynamic (MD) simulations. MD simulations can simulate individual atoms 
of the MOF precursors along with the atoms in the solution, which can provide dynamic and kinetic information on initial metal-
ligand coordinations and how phase separation from the bulk solution occurs.22 Such information can provide valuable insight 
into polymorph selection. MD simulations have been commonly paired with density functional theory (DFT) calculations to extract 
mechanistic information on nucleation. A study by Filez and coworkers determined through pairing of MD and DFT, the initial 
metal-ligand complexes that occurred during ZIF-67 formation as well as the coordination environment of amorphous metastable 
species.50 Balestra and coworkers also used DFT calculations in combination with MD and a calculated force field to simulate the 
coordination bonds occurring during nucleation and crystal decomposition of ZIF-8.183 This simulation found that ZIF-8 first forms 
small clusters, then dissolves into an amorphous precursor from which larger clusters form, which has been verified with TEM 
studies.23  
Monte Carlo simulations can also be used to investigate individual atoms of the MOF precursors and solution, similar to MD, but 
varies in its simulation approach. A study by Wells and coworkers developed an algorithm using Monte Carlo simulations and 
discovered different phases with varying topologies could be formed as a result of manipulating the metal-ligand ratio.184 To 
understand the mechanisms of secondary building units, large-scale MD simulations have been performed using graph theory 
models to understand the formation mechanisms in various reaction conditions. Kollias and coworkers have simulated the initial 
nucleation stages of MIL-101(Cr) and have demonstrated how solvents and ions affect the early cluster formation, which dictates 
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the configuration and complexity of the final MOF lattice.33 By modeling the interactions of the building units with the free metal 
ion and organic linker, we can better understand MOF formation.185

4.5. Summary
A wide range of tools have been deployed to study MOF nucleation and growth at all stages, from the molecular 

chemistry of the precursors to the final bulk crystals. Depending on the type of information required and which stage of the 
nucleation and growth process is of interest, different tools should be selected. Spectroscopy, mass spectrometry and 
computational methods are commonly deployed to understand the molecular chemistry of MOF nucleation and growth while 
microscopy and scattering methods are more commonly used to study the crystal growth mechanisms and kinetics. However, it 
is important to note that all methods can be used to study a wide range of aspects in nucleation and growth. We predict that 
some of these instruments, specifically electron microscopy, will become more important to the study of MOF nucleation and 
growth from a molecular perspective as the resolution and sensitivities increase. We also expect that mass spectrometry will play 
a bigger role in understanding molecular chemistry in the early stages of MOF nucleation. Importantly, a combination of 
instrumentation techniques should be used to elucidate high quality information about MOF nucleation and growth, and we do 
not predict this to change as the field advances. 

5.     Outlook and future directions 
Compelling progress in MOF crystallization has been made in the last several years, unraveling new mechanistic insights. 

By combining fundamental chemistry theories with experimental and computational experiments, progress has been made in 
determining the structural composition of prenucleation species and the mechanisms in which these species evolve to become a 
bulk crystal. Progress can be largely credited to advancement of characterization methodology and instrumentation. As temporal 
and spatial resolution continue to improve among instrumentation, we look forward to greater insight into the nucleation and 
growth of crystals on both the molecular and bulk scale. Large experimental and instrumental efforts have been made to 
determine how reaction conditions such as solvent and temperature tailor the mechanistic pathways that govern the size, 
dimensionality, and structure of crystals. We anticipate innovation in expanding the current pressure and temperature limitations 
in instrumentation–specifically TEM and X-ray scattering–to enable systems that form under broader ranges of synthetic 
conditions to be better understood. Such studies would provide essential, transferable studies to industry which often use high 
pressure and temperature processing conditions. As we continue to develop high-throughput characterization methods, such as 
with the recent development of high-throughput TEM,186 the size in which data sets can be generated will advance, allowing 
translatable findings to a greater range of systems. 

Mechanistic studies using small molecules and surfaces have revealed new mechanistic pathways in which the 
activation energy to nucleation can be adjusted to trap metastable and kinetic products. Additionally, countless structure-
function properties have been discovered pertaining to MOF-guest species interactions, with broad implications in applications 
ranging from catalysis to gas storage.  While MOF crystallization pathways can be exceedingly complex, especially with the 
introduction of a guest molecule, we anticipate large efforts in methodology and instrumentation to differentiate the multiple 
phases that frequently form simultaneously during crystallization. This is particularly important for enzyme incorporation as it is 
essential to distinguish which intermediate and final phase(s) contain the enzyme to understand the influence of the enzyme in 
the nucleation of each phase, to understand how it drives the growth of each phase, and to understand how (location, orientation 
etc.) the enzyme is incorporated into each phase. With each new discovery pertaining to how intrinsic and extrinsic factors tailor 
crystal formation, we encourage researchers to further explore how the synthetic volume, both in confined and large bulk 
volumes, alter the crystallization process. Such studies will further accelerate how we understand synthetic scaling of MOF 
crystals, which is key to mass production. As we are excited for the future of MOF crystallization, we anticipate relying heavily on 
nucleation and growth fundamentals to tap into the unexplored design space and engineer MOFs with enhanced performances. 
Key Learning Points. 
1. Current theories and fundaments for deciphering MOF crystallization.
2. Intrinsic synthetic parameters for modulating MOF crystallization pathways.
3. Extrinsic synthetic parameters for modulating MOF crystallization pathways.
4. Experimental and computation methods for monitoring MOF crystal formation. 
5. New advances and outlooks for MOF crystallization.
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