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Abstract

The vast chemical and structural diversity of metal-organic frameworks (MOF's)
opens up the exciting possibility of “crystal engineering” MOFs tailored for particu-
lar catalytic or separation applications. Yet the process of reaction discovery, opti-
mization, and scale-up of MOF synthesis remains extremely challenging, presenting
significant obstacles to the synthetic realization of many otherwise promising MOF
structures. Recently, significant new insights into the fundamental processes governing
MOF nucleation and growth, as well as the relationship between reaction parameters
and synthetic outcome, have been derived using powerful in situ, time-resolved and/or
mechanistic studies of MOF crystallization. This Review provides a summary and
associated critical analysis of the results of these and other related “direct” studies
of MOF nucleation and growth, with a particular emphasis on the recent advances in
instrument technologies that have enabled such studies and on the major hypotheses,

theories, and models that have been used to explain MOF formation. We conclude



with a summary of the major insights that have been gained from the work summa-
rized in this Review, outlining our own perspective on potential fruitful new directions

for investigation.
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1 Introduction

Metal-organic frameworks (MOF's) are a class of nanoporous materials, popularized over the
past 20 years, that have shown great promise in a host of industrial, synthetic, and even
biomedical applications.!™® MOFs are defined by their characteristic nanoporous lattice
built of inorganic nodes (metal cations or oxide clusters) bridged by organic linkers, and
within this general motif a vast amount of structural and chemical diversity has be found.”
Exploration of this MOF diversity, not only with regards to their practical applications, but
also with respect to the types of network topologies and chemical compositions that might
be synthesizable, has been and continues to be a major research focus. It now appears
that hundreds of thousands!! of distinct MOF materials are possible, and this vast materials
space opens up the exciting possibility of generating tailored MOF materials for a wide range
of applications via a rational ‘crystal engineering’ approach.®

Unfortunately, the process of reaction discovery, optimization, and scale-up of MOF
synthesis remains extremely challenging, presenting significant obstacles to the synthetic re-
alization of many otherwise promising MOF' structures. For most MOFSs, the relationship
between reaction parameters (reagent concentrations, time, temperature, etc.) and synthetic
outcome is hard to predict, such that reaction discovery and optimization is typically ac-
complished on the basis of trial and error, chemical intuition, and/or large-scale screenings,
rather than by rational design.®? Strikingly, such brute force synthetic efforts are often re-
quired even to generate families of isostructural MOFs from known parent phase(s). Indeed,
syntheses that differ only in the nature of the metal and/or ligand building blocks can either
fail entirely or lead to undesirable products of different topologies.'? Similarly, scaled-up

syntheses (a necessary prerequisite for industrial application) can fail even for MOF's that



have been obtained under laboratory-scale conditions.*!3 In these and other situations where
trial-and-error syntheses fail, it can often be difficult to determine why the targeted MOF
was not produced or to identify (a priori) alternative synthetic strategies that might lead to
a successful synthetic outcome.

As a consequence of these synthetic challenges, a better understanding of the link between
reaction parameters and synthetic outcome is needed to enable targeted MOFs synthesis.
Steps towards such a predictive understanding have advanced greatly over the past decade,
due primarily to an abundance of work involving either screenings of MOF reaction param-
eters, or alternately time-resolved and/or in situ studies of MOF crystallization and growth.
In the former case, compositional (reagent concentrations, solvent, etc.) and/or process
(time, temperature, heating method, etc.) parameters are systematically varied, noting the
resulting changes in MOF composition, structure, and/or crystal morphology.® Both serial
and high-throughput studies have been instrumental in reaction discovery and optimization,
and have, for select MOFs, identified dominant reaction trends and the significant reaction
parameters that are required for optimal synthesis of particular MOFs or MOF families.”
For further detail on the results and conclusions from such screening studies, the reader is
referred to several recent reviews.? %10

Despite their utility, systematic investigations of reaction parameters provide little direct
or generalizable information on the reaction mechanism(s) and intermediate(s) that underlie
MOF nucleation and growth. %1415 An alternative approach is to investigate the process
of MOF crystallization itself, using one of a large variety of time-resolved and/or in situ
experimental observation methods. This more ‘direct’ approach offers a number of exciting
opportunities. First, understanding nucleation and growth is a central challenge in chemical
and materials science; consequently, fundamental insights into MOF crystallization may offer
a window into related crystal growth processes in other chemical, biological, and/or mate-
rial systems. ! In addition, direct studies of MOF nucleation and growth provide a detailed
picture of the underlying MOF reaction mechanism(s), thus lending microscopic insight into
crucial synthetic reaction parameters and hopefully reducing the reaction parameters space
that must be explored to yield a successful synthesis. Such a reduction is crucial, as the
amount of screening required to sufficiently explore reaction parameter space for the vast
number of conceivable MOFs is intractably large.'” As such, direct studies of MOF crystal-
lization open up the exciting prospect of crystal engineering MOFs via methods grounded
in fundamental principles rather than high-throughput empirical screening, 6-11:15:17

This Review provides a comprehensive overview (as of mid 2016) of studies that in-



vestigate MOF nucleation and growth mechanisms using this latter ‘direct’ approach. In
particular, we restrict our scope to experimental and computational studies which have fo-
cused either on the mechanisms or reaction intermediates involved in MOF crystallization,
often via time-resolved in situ or ex situ investigation; it does not, in general, include sys-
tematic investigations of reaction parameters, as these studies offer less direct insight into
the mechanisms of MOF formation. Ours is certainly not the first review to discuss this
burgeoning field, and we note here the several recent reviews and perspectives that have also
focused on time-resolved and/or in situ characterizations of the MOF crystallization pro-
cess. 09141517 We begin the Review with a conceptual introduction to the major hypotheses,
theories, models, and techniques that have been used to explain MOF formation. Next, we
critically summarize, on a technique-by-technique basis, what has been learned from such
‘direct investigations of MOF crystallization. This structure has been chosen, first and fore-
most, to highlight (vide infra) the many critical advances in instrument technology that have
recently? enabled new types of (often time-resolved) in situ and/or ex situ investigations of
MOF crystallization. This structure also facilitates a clear perspective regarding the scope
and complimentary utility of each experimental technique for addressing fundamental ques-
tions regarding the mechanisms of MOF nucleation and growth. Lastly, we conclude with a
critical analysis of the major insights that have been gained from the work summarized in

this Review, outlining our own perspective on directions for potential future investigations.

2 Conceptual Overview of MOF Crystallization

Crystallization is a long-standing challenge in chemistry and materials science, with a large
number of theories, hypotheses, and models applicable to various chemical / materials sys-
tems. We thus begin with an overview of these models, focusing on those that are most
relevant to the nucleation and growth of MOFs and related porous materials. In particular,
because many hypotheses regarding MOF formation have their origins in the zeolite and/or
zeotype literature (zeolites sharing many structural similarities to MOF's), specific emphasis
is given to pertinent zeolite crystallization hypotheses. For clarity, nucleation and growth
hypotheses are discussed separately; nevertheless, in practice these processes may sometimes

exhibit significant temporal overlap.



2.1 Nucleation
2.1.1 Classical Theories

Homogeneous nucleation is the initial process of crystal formation whereby a small number
of ions, atoms or molecules rearrange into crystalline nuclei sufficiently large to allow for
further irreversible growth into a well-faceted macroscopic crystal. Homogeneous nucleation
has traditionally been described by classic nucleation theory (CNT), a subject which is
reviewed in depth elsewhere (see ref. 18-20 and references therein). Briefly, CNT states
that, under supersaturation conditions, where crystallization is thermodynamically favored,
the formation of a nucleus gives rise to a free energy change that is dependent on two
competing factors: a negative contribution due to the difference in chemical potential per
unit volume, Apu, between the crystal phase and the liquid, and a positive contribution
arising from the unfavorable interfacial free energy, v, between the two phases. These two

factors lead in turn to a size-dependent free energy of the form
2 4 3
AG = 4nrey — 3 Ap (1)

where r is the radius of the nucleus. Central to the theory, CNT predicts nucleation to
be an activated process whose kinetics are determined, in part, by the so-called “critical
nucleus size”, defined as the size of the nucleus that maximizes the free energy. Importantly,
CNT also implicitly assumes that nucleation leads directly to the most thermodynamically-
favorable phase, without amorphous or alternative crystalline intermediates. Non-classical
nucleation theories, which allow for multi-step nucleation mechanisms and the existence of
metastable intermediate phases,'® are discussed below (see Sections 2.1.3 and 2.2.2) and in

detailed reviews elsewhere. 192!

2.1.2 Heterogeneous and Secondary Nucleation

In the presence of foreign substrates such as dust, impurities, bubbles, or solid interfaces,
many systems crystallize at supersaturation levels much lower than those predicted by CNT
and a purely homogeneous nucleation mechanism.!'%?° However, alternate nucleation mecha-
nisms, such as heterogeneous nucleation (nucleation onto a foreign substrate) and secondary
nucleation (nucleation onto pre-existing nuclei and/or crystals of the final product material),
can induce nucleation at these experimentally-observed lower supersaturation levels. 181922

Consequently, under industrial conditions, heterogeneous and secondary nucleation are fre-



quently the most important contributors to new particle formation, and classical nucleation
theories are frequently modified by a scale factor in order to account for these important
substrate-dependent effects. 2%-23

The presence of certain additives — substrates or seed particles, for example — can
also influence the rates and mechanisms of heterogeneous and secondary nucleation. 6 These
and other additives (such as modulators or capping agents) have become common tools
for rationally designing MOFs and other materials, and have already been employed to
control crystal sizes and morphologies, generate 2D MOF thin films and/or membranes, or
even engineer novel MOF structures at the meso/macroscopic scale.®?* The use of additives
in MOF synthesis is an ongoing area of research, and mechanistic studies involving these

materials will be a major focus of this Review.

2.1.3 Models of Zeolite Nucleation

CNT provides a simple, generic model for nucleation. Nevertheless, many complications arise
when dealing with real systems, and alternative conceptual models for both classical and non-
classical nucleation have been developed to explain nucleation in specific domains. In par-
ticular, a large body of work has been devoted to the development of qualitative hypotheses
for the nucleation of zeolites, a class of inorganic compounds composed of metal tetrahedral
nodes (Si and/or Al) linked by oxygen atoms. Like MOFSs, zeolites exhibit interconnected
metal centers, permanent porosity, topological diversity, and similar (solvothermal) synthetic
approaches, making them both structurally and conceptually similar (although chemically
less diverse) as compared to MOFs.?® Many of these early zeolite formation hypotheses have
had a significant impact on our understanding of MOF crystallization and are thus outlined
below.

A consistent nomenclature for zeolite formation is lacking, and we closely follow the
terminology of Aerts et al., in which hypotheses can be grouped into three main models:
MONOMER, SBU, and NANOSLAB (see Fig. 1). Despite the fact that all three models also
describe some elements of growth in addition to nucleation, we presently consider only the
MONOMER and SBU nucleation models, and defer discussion of the NANOSLAB model
(an aggregation model) until Section 2.2.2. It is important to mention that, for zeolites, and
in all models, the fundamental reactions leading to nucleation and growth are the making
/ breaking of T-O-T (T=Si and/or Al) linkages. The differences between models lie in
how these bond-making and -breaking reactions occur, and the intermediates and precursors

involved in the crystallization process.2’
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MONOMER

SBU

NANOSLAB

Figure 1: Mechanisms for zeolite crystallization classified according to growth unit. Black
dots represent template cations. (top row) Growth from monomers; (middle row) growth
from secondary building units (SBUs); (bottom row) growth by oriented aggregation of
nanoparticles. Reproduced from ref. 26 with permission of The Royal Society of Chemistry.
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Amorphous gel phases have been observed in zeolite formation, and within the MONOMER
model (Fig. 1, top panel) crystallization proceeds via local restructuring of this gel phase. 1120
In particular, the MONOMER model predicts that the unordered T-O-T bonds that form
the amorphous gel will reversibly break and reform to yield a thermodynamically stable crys-
tal corresponding to a particular zeolite framework. Note that, because this transformation
takes place within a pre-existing amorphous gel and thus does not rely on the addition of
new monomeric units, the MONOMER model is in significant contrast to the classical pic-
ture of nucleation described in Section 2.1.1.'6 Put differently, whereas CNT would predict
that nucleation occurs at the interface between the solution and growing crystalline phases
via addition of simple monomer units, the MONOMER model postulates that nucleation
is better described as a local restructuring from within a solid amorphous phase to yield a
crystalline product.

A more classical picture of zeolite nucleation is given by the secondary building unit
(SBU) model (Fig. 1, middle panel), which derives its name from the nomenclature of the
crystallographic community, wherein SBUs are defined as the smallest structural unit of
the product crystal.?® Under the SBU model, zeolite formation proceeds via monomer addi-
tion, in particular SBU addition, onto a growing nucleus. The amorphous gel phase serves
either as a reservoir of SBUs or as a plausible site for heterogeneous nucleation,!*?” but
does not otherwise participate in the formation of the final crystal. Thus in contrast to the
MONOMER model, which predicts that nucleation takes place from within the amorphous
gel phase, the SBU model envisages nucleation as occurring either homogeneously or hetero-
geneously at the gel surface.'1'?® Furthermore, and as in CNT, the SBU model assumes that
the SBU-based nuclei directly grow into the final crystalline product without passing through
metastable intermediate phase(s). Note that, at least within the context of zeolites, the SBU
model is under significant debate.!%? A variant of the SBU hypothesis was also proposed by
Taulelle et al.,?? involving prenucleation building units (PNBUs) that structurally resemble

their SBU counterparts, but are soluble.

2.1.4 Models of MOF Nucleation

We turn now to a discussion of MOF nucleation hypotheses, highlighting some of the
key similarities and differences between models for zeolite and MOF nucleation. First,
it is important to note that, while much of the zeolite literature focuses on the role of
experimentally-observed amorphous gel phase(s) during crystallization, a discussion of such
amorphous phases (e.g. MONOMER-like theories) in MOF synthesis seems to be far less

12



common. 1273031 On the other hand, SBU-like models are frequently invoked in the MOF
community, and have been broadened to encompass other hypothesized building units. For
clarity, we will refer to such models as nucleation building unit (NBU) models, emphasizing
the variety of building units that may be involved in MOF crystallization. As proposed
by Férey, we consider such building units as “the minimum assembly of atoms, ions, or
molecules which, by condensation of the group with others (identical or different), gives rise
to the final solid”.?®

Several prominent NBU models for MOF's merit particular discussion. One hypothesis
is that simple monomeric species (organic linkers and metal ions) participate in the nucle-
ation of MOFs.'5 Other NBU hypotheses involve more complex structures, intermediate in
size between bare metal ions and the full SBU. Ramanan and Whittingham, for example,
posit NBUs as ‘point zero charge molecule(s)’ (pzc), defined as soluble metal complexes that
undergo condensation with organic linkers at their isoelectric point.3*33 One or more metal
pzcs may participate in each condensation reaction: MOF-5, for instance, requires conden-
sation of four zinc pzcs to form the final product. Note that this ‘pzc’ hypothesis is similar
to other models developed in the context of supramolecular self-assembly, namely Brunet
et al.'s ‘tecton’ and Desiraju's ‘supramolecular synthon’.33:3¢

Similar to the pzc hypothesis, Férey et al. has suggested that pre-nucleation building units
(PNBUs) can act as important precursors in the nucleation of certain MIL MOFs. These
PNBUs are structurally similar to subunits of the SBU and can react with other PNBUs
and/or metal monomers in solution to form new PNBUs and eventually the final SBU. Note
that, in Ferey's terminology, neutral soluble metal complexes that otherwise resemble the
full SBUs are referred to as neutral molecular building units (MBUs) rather than PNBUs.
As with Ramanan's model, it is critical that the PNBUs be electrically neutral so as to be
capable of approaching one another to undergo reaction instead of being driven apart by

electrostatic repulsion.3”

2.2 Growth

There exists a wealth of models explaining the transformation of nucleated particles into a
stable crystalline product. We present several major theories relevant to zeolite and MOF
crystallization, beginning with classic theories of crystal growth, which are particularly rele-
vant under thermodynamically-controlled conditions, and ending with some alternative crys-
tallization hypotheses that may be especially predominate under kinetic control. Once again,

it is important to note that, even under a single set of synthetic conditions, a system may
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exhibit features from multiple modes of growth,!® all of which may overlap spatially and/or

temporally with each other and with various nucleation processes.

2.2.1 Classical Growth Models

Under supersaturation, crystal growth is thermodynamically favored, and under equilibrium
conditions proceeds so as to yield morphologies that minimize the total Gibbs surface free
energy (the bulk energy contribution being identical between morphologies with constant
volume). Under these conditions, the final shape of the crystal can be determined from
the ‘Wulff construction’.?® Additionally, at equilibrium larger particles (which further min-
imize unfavorable surface energies) are favored, leading to dissolution of smaller particles
and deposition on the surface of larger particles in a process known as Ostwald ripening.3?
Following Ostwald ripening, MOF product crystals in the nano- to micro-meter diameter
regime are typical, though exact sizes and morphologies are highly dependent on synthesis
conditions.?4%4! Fig. 10 provides a graphical example of such growth and Ostwald ripening
processes in the case of ZIF-8, a prototypical MOF.

To move beyond thermodynamic considerations and predict the kinetics of crystal growth,
classical growth theories rely on the assumption that growth from solution occurs via the dif-
fusion and subsequent incorporation of small monomeric units onto the crystal surface. 16-20:22:23:42
Classical growth can be either diffusion-limited or controlled by the rate of surface integra-
tion, and theories exist to treat both regimes.? (Alternate theories, some of which addition-
ally describe nucleation processes, have been used to describe crystallization in the specific
case of MOFs, and these models are discussed in detail in Section 4.3.1.) Surface integra-
tion may involve multiple steps, and the exact mechanism of surface integration is largely
dependent on the level of supersaturation (see Fig. 2). Briefly, at lower supersaturation, the
crystal surface is typically smooth, and growth tends to proceed via the attachment of ad-
sorbed growth units into energetically-favorable sites. At the lowest supersaturation levels,
these sites are postulated to be self-perpetuating steps in the crystal surface that originate
from dislocations in the crystal,*3 and this mechanism of surface growth is referred to as
either ‘spiral growth’ or ‘screw dislocation’ (Fig. 2, left panel). At slightly higher supersat-
urations, 2D nucleation becomes possible, and growth units can attach to so-called ‘step’
and ‘kink’ sites via a ‘birth and spread’ mechanism (Fig. 2, center panel). Finally, as the
supersaturation level increases and driving forces for growth become larger, growth units
begin to integrate into the surface at any site irrespective of attachment energy (Fig. 2, right

panel),? leading to adhesive (also referred to as continuous or rough) growth, and ultimately
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producing crystals with spherulitic, fractal, and/or dendritic patterns.?

2D Nucleation
Spiral Growth and Growth Rough Growth

PAAAAAAAAL

e
ey
e}

Growth Rate

Supersaturation

Figure 2: Growth mechanisms for a flat face, as a function of supersaturation. The solid
line is the growth rate. The short dashed lines are the growth rates if two-dimensional
nucleation continues to be dominant below its applicable supersaturation range. The long
dashed line is the rate if spiral growth was the persistent mechanism above its applicable
supersaturation range. Reproduced with permission from ref. 44. Copyright 2008 American
Chemical Society.

2.2.2 Non-classical Growth Models

In the words of Colfen and Mann, the aforementioned classical crystallization theories treat
growth as “an amplification process in which stable nuclei are simply enlarged by unit-
cell replication without incurring structural changes in the bulk or at the surface”.*® This
definition highlights two major assumptions of classical crystallization: 1) that the growing
nuclei maintain the same crystalline phase as the final product throughout growth, and 2)
that growth proceeds via attachment of small (relative to the nuclei size) growth units rather
than by aggregation of large pre-formed building blocks. Unsurprisingly, and especially under

kinetically-controlled conditions, both of these assumptions can be violated.

Polymorphism and Ostwalds Step Rule In many multi-component systems, a variety
of intermediates, ranging from amorphous gels to metastable crystalline phases, are possi-
ble, and this type of supramolecular isomerism (or polymorphism) has also been observed in

MOFs. 146 The existence of supramolecular isomers has twofold impact on the crystal growth
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process. First, polymorphism opens up the possibility that, depending on the relative free
energy barriers towards formation of the various isomers, different (and possibly competing)
products may crystallize under similar synthetic conditions. In such cases, reaction parame-
ters such as solvent, heating method, and the presence of additives, can all have a significant
impact on crystallization mechanisms and/or the observed product. However, even given
the same final crystalline product, crystallization may proceed via sequential precipitation
rather than via a one-step process (see Fig. 3). In fact, many systems do seem to crystallize
via sequential, rather than one-step, pathways, an empirical observation known as Ostwald’s
Rule of Stages.'%1947 According to Ostwald’s conjecture, which can be rationalized on the
basis of entropic considerations,*® it is the phase with the lowest free energy barrier (relative
to the solution) that first nucleates and grows, rather than the thermodynamically most
stable phase, with further transformations required to yield the thermodynamically-stable
product.

Ostwald’s Rule shows that, contrary to the simple amplification process proposed by
classical growth theories, many sequential transformations (any of which might individ-
ually follow a classical model of growth) may be required to crystallize the final MOF
product. Elsewhere we discuss several such transformations between intermediates: the
MONOMER model of zeolite formation, for instance, falls under the broad umbrella of
amorphous-to-crystalline transformations,*® and some of the various aggregation theories
discussed below in Section 2.2.2 provide viable mechanisms whereby low-dimensionality
MOF intermediates can transform into more complex 2D and 3D crystalline materials.®°
Structural transformations between solid MOF phases are typically assumed to proceed
via either dissolution-recrystallization or solid-phase rearrangement (the latter sometimes
referred to as solid-state or single-crystal-single-crystal) transformations.?”?! Dissolution-
recrystallization involves the dissolution of a reactant phase, ultimately resulting in the
release of reactive solution species to form a more thermodynamically stable product phase.
Because a solution-phase intermediate is involved, dissolution-recrystallization reactions of-
ten give rise to dramatic structural differences between the reactant and product phases.
By contrast, solid-phase rearrangements, whereby a solid interconverts without involving a
solution-phase intermediate, are less common and typically require that the reactant(s) and
final product(s) be structurally related and with identical building units (since dissolution
processes cannot be used to generate new SBUs).5! X-ray techniques are often applied to de-
tect structural differences between phases, with a rearrangement mechanism assigned based

on the magnitude of the difference.?5°
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Figure 3: Crystallization pathways under thermodynamic and kinetic control. Whether a
system follows a one-step route to the final mineral phase (pathway A) or proceeds by se-
quential precipitation (pathway B), depends on the free energy of activation (AG) associated
with nucleation (n), growth (g), and phase transformation (t). Amorphous phases are com-
mon under kinetic conditions. Reproduced from ref. 45 with permission from John Wiley
and Sons.
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Aggregation The second assumption of classical growth theory, that of small growth
unit attachment, also bears scrutiny. This assumption is addressed by many experimental
and theoretical studies probing the role of aggregation in crystallization, and a complete
review of aggregation in solids is given by Colfen and Mann and by De Yoreo et al..'6:4
In aggregation-mediated pathways of crystal growth, which typically predominate under
kinetically-controlled growth conditions, pre-formed crystalline building blocks (sometimes
referred to as primary particles) aggregate to form a single crystal and /or iso-oriented crystals
whose crystal habit(s) is largely influenced by the morphology of the primary particles. For
this reason, crystals grown through aggregation-mediated pathways can exhibit morphologies
contrary to the surface energy minimization principles of classical growth theory.

Several aggregation-type models of porous material crystallization are prevalent within
the literature. In particular, the NANOSLAB model of zeolite synthesis (Fig. 1, bottom
panel) is an aggregation hypothesis proposed on the basis of TEM studies (see ref. 26
and refs therein) in which transient nanoparticles (commonly referred to as ‘nanoslabs’ on
account of their morphology) were experimentally observed during crystallization. Thus the
NANOSLAB model proposes that zeolite crystallization occurs via the oriented aggregation
of either amorphous or crystalline nanoparticles. %926

Within the context of open-framework metal phosphate structures, Rao et al. proposed
an aufbau, or “building-up” principle, whereby 0D monomeric units first assemble into
1D chains and subsequently (either via self-assembly, aggregation, condensation/hydrolysis,
and /or dissolution-recrystallization) form higher dimensional 2D and 3D structures.%**7 Note
that, though the aufbau terminology is Rao's, earlier work by Oliver et al. also proposes a
building-up mechanism for aluminum phosphate structures.”® A subset of transformations
in Rao's aufbau principle, such as the condensation of 1D chains/wires to form 2D sheets
or 3D architectures, are best thought of as aggregation-mediated pathways.® Aggregation
of 1D chains has been observed in several MOF syntheses,® and has been implicated in the

formation of complex meso- or macroscale MOF superstructures. !

3 Techniques

Experimental studies of MOF crystallization have greatly benefited from the use of a broad
range of complementary techniques, and Fig. 16 summarizes the major experimental and
computational techniques discussed in this Review. Most techniques fall into one of four

categories — scattering methods, microscopy, spectroscopy, and simulation/modeling —

18



with each type of technique providing complementary insight into the MOF crystalliza-
tion process. Scattering methods (XRD, DLS/SLS, SAXS/WAXS, etc.), for example, are
spatially-averaged, and thus are frequently used to provide quantitative insight into crys-
tallization kinetics (e.g. reaction rate constants and activation energies) and bulk crystal
properties (e.g. sizes and structural parameters). By contrast, microscopy techniques (AFM,
SEM, TEM, etc.) are typically spatially-localized, and are instead used in imaging and to
characterize crystal morphology, inhomogeneities and defects.

Aside from the unique types of information each time-resolved technique can provide
regarding the MOF crystallization process (as summarized in Fig. 16, vide infra), the utility
and efficacy of each technique depends significantly on (i) the phase regime(s) to which
the technique is sensitive and (ii) the extent to which the technique is noninvasive and
capable of probing the system under synthetically-relevant conditions. Regarding the first
point, and as shown in Fig. 16, no single technique is capable of probing the full range
of phases (nor length/time scales) represented in MOF crystallization.®® As such, many of
the conclusions from studies in this Review depend on information gathered from multiple

0 or sequential experiments.

techniques, performed either via simultaneous

Furthermore, not all experimental techniques are noninvasive, nor can the experimental
setups for all techniques exactly replicate the reaction conditions typically employed in MOF
synthesis. Thus, although time-resolved ex situ experiments of MOF crystallization are often
more straightforward to conduct as compared to their in situ counterparts (vide infra), such
ex situ experiments require periodic quenching of the reaction, and consequently induce
(sometimes large) perturbations on the system of interest.®6! In order to overcome the
limitations of quenching experiments, the past decade has seen ongoing growth in instrument
technology facilitating noninvasive, in situ characterization of solvothermal reactions.!'” In
particular, considerable effort has gone into the development of sealed reaction vessels that
are transparent to diffraction and/or spectroscopy experiments. Moreover, these vessels can
withstand high heat and pressure, support relatively large volumes so as to avoid reaction
container effects, and allow for sub-second to minute time resolution.!” However, in situ
x-ray studies frequently require intense synchrotron radiation and must be carried out at
special facilities. %1759 The first in situ static light scattering (SLS), atomic force microscopy
(AFM), energy-dispersive x-ray diffraction (EDXRD), and angle-dispersive x-ray diffraction
(ADXRD) experiments on MOF's were published in 2007, 2008, 2010, and 2015, respectively;
many of the in situ studies reviewed herein thus represent some of the first applications of a

still-emerging research frontier. %3
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Even with current state-of-the-art in situ techniques, subtle experimental limitations
may lead to qualitatively-important discrepancies in synthetic conditions between in situ
studies and industrially-relevant protocols. For example, MOF crystallization is now known
to be (sometimes qualitatively) dependent on stirring effects.%%52 Nevertheless, scattering
techniques (such as in situ XRD) usually depend on sample stirring in order to maintain

P5:63-65 and most microscopy studies are carried out under

a homogeneous reaction mixture,
static conditions; consequently, and depending on the desired synthetic conditions, both
types of techniques can introduce unwanted perturbations on the system of interest. In
general, and for both ex situ and in situ techniques, caution may be warranted when draw-
ing mechanistic conclusions about a particular MOF synthesis from a time-resolved study
which utilizes disparate reaction (e.g. reagent concentration, solvent) and/or process (e.g.
temperature, pressure, stirring conditions) parameters.

Bearing in mind these broad conceptual and technical issues, we now turn to a critical
analysis of how various experimental and computational techniques have contributed to our

understanding of the mechanisms of MOF nucleation and growth.

4 X-ray Approaches

4.1 Overview

X-ray diffraction (XRD), scattering, and absorption approaches have all been utilized
in a wide variety of in situ, ex situ, and/or time-resolved studies of MOF nucleation and
growth, with XRD approaches being particularly dominant. XRD data is collected on the
basis of Bragg scattering, which in turn relies upon on the long-range crystalline order of the
MOF sample. As such, XRD is a spatially averaged technique (in contrast to microscopy
methods). Furthermore, XRD is not well suited to probing the very earliest stages of MOF
nucleation, as it is insensitive to sub-nanometer crystallites, and is also blind to the presence
of non-crystalline intermediates or products. (The limitation on long-range order could be
relaxed by examining instead the total/diffuse — as opposed to Bragg — scattering over
a wide range of wavevectors, thus providing information regarding local order via the pair
distribution function (PDF). Although such PDFs have not yet been commonly measured
for MOF formation,® a similar approach was recently used to probe the nucleation and

67.68) Despite these limitations, XRD offers many exciting

6

growth of inorganic nanoparticles.
opportunities for both in situ as well as well as time-resolved ex situ applications,® each

of which has been applied extensively to monitor both zeolite® and MOF nucleation and
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growth.

A particular challenge for in situ XRD studies is the need for a reactor that can withstand
the rigors of a typical solvothermal reaction environment (elevated temperatures and pres-
sures) while maintaining sufficient x-ray transparency.% High intensity synchrotron sources
not only mitigate the latter concern, but also offer improved time resolution via the increased
signal. Specifically, the vast majority of time-resolved x-ray studies of MOF crystallization
have utilized energy-dispersive x-ray diffraction (EDXRD) to achieve increased time resolu-
tion. EDXRD employs a polychromatic source at fixed scattering angle, measuring signal
as a function of scattered energy. EDXRD facilitates the rapid collection of XRD patterns
in minutes or seconds, and the experimental geometry allows the diffraction volume to be
focused inside the reaction volume, thus avoiding diffraction from the surrounding reaction
vessel. Yet these advantages come at the expense of decreased spatial resolution as compared
to conventional XRD approaches. Consequently, most time-resolved XRD experiments do
not yield atomically-resolved crystal structures. More recently, time-resolved angle-dispersive
x-ray diffraction (ADXRD), measuring multiple scattering angles, has demonstrated the pos-

1753 with recent experimental advances now

sibility of extracting detailed diffraction patterns,
yielding synchrotron ADXRD acquisition times of ~1 frame/second.'® Both EDXRD and
ADXRD have been used to measure MOF “crystallization curves” by monitoring specific
crystallographic reflections over the course of the synthesis. Coupled with analyses based
on one or more analytical crystallization models (e.g. Avrami, Gualteri — vide infra), these
crystallization curves can be used to provide insight into the kinetics of MOF crystallization
and the associated activation energies.

Small angle x-ray scattering (SAXS) provides complementary measurements of
MOF particle growth in a size regime of 1-100 nm. By measuring x-ray scattering at
low angles, SAXS provides a probe of particle size and shape. Since it does not rely upon
Bragg scattering off of lattice planes, SAXS is also sensitive to non-crystalline or amorphous
particles that may be present in the initial stages of MOF nucleation and growth. Via incor-
poration of additional information at larger scattering angles via wide-angle x-ray scattering
(WAXS), this combination has been utilized to probe the growth of MOF particles over a
wide variety of length scales.

Select examples of x-ray absorption spectroscopies have also been applied to MOF
nucleation and growth. In particular, extended x-ray adsorption fine structure (EXAFS)
exploits the scattering and interference of electrons excited from the atomic core into con-

tinuum states off of the neighboring atoms. By measuring the constructive and destructive
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interference of the emitted electrons as a function of energy, information about the num-
ber, type, and distances of the neighboring atoms can be obtained. EXAFS thus provides
a detailed probe of the local chemical environment, applicable to both crystalline or amor-
phous samples. As such, EXAFS has been used to probe the chemical environments that are
present in the very earliest stages of MOF nucleation, providing insights that are generally

inaccessible via other x-ray approaches.

4.2 Historical Development: Inorganic-Organic Coordination Poly-

mers

Many of the earliest in situ or time-resolved XRD studies of MOF-like compounds focused
on inorganic-organic coordination polymers (CPs). Although many of these CPs lack the
porosity of traditional MOF materials and lie outside the explicit scope of this review, these
studies nonetheless illustrate many of the same phenomenon identified in later studies of
prototypical MOFs, including a sensitivity of nucleation and growth kinetics to the heating
method utilized during synthesis and the the observation of metastable crystalline interme-
diates that may form prior to the final crystalline product.

A number of the earliest studies of hybrid CP nucleation and growth under solvothermal
conditions were conducted by Stock and coworkers, primarily utilizing EDXRD. " " Notably,
they examined the solvothermal synthesis of a series of isostructural rare-earth isophospho-
natosulfonates, employing both conventional and microwave heating.”™ The crystallization
was observed to involve an intermediate phase via a two-step process, with the activation
energy of the second step exhibiting a strong dependence method of applied heating. In
a subsequent study, many of the same authors also identified and characterized a series
of intermediates during the crystallization of a related copper phosphonatoethanesulfonate
compound, some of which could only be isolated and characterized by quenching.™

Such studies are not restricted to solvothermal, or even solution-phase, reactions. Ko-
jima, Choi, and Kawano examined the synthesis of a Zn-tripyridyl-containing CP from the
gas-phase reaction of Znl, and 2,4,6-tris(4-pyridyl)triazine (TPT) via time-resolved XRD.™
The products included a mixture of three crystalline structures, varying with synthesis tem-
perature and reaction stoichiometry and evolving into more thermally stable structures with

increasing reaction time.
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4.3 Mechanistic Analyses

More recently, many of the same approaches utilized in time-resolved studies of CPs have
also been applied to porous MOF structures. These studies not only allow for a quantitative
determination of MOF nucleation / growth kinetics, but also provide insight into the mech-
anistic pathways and structural evolution (including intermediate amorphous or crystalline
phases) that precede the final observed MOF product. In the first application of EDXRD
to MOFs, Millange et al. demonstrated in situ monitoring of the solvothermal synthesis
of two carboxylate-based MOFs (HKUST-1 and MIL-53(Fe)) with ~1 minute time resolu-
tion.?? Interestingly, the authors found evidence for two distinct crystallization scenarios,
with HKUST-1 synthesis proceeding via classical nucleation and growth, and MIL-53(Fe)
crystallizing via a transient intermediate structure in line with Ostwalds Rule of Stages (see
Fig. 4). Since this initial application, EDXRD and other in situ and ex situ x-ray approaches

have been utilized to study crystallization mechanisms for a wide variety of MOFs.
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Figure 4: Time-resolved EDXRD measured during the crystallization of MIL-53 at 150 °C,
with a crystalline transient phase seen at short reaction times. Reproduced from Millange
et al.?? with permission from John Wiley and Sons.

4.3.1 Quantitative Kinetic Modeling of MOF's

Crystallization Models The extraction of both quantitative kinetic and qualitative mech-

anistic insight from XRD-measured crystallization curves is reliant upon the fitting of the
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measured data to one or more underlying physical models. Amongst the earliest of these

1,477 originally formulated to describe solid-

models is the Avrami (or Avrami-Erofeev) mode
state phase transformations. Despite its origin, the Avrami model remains one of the most
frequently utilized approaches to describe solvothermal crystallization of various materials,

including MOFs. The Avrami-Erofeev (AE) equation may be expressed as
a =1—exp[—(kt)"] (2)

where « is the extent of crystallization, k is the crystal growth rate constant, t is the reaction
time, and n is Avrami exponent, described below.

A significant limitation of the AE model is that it does not distinguish between nucleation
and growth processes; rather, the AE model assumes that crystallization occurs via stepwise
addition of individual molecules at a constant rate.”” In principle, the Avarmi exponent
contains information about the dimensionality and mechanism of growth. Three regimes
are often distinguished: diffusion mechanisms (n = 0.54-0.62), first-order or phase boundary
mechanisms (n = 1.0-1.24), and nucleation or growth mechanisms (n = 2.0-3.0).%%7 Note
that since the AE model was originally formulated for solid state reaction, the interpretation
of these parameters within the context of solvothermal MOF synthesis can be challenging.

In contrast to the AE model, the Gualtieri model was explicitly constructed to describe
solution-mediated transformations. The Gualtieri model treats nucleation and crystal growth
as separate events with distinct rate constants, with the dimensionality of crystal growth as

a model parameter:

1
14 exp [— (m

by

o =

{1 exp [~ (k)] ®)
)

where ng is the dimensionality of crystal growth (1, 2 and 3 for needles, plates and 3D
particles, respectively),™ kg is the rate constant of crystal growth, ay is the reciprocal of the
nucleation rate constant ky, and by is the variance of the nucleation probability distribution.
The relative magnitudes of kg and ky can then be used to infer the rate-determining process
in crystallization. The value of by also contains information about the nature of nucleation,
with by < 15 indicating heterogeneous nucleation, by ~ 20 homogeneous nucleation, and
by > 20 autocatalytic nucleation.

Although both the AE and Gualtieri models have been extensively applied to the crystal-

lization of MOFs, the latter is likely more appropriate for describing conventional solvother-
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mal MOF nucleation and growth.!"®%8! In particular, while the AE model is extremely
generic and has been applied to a wide variety of crystallization phenomenon, the model
does not provide a detailed description of the “physics” governing MOF crystallization —
including the separation of nucleation and growth phases. In contrast, the Gualtieri model
was original derived for the analysis of hydrothermal zeolite synthesis, a closely related ap-

plication which likely exhibits similar nucleation and growth phases.!”

Summary of Nucleation and Growth Rates A recurring theme in XRD studies of
MOF nucleation and growth is the analysis of crystallization kinetics via Avrami or Gualtieri
models to yield rate constants for growth and/or nucleation and associated activation en-
ergies, the results of which are summarized in Table 1; a more detailed discussion of the
associated studies and their qualitative conclusions is given in the subsequent subsections.
Several conclusions can be drawn from examination of Table 1. First, the measured nucle-
ation/growth rate constants for a wide variety of MOF's span a relatively modest range of
~ 1072 to 107! min'. Nevertheless, this observation likely reflects the adjustment of ex-
perimental conditions (e.g. temperature, supersaturation) to yield rates that are conducive
to time-resolved XRD measurements, rather than any fundamental physical significance.
Gualtieri analysis facilitates separate assignments of rates for nucleation and growth, and
comparison of the associated rates yields information about which of these processes may
be rate limiting. However, at least under conditions associated with such time-resolved
XRD measurements, most systems do not show dramatic differences between nucleation and
growth rates (i.e. no clear separation of timescales), which in most cases agree within a
factor of 5-10.
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Table 1: Summary of quantitative nucleation and growth kinetic data extracted from time-resolved XRD experiments.

9¢

Ref. System Model K, Ky Av. Exp. Anp Ag Ean Eag Heating Exp.
min ! min ! unitless min— 1! min— 1! kJ/mol kJ/mol Method Conditions
53 (HyNMey), Gualtieri 5.10x1072  4.80x1072 Solvothermal  250C, resin as-
[Coz(BDC),] - sisted
yDMF
a0 2D Cobalt MOF First-order rxn 4.70x10~% 1.60%102 25 C
83 CAU-1-(OH), Avrami 9.18x102 6.60x10 1 1.31x102 Microwave 125 C, MeOH
83 CAU-1-(OH), Avrami 3.88x1072 1.10 1.36x102 Solvothermal 125 C, MeOH
65 CAU-1-NH, Avrami 2.53x10 1 6.70x10 1 1.36x102 Microwave 125 C, MeOH
65 CAU-1-NH, Avrami 2.70x10 2 1.14 1.36 102 Solvothermal 125 C, MeOH
a4 CAU-13 Gualtieri 4.00x1072  5.94x1072 7.90x 108 9.60x108 7.70x 10" 7.60x 10" Solvothermal ~ 115C
5 Ce-BTC Misc 1.00 5.00x1071 Ultrasound 25 C, DMF/H20
6 Co-NDC-DMF Avrami 8.10x102 7.40x101 Solvothermal 200C, resin as-
sisted
& CPO-27(Co) Misc 6.96x103 Microwave 70 C, DMF
& CPO-27(Co) Misc 7.33x10 4 Solvothermal 70 C, DMF
. CPO-27(Co) Misc 2.11x102 Ultrasound 70 C, DMF
&7 CPO-27(Ni) Misc 5.65x103 Ultrasound 70 C, DMF
87 CPO-27(Zn) Misc 8.22x1072 Ultrasound 70 C, DMF
a8 CPO-27(Co) Gualtieri 8.36x 10" 4.84x10" Microwave 80 C, H20
a8 CPO-27(Co) Gualtieri 2.29%x10~1  1.05x107 1 6.65x10" 9.04x10" Solvothermal 80 C, H20
a8 CPO—27(Ni) Gualtieri 7.28x10% 6.38x 10" Microwave 90 C, H20
a8 CPO-27(Ni) Gualtieri 8.79x1072  8.00x10~2 1.32x102 9.23x 10" Solvothermal 110 C, H20
g0 Cu-BTC Misc 1.43x1072  2.04x1073 5.70x 1023 1.00x 1017 1.83x102 1.41x 102 Microwave 100 C,
H20/EtOH
g0 Cu-BTC Misc 2.08x1073  1.22x1073 4.20x103 4.40%x10° 1.16x102 1.33x102 Solvothermal 100 C,
H20/EtOH
52 HKUST-1 Avrami 1.50 73.3 Solvothermal 125C
00 HKUST-1 Gualtieri 3.78x1072  1.18x107 1! 7.16x 10" 6.38x 101 Solvothermal  105C
o5 indium imidazo-  Gualtieri 1.71x1072  1.81x1072 3.22x10° 2.51x108 9.40x 10" 9.40x 10" Tonothermal 160 C
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Table 1: Summary of quantitative

nucleation and growth kinetic data extracted from time-resolved XRD experiments.

Ref. System Model K, Ky Av. Exp. Anp Ag Ean Eag Heating Exp.
min ! min ! unitless min— 1! min— 1! kJ/mol kJ/mol Method Conditions
o1 layered  lithium  Gualtieri 2.80x1072  1.52x10~2 2.76x10'* 9.72x 10t 1.33x102 1.15%x102 Solvothermal ~ 160C
carboxylate,
Liyg[C4H5S(CO3)al2
[C3H,NO],
03 MIL-127(Fe) Gualtieri 1.59x 10" 8.02 1.16x 102 5.50x 10" Solvothermal  175C, DMF
09 MIL-127(Fe) Avrami 2.98x107 1 6.10x1071  2.16x10'! 2.16x 101! 1.02x102 1.02x102 Solvothermal  175C, DMF
02 MIL-127(Fe) Gualtieri 2.27 3.24 9.20x 10" 1.06x102 Solvothermal ~ 80C, proppan-2-
ol
02 MIL-127(Fe) Avrami 4.86x102 8.10x10~1  5.28x101! 9.20x 10! Solvothermal ~ 80C, proppan-2-
ol
03 MIL-47(V) Misc 3.13x1073  3.02x10~% 6.18x 10" 8.44x 10" Microwave 135 C
03 MIL-47(V) Misc 1.91x1073  1.41x10~% Solvothermal 125 C
o4 MIL-47(V) Misc 1.91x107%  1.41x1074 2.48x10° 1.75x107 6.18x 10" 8.44x10" Hydrothermal 125 C, H20
03 MIL-53(Al) Misc 2.47x107%  2.17x10~4 7.52x 10" 9.53x10" Microwave 150 C
03 MIL-53(Al) Misc 1.52x1073  1.32x107% Solvothermal 140 C
o4 MIL-53(Al) Misc 1.52x1073  1.32x104 4.78x108 1.40x 108 7.52x10" 9.53x 10" Hydrothermal 140 C, H20
03 MIL-53(Cr) Misc 1.52x1073  2.71x107% 1.74x102 1.87x102 Microwave 175 C
03 MIL-53(Cr) Misc 3.97x10~4  8.40x107° Solvothermal 165 C
o4 MIL-53(Cr) Misc 3.97x10~%  8.40x107° 2.28x 107 1.57x10%8 1.78x 102 1.87x102 Hydrothermal 165 C, H20
o5 MIL-53(Fe) Misc 5.00x1072  2.08x102 1.19x1010 1.23x10'2 7.48x 10" 9.06x 10" Microwave 70 C, DMF
o5 MIL-53(Fe) Misc 3.23x1073  3.78x10~% 3.05x10% 4.78x10° 3.92x10" 6.64x10" Solvothermal 70 C, DMF
o5 MIL-53(Fe) Misc 1.67x10"1  9.89x1072 3.57x 10! 8.03x10'% 8.11x 10! 1.04x 102 Ultrasound 70 C, DMF
96 Mn-MIL-100 Avrami 1.10x10~ 1 1.77 / 0.91 Solvothermal 135C
06 Mn-MIL-100 Gualtieri 1.16x10~Y  2.03x107! 1.27x102 9.89x 10! Solvothermal — 135C
00 MOF-14 Gualtieri 4.80x1072  1.28x1071% 1.14x102 8.28x 10! Solvothermal  120C
o7 NH,—MIL- Gualtieri 8.40x1072  3.80x1072 8.20x 10! 9.40x 10! Solvothermal 130 C
101(Al)
or NHy-MIL- Gualtieri 3.40x1072  1.10x1072 7.50x 10t 1.02x102 Solvothermal 130 C, HPA tem-

101(Al)

plated
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Table 1: Summary of quantitative

nucleation and growth kinetic data extracted from time-resolved XRD experiments.

Ref.

System

Model

Ea,n

Ky Av. Exp. An Ag s Ea,g Heating Exp.
min ! min ! unitless min— 1! min— 1! kJ/mol kJ/mol Method Conditions
o8 NH,-MIL-53(Al) Gualtieri 2.70x107 1 7.20x1073 Solvothermal 130 C, H20
o8 NH,-MIL-53(Al)  Gualtieri 6.60x10~2  1.60x10~2 Solvothermal 130 C, DMF
a5 Tb-BTC Misc 1.20x10~Y  1.40x107! Ultrasound 25 C, DMF/H20
09 UiO-66-NO, Gualtieri 5.00x10~1  6.00x107 1 Solvothermal 100 C, DMF, HCI
(and many other
UiO-66 variants)
UiO-66-NO, Avrami 1.60 7.80x10 1 1.13x102 Solvothermal 100 C, DMF, HC1
99 (and many other
UiO-66 variants)
100 UiO-66(Zr) Avrami 2.35x10 1 1.18 3.76x 102 2.20x 10! Solvothermal 80 C, DMF, HCI
100 UiO-66(Zr) Gualtieri 2.41x10~1  4.40x107% 1.20x 10" 2.83%10? 1.10x10% 1.90x10% Solvothermal 80 C, DMF, HCI
101 UiO-66(Zr)-NH, Arrhenius 64.5 Solvothermal 110C
63 UiO-66(Zr)- Avrami 4.60x102 1.58 Solvothermal 120 C, H20
(COOH)
63 UiO-66(Zr)- Gualtieri 1.81x1072  3.40x1072 8.60x 101 4.90x 10! Solvothermal 120 C, H20
(COOH)
63 UiO-66(Zr)- Avrami 3.60x10 2 8.50x101 Solvothermal 120 C, H20
(COOH),
3 UiO-66(Zr)- Gualtieri 9.70x10~3  9.00x10~2 8.50x 10" 5.60x 10" Solvothermal 120 C, H20
(COOH),
54 Various lithium Varies 2.10x 102 4.10x 10! Solvothermal Varies
tartrate MOFs
and intermediates
5 Y-BTC Misc 1.10x1071 9.00x102 Ultrasound 25 C, DMF/H20
102 [Yby(BDC), Gualtieri 2.31x1072  3.10x10~2 Solvothermal 110 C, H20/DMF
(DMF)5(H50),]
103 [Yby(BDC)y Gualtieri 2551072  1.07x1073 Solvothermal 110 C, DMF
(DMF),] - HyO
104 ZIF-67 Avrami 1.37x10~4 3.00 RT, MeOH
70 ZIF-11 Gualtieri 2.80x1073  2.30x1073 Ultrasound 100 C, DMF
o ZIF-20 Gualtieri 3.20x1073  3.00x1073 Ultrasound 65 C, DMF
105 ZIF-7 Gualtieri 1.75x1072  2.80x107 2 25 C, DMF, DEA

modulator
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Table 1: Summary of quantitative nucleation and growth kinetic data extracted from time-resolved XRD experiments.

Ref.

System

Model

Av. Exp.

Ky An Ag Ea,n Ea,g Heating Exp.
min ! min ! unitless min— 1! min— 1! kJ/mol kJ/mol Method Conditions
106 ZIF-71 Gualtieri 1.47 7.04x1071 RT, 1-PrOH
107 ZIF-8 Avrami 9.48x1072 2.20 Mechano- 35 C, liquid as-
chemical sisted grinding
64 ZIF-8 Avrami 2.40x102 1.03 Solvothermal 130 C. MeOH
64 ZIF-8 Gualtieri 2741072  5.90x10~2 2.56x107 1.31x108 6.90x 10" 7.18x 10! Solvothermal 130 C, MeOH,
*isotructural
108 ZIF-8 Avrami 2.38x10~4 1.12 Solvothermal 110C
108 ZIF-8 Gualtieri 2.78x10~%  5.84x107% 1.15x102 8.77x 101 Solvothermal ~ 110C, DMF
70 ZIF-8 Gualtieri 2.00x10~3%  5.00x1073 Ultrasound 140 C, DMF
20 ZIF-8 Avrami 2.70x10~2 4.00 25 C, MeOH
100 ZIF-8 Avrami 6.90x10~ 4 2.70x10~ 1 25 C, MeOH
110 Zr-furmarate Gualtieri 1.50x1072  2.60x102 7.10x10% 6.60x 10" Solvothermal 120 C, DMF,

formic acid

modulator




In addition to data on crystallization rates, the Avrami analyses in Table 1 yield expo-
nents, n, that provide information on the mechanisms and dimensionality of crystal growth.
For almost all MOF systems, values between 0.5-1.5 are characteristic, suggesting that dif-
fusion and phase-boundary controlled mechanisms are quite common, although the wide
range of these values also confirms the difficulty of generalizing over such a diverse set of
materials and conditions. As noted above, the Avrami analysis was originally derived to
describe solid-state phase transformations, and its applicability to solution-phase nucleation
and growth (and thus the interpretation of the exponent) is questionable.

By examining the temperature-dependence of MOF crystallization kinetics (whether via
Gualtieri or Avrami methods), it is possible to extract activation energies associated with the
nucleation and/or growth. When these kinetics are modeled via Gualtieri analysis, extrac-
tion of separate activation energies for both nucleation and growth is possible. In general,
measured activation energies appear to be highly sensitive to not only the MOF system, but
also to the details of the synthetic condition (in particular, solvent and heating method). For
example, Chevreau et al. showed that the activation energies for MIL-127 differed by ~ 10
kJ/mol between DMF and propanol solvents, with the relative rates of nucleation and growth
also changing.”? Yet clear trends do emerge in rates, activation energies and associated pre
factors when comparing syntheses conducted with differing heat methods (e.g. solvothermal
vs. microwave vs. ultrasound) and metal ions of differing kinetic lability. These trends are
discussed in detail in Sections 4.4.1 and 4.4.3.

Although many MOF's appear to exhibit characteristic activation energies in the range of
60-100 kJ/mol, significantly higher and lower values have occasionally been observed, par-
ticularly in conjunction with alternative heating methods (vide infra) or for two-dimensional
MOFs (see for example Refs. 82,91). Interestingly, activation barriers for nucleation vs.
growth for a given MOF are often of similar magnitudes (within 10-20 kJ/mol), with no
clear trends as to which is typically larger. In cases where both Avrami and Gualtieri anal-
yses have been used on the same dataset, the analyses often yield comparable activation
energies, likely due to the fact that (in many cases) nucleation and growth steps exhibit
similar magnitudes.

Corresponding Arrhenius prefactors for crystallization have also been calculated in many
cases, yielding characteristic values of 107 — 10! min™!, although in some cases dramatically
(and likely unphysically) higher values up to 107 min™ have been reported, in the latter
case often coupled with very high activation energies. It thus appears that, at least in some

cases, the reported activation energies/prefactors are highly coupled. As such, their absolute
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values should likely be utilized with caution, and comparison of trends (and particularly

trends within a consistent data analysis procedure) is likely to be more fruitful.

4.3.2 Secondary Building Unit Formation

In addition to providing quantitative kinetic information, time-resolved x-ray based studies
can also be used to address challenging mechanistic questions regarding framework and/or
SBU formation. For example, during MOF framework formation, are framework metal sites
initially solvent-coordinated or, alternatively, already coordinated with the final ligand? To
this end, Wu et al. utilized monochromatic ADXRD to extract detailed structural infor-
mation and accurate time-resolved lattice parameters (via Rietveld refinement) during the
crystallization of a rare-earth containing MOF. %3 They observed the exchange of an initially
coordinated H,O solvent for a DMF ligand, strongly suggesting a picture in which the MOF
material is “water rich” in the early stages, with coordinated water replaced by DMF at
later stages of the reaction.

The formation of MOF SBUs or, more generally, NBUs, also presents several interesting
questions in MOF nucleation and growth. Typically, NBUs must assemble in solution from
monomeric metal precursors. Alternatively, in a “controlled SBU” approach, metal oxide
clusters are utilized directly as a reagent. Surble et al. employed EXAFS to demonstrate
that, in the case of MIL-89 synthesis using a trimeric Fe(III) acetate precursor, iron trimers
remain intact during all stages of MOF crystallization, including early-stage amorphous inter-
mediates, providing strong support for an NBU-like model of nucleation of related MOFs. 111
In another example, Stock and coworkers examined SBU formation in Mn-MIL-100, whose
synthesis involves a Mn(II) reactant that must undergo in situ oxidation to Mn(III) prior to
framework formation.” Sharp-Hancock analysis of the EDXRD data suggested that crys-
tallization occurs via two dominant mechanisms, initially controlled via nucleation and then
later via a first-order mechanism during which the in situ generation of the requisite Mn®*

cations may become rate limiting.

4.3.3 Evidence for Non-Classical Growth: Crystalline Intermediates Phases

Many authors have emphasized the important role of thermodynamics in MOF crystalliza-

tion, 57112

particularly with high-temperature solvothermal conditions which are (eventually)
expected to favor the thermodynamic product. Nonetheless, since the early EDXRD work of
Millange and coworkers,? and consistent with Ostwald's Rule of Stages, various intermediate

(presumably kinetically metastable) products have frequently been observed or isolated in
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MOF synthesis. A significant advantage of in situ or time-resolved x-ray approaches is that
they provide for the possibility of identifying and probing such crystalline intermediates.

Particularly well-studied examples are NHy-MIL-53(Al) and NHy-MIL-101(Al), both of
which are synthesized from the same precursors. %113 Using a combination of SAXS and
WAXS, Gascon and coworkers concluded that crystallization in DMF proceeds via the for-
mation of an MOF-235 intermediate phase (whose identity was confirmed via quenching
and characterization), which, depending on solvent, converts into either MIL-101 (aprotic
solvents) or MIL-53 (protic solvents).?® Consistent with Ostwald’s Rule of Stages, MOF-
235 represents the kinetically favored (but unstable) phase, while the latter represent the
thermodynamically stable phase. Interestingly, in water, NH,-MIL-53(Al) can be synthe-
sized without formation of the intermediate phase.!3 Addition of a phosphotungstic acid
template stabilizes the MOF-235 intermediate and promotes its formation.”” Notably, Mil-
lange et al. also observed a similar MOF-235-like intermediate in their EDXRD study of
MIL-53(Fe) crystallization. 2

Crystalline intermediates have also been observed in other MOF systems. One rich
example comes from Yeung et al., who examined the crystallization of a lithium tartrate MOF
involving three competing phases.’® Using EDXRD, two low-density kinetic intermediates
were identified. Analysis of the kinetic data suggested that formation of the thermodynamic
product proceeds over a much higher activation energy (~ 210 kJ/mol) vs. the intermediate
/ kinetic product (~ 41 kJ/mol). The large activation energy of the former involves a highly
unfavorable change in ligand conformation in the transition from the intermediate to the
stable product.

A second illustrative example comes from the synthesis of MOF-5, where disparate crys-
talline intermediates haven been observed depending on various reaction parameters or even,
strikingly, the choice of characterization technique(s).5152 An initial ex situ, time-resolved
XRD study by McKinstry et al. discovered the presence of at least one crystalline interme-
diate in the synthesis of MOF-5, whose presence and concentration was found to depend
significantly on synthetic parameters such as time, temperature, and stirring.%? At high
synthesis temperatures (140°C), the intermediate phase was identified as MOF-69¢(desolv),
which was found to convert into MOF-5 via reaction with additional terephthalic acid. In a
separate study, Wu et al. used both ex situ powder XRD (via quenching and extraction of the
solid product) as well as in situ ADXRD to characterize a transient crystalline intermediate
formed during the synthesis of MOF-5 at 110°C.%! Importantly, the quenching experiments
yielded a different intermediate, a layered Zn(BDC)(DMF) structure with dimeric SBUs,
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compared to the in situ experiments, where the intermediate was characterized as a layered
Zn3(BDC)3(H50),-4 DMF compound with trimeric SBUs (see Fig. 5). Neither of these in-
termediates correspond to the MOF-69c¢(desolv) structure above, though this discrepancy
might be due to differences in synthesis conditions between the two experiments.®! Overall,
these results nicely illustrate the fundamental limitation of ex situ quenching experiments

compared to less invasive in situ techniques.
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Figure 5: Schematic of reaction pathways leading to the formation of interpenetrated MOF-5
based on results from this work and observations reported by Kim et al. 4. Reprinted from
ref. 61, with permission from Elsevier.

In many cases, including those discussed above, crystalline intermediate phases are be-
lieved to convert to the final product via a dissolution-recrystallization mechanism. In con-
trast, Wu et al. examined the Co-BDC-DMF system, observing crystallization towards the
final product via in situ ADXRD.?? In this case, the authors concluded that the intermediate

converts to the final product via a rapid solid-phase rearrangement, basing their conclusion

33



on the extremely abrupt nature of the transformation and the structural similarity of the
phases (which could help facilitate a solid-phase transformation).

Zeolitic imidazolate frameworks (ZIFs) represent a particularly intriguing model system
for probing the role of intermediates in MOF crystallization. ZIFs are known to exhibit
sometimes significant polymorphism, with (for example) at least nine different polymorphs
of Zn(Im), [Im = imidazolate] synthesized to date. Wiebce, Leoni, and coworkers have
examined the solvothermal synthesis of several ZIFs via EDXRD. %! In the case of Zn(Im),,
crystallization under various conditions yields either the coi or zni phases, with the former
proceeding via an neb intermediate via dissolution-recrystallization; the remaining neb
crystallites are hypothesized to serve as heterogeneous nucleation sites for the final coi
product.

Interestingly, sometimes even the desired crystalline MOF product can serve as a metastable
intermediate to a final (often undesirable) non-porous product, illustrating the frequent ex-
treme sensitivity to reaction conditions that can characterize MOF synthesis. For example,
Millange et al. examined copper(II)-based MOF-14, monitoring not only its crystallization
to the MOF-14 product, but also its eventual dissolution / collapse into Cu,O at higher
synthesis temperatures and extended reaction times. These observations highlight the im-
portance of tailoring reaction conditions so as to isolate the desired species, which may in
some instances actually constitute the kinetic rather than thermodynamic product.

Finally, another recurring paradigm in the crystallization of MOFSs is the “building up”
of structures / intermediates of increasing dimensionality. Rao and coworkers explored this
“aufbau” principle in a series of early manuscripts using time-resolved XRD. 617 Heating
a zinc oxalate precursor in the presence of piperazine at increasing temperatures yielded
a variety of structures of increasing dimensionality — from 1D helical chains, to 2D honey-
combs, to 3D pillared layers. 6 At the highest temperatures, their results showed that the 3D
structure is formed by the progressive building-up of structures of increasing dimensionality,
rather than by decomposition / reformation. Subsequent work on metal-benzene dicarboxy-
lates found evidence for a similar 1D to 3D transformation.!'” Mahta et al. also observed
a similar motif of increasing dimensionality in their case of manganese oxy-bis(benzoate)
structures. 1121® Using ex situ time-resolved XRD at increasing temperatures, they found
1D wire-like structures, which transitioned to 2D layered structures and eventually to a
3D network at the highest temperatures. These structures were progressively more dehy-
drated, possibly driven by the entropy of dehydration. Later, Kondo et al. investigated
the crystallization kinetics of a two-dimensional Co-based MOF material [Co(bpy),(OTf),],
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monitoring the various phase transitions via time-resolved XRD.%? The MOF crystallized via
a progression from 0D molecular complexes, which transition under atmospheric conditions
to 1D chains via loss of coordinating acetonitrile solvent. Additional heating at elevated

temperature in vacuum leads to loss of coordinating water, yielding a 2D stacked structure.

4.3.4 Amorphous to Crystalline Transformations

An open question in studies of MOF crystallization is the extent to which nucleates present
during the initial stages of nucleation and growth are actually crystalline. In the specific case
of ZIF's, a frequent target for time-resolved XRD probes, there is considerable evidence that
the growing ZIF particles may proceed through an amorphous or medium-range order phase
that later transitions to the final crystalline product. For example, Carreon and cowork-
ers used a combination of time-resolved XRD and TEM to monitor the room temperature
crystallization kinetics of ZIF-8.3° Based on XRD patterns and TEM images, they identified
four different stages of ZIF-8 formation: nucleation, crystallization, growth, and stationary
periods. They hypothesized that crystallization proceeds via a gel solution, leading to ZIF-8
crystallites that grow at the expense of the surrounding gel, similar to behavior observed in
zeolites (see Section 2.1.3). Crucially, they also proposed the existence of a medium-range
ordered ZIF-8 intermediate that eventually develops long-range crystalline order, either via
solution- or solid-mediated mechanisms.

The existence of partially ordered intermediates is also supported by subsequent work. In
particular, Feng and Carreon examined the kinetics of ZIF-67 nucleation and growth. 04119
They observed a subset of well-defined XRD peaks, even at very short synthesis times,
and suggested that these may result from the evolution of ZIF-67 from a low crystallinity
(medium-range order) metastable intermediate phase with an ordered surface. Avrami anal-
ysis of the crystallization kinetics suggested heterogeneous nucleation, potentially at grain
boundaries or impurities.®* A comparison of crystallization in both methanol and DMSO
showed that the latter yielded smaller crystals, perhaps due to better charge separation (and
thus slower crystallization) induced by the higher dielectric constant of DMSO.? Interest-
ingly, similar crystallization curves for ZIF-8 measured by Moh et al. were achieved by a
very different approach: time-resolved gravimetric analysis, using the mass of the isolated

108 Gualtieri analysis of those results suggests that nucleation

product as a function of time.
extends far into the crystal growth regime, with nucleation typically slower than growth.
As noted earlier, the very earliest stages of nucleation and growth are typically inaccessi-

ble via XRD. To this end, Cravillon et al. used time-resolved SAXS/WAXS to monitor this
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important regime in ZIF-8 nucleation.3! This is a unique study because it directly probes the
existence of amorphous/primary particles, which few other techniques are able to achieve.
By exploiting the high intensity of the x-ray source and utilizing stop flow methods, they
were able to achieve a ~1s time resolution. They found evidence for the nearly immediate
formation of small ~Inm clusters, whose disappearance is coincident with the formation of
larger particles. In this case, WAXS data could not determine whether these initial particles
were crystalline, or amorphous with subsequent reorganization to yield ZIF-8; nevertheless,
similar transformations from amorphous to crystalline have been proposed in zeolites (e.g.
the MONOMER model of zeolite nucleation). Analysis of the SAXS data also suggested that
ZIF particles may grow by the addition of monomers rather than by coalescence, bearing
resemblance to the NBU model of MOF growth discussed in Section 2.1.4. The authors
speculated that the initial clusters may serve as either simple reservoirs for monomers for
particle growth, or, alternatively, may play a role in nucleation as prenucleation particles
that eventually evolve toward the final ZIF-8 structure.

This work was later extended by Saha et al., who employed a combination of light scat-
tering and SAXS/WAXS to probe the early stages of ZIF-71 growth.% Their data strongly
suggest that growth proceeds first via small clusters, then by the formation of larger amor-
phous particles. As with ZIF-8, the authors concluded that particle growth takes place via
monomer addition, where in this case the ‘monomers’ may be small clusters, oligomers, or
individual metals/linkers. Consistent with the general trends observed for other ZIFs, these
particles were eventually found to transform into crystalline ZIF-71 via an amorphous-to-
crystalline transformation, possibly involving initially crystalline domains near the particle-
solution interface. As such, the totality of these ZIF studies support the contention that
the crystallization of ZIFs generally proceeds through an intermediate that lacks long-range
order (whether amorphous or semi-crystalline), with subsequent transition(s) yielding the
final crystalline product.

Finally, amorphous to crystalline transitions have begun to be observed in MOF materials
aside from ZIFs. Using a combination of SAXS/WAXS and DFT calculations, Goesten et al.
investigated the time-dependent crystallization behavior of UiO-66.'2° The SAXS/WAXS
data revealed the existence of amorphous MOF particles as intermediates followed by a swift
reorganization into the final crystalline UiO-66 solid. Interestingly, the complete transfor-
mation mechanism (cluster formation followed by condensation and finally crystallization)
was shown to be a ‘chemical clock’ reaction with HCI as an autocatalyst, thus coupling to-

gether the condensation and crystallization processes and leading to experimentally-observed
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oscillations in the size of the amorphous UiO-66 particles.

4.3.5 Mesoscale Organization

In contrast to the microscopic assembly of MOFs, other studies have probed the assem-
bly of MOFs on the larger mesoscale, examining factors that govern MOF topology and
long-range organization. For example, MOF mesoscale assembly was examined by Kitagawa
and coworkers, aiming to understand the factors that control domain formation in MOF's
composed a mixture of metal precursors.?! Exploiting the difference in reactivity between
precursors, the synthesis of a mixed MOF was monitored with time-resolved XRD. The re-
sulting structure exhibits mesoscopic phase separation with Zn- and Mn-rich domains, and
displays unique cooperative gas sorption behavior. Later, Moorhouse, Wu, and O’Hare exam-
ined a Co-NDC-DMF (NDC = 2,6-naphthalenedicarboxylate) MOF, which exhibits at least
three distinct structures, depending on reaction conditions, and studied the factors which
ultimately determine MOF topology.®¢ Using a resin-assisted synthesis approach, they were
able to synthesize a structure that was inaccessible via traditional bulk synthesis approaches.
Avrami analysis of the in situ XRD data suggested that the reaction is primarily diffusion
controlled, perhaps associated with the release of metal cations from the metal-exchanged
resin, and indicated that slow diffusion of the metal cation may play a role in framework
selectivity.

Beyond simple topology, chemically similar MOFs may also exhibit structural variants
with interpenetrating sub-lattices, often yielding dense (rather than porous) structures. Fer-
guson et al. used time-resolved XRD to monitor the degree of interpenetration as a function
of heating time for a single-crystal to single-crystal autocatentation transformation (i.e. a
transition from an non-interpenetrated to interpenetrated lattice).'?? Their results suggest
that MOF interpenetration may occur via either sequential growth of interpenetrating sub
lattices or, alternatively, via a thermodynamically metastable non-interpenetrated interme-

diate followed by subsequent autocatenation.

4.4 Influence of Reaction Parameters

Time-resolved XRD methods have also provided unique insights into the influence of var-
ious reaction parameters (e.g. heating method, added promoters) on the resulting MOF
nucleation and growth. In particular, the studies reviewed herein exploit their in situ or

time-resolved nature to extract information as to the often complex connection between
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reaction parameters and the observed MOF product.

4.4.1 Influence of Heating Methods

A number of authors have used time-resolved XRD methods to discern the influence of heat-
ing method on the kinetics of MOF synthesis, including some early and extensive work by
Jhung and coworkers. 387:89.93.95 The influence of these various heating approaches (including
ultrasound (US), microwave (MW), and conventional electric (CE)) on the kinetics of nucle-
ation and growth is summarized in Table 1. In the case of MIL-53(Fe), Haque et al. utilized
a two-step synthesis procedure to understand, separately, the influence of heating on both
nucleation and growth.% They found that both nucleation and growth rates decrease in the
order US > MW > CE. Interestingly, their analysis showed that this trend is dominated by
an increase in the pre-exponential factor (up to 8 orders of magnitude!), with US and MW
actually increasing the measured activation energy. Although acceleration due to US and
MW heating has been attributed to phenomenon such as hot spots, '2? there does not appear
to be a simple physical explanation for such a dramatic increase in pre-exponential factor,
and the observed dominance of the pre-exponential factor is not universal (vide infra). De-
coupling the influence of MW heating shows acceleration in both nucleation and growth, but
a more substantial influence on growth. Khan, Haque, and Jhung reached very similar con-
clusions when examining the microwave-assisted growth of HKUST-1.%° Later, Haque and
Jhung examined CPO-27-Co (MOF-74-Co) under the same three heating conditions, once
again monitoring with XRD.®" From the crystallization kinetics, the same broad rate trends
arose: US >MW > CE; these results are consistent with the general observation from simi-
lar studies on a range of systems, and all indicate that microwave heating or ultrasonication
leads to increased crystallization rates at lower temperatures.” 24 Acceleration of compara-
ble magnitude (10-30x) is observed in both nucleation and crystal growth regimes. Haque et
al. later re-examined the nucleation kinetics of a variety of isostructural MIL MOF's using
the Erying model, and attributed the acceleration to an entropy increase (which more than
counterbalances the associated enthalpy increase) under microwave irradiation,®® perhaps
due to less organized intermediates.

Ahnfeldt et al. found that utilization of MW vs. CE heating not only influenced the
synthesis rate, but also the observed induction period prior to crystallization.®® Using in
situ EDXRD to probe the synthesis of CAU-1-(OH),, they found that the measured induc-
tion time decreased with temperature, but considerably more rapidly under MW heating.

Avrami analysis also suggested that microwave heating leads to a transition from phase-
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boundary controlled (in the case of CE heating) to diffusion controlled growth. In the for-
mer case, linker attachment may be rate limiting.%> Although both heating methods lead to
very similar calculated activation energies, the authors speculate that the larger microwave
pre-exponential factor may arise from an increased number of nuclei or increased reaction
mobility induced by the microwave field. Subsequent work by Ahnfeldt and Stock examined
the related amino-functionalized CAU-1-NH, MOF, reaching similar conclusions.

It is important to note that not all authors have attributed MW-induced acceleration
to an increase in the pre-exponential factor. Using EDXRD, El Osta et al. monitored the
crystallization of a two CPO-27/MOF-74 variants (Co" or Ni*).% In contrast to most of
the prior work, they observed a substantial decrease in the activation energies for crystal
growth under irradiation from 92.3 (90.4) kJ/mol to 63.8 (48.4) kJ/mol for the Ni- (Co-)
containing MOF, and an even more dramatic decrease in the associated nucleation activation
energy, particularly for Ni. The authors thus speculated that the use of MW heating may

help overcome the lower kinetic lability of the solvated Ni*".

4.4.2 Mechanochemical MOF synthesis

Mechanochemical synthesis via milling has recently been explored as an environmentally
friendly alternative to solution-based MOF synthesis approaches.?> XRD provides a unique
window into the structural transformations that take place during these syntheses, which

have often been shown to involve unique pathways/intermediates that differ from their

ZnO and crystalline 2-ethylimidazole to form ZIFs via time-resolved powder diffraction. 07127

Framework formation was observed to occur via intermediates with rho, ana, and qtz
topologies, while, in contrast, mechanochemical synthesis of ZIF-8 (using 2-methylimidazole)
proceeded without observable crystalline intermediate. Subsequent work by many of these
same authors found that continued milling of the crystalline ZIF-8 led first to amorphization
and then to a new metastable phase with kat topology.'?® The authors hypothesized that
the amorphization may have been induced, at least in part, by an increase in ligand lability
due to a mildly acidic environment.

Via in situ XRD, novel intermediates have also been observed for other mechanochemical
MOF systems. In one such example, Julien et al. identified two new metastable interme-
diate phases in the synthesis of Zn-MOF-74.'28 Interestingly, the synthesis was observed
to proceed via a close-packed intermediate (Zn(H,0)y(Hydhta)) that later transformed into
the (open) MOF-74 product (see Fig. 6). Liquid-assisted grinding (LAG) with DMF led
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Figure 6: Structures of: (a) Zn-MOF-74 (CCDC WOBHEB); (b) Hydhta; (c)
Zn(H50),(Hodhta) (CCDC ODIPOH). (d) Time- resolved in situ X-ray powder diffractogram
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0.207 ). Signal losses at 40 and 48 min are artifacts of time-dependent sample distribution
during milling. (e) Views of reaction mixture at different milling times and (f) stepwise
formation of Zn-MOF-74. Reproduced withOpermission from ref. 128. Copyright 2016
American Chemical Society.



to an additional short-lived intermediate phase, although the structure of that intermediate
could not be determined. In other studies, such liquid additives have also been shown to
influence the course of the mechanochemical synthesis. Stolar et al. used in situ XRD to
demonstrate that LAG with coordinating additives (DMF, EtOH) led to an intermediate
phase prior to HKUST-1 formation.!? Interestingly, the intermediate was characterized by
a mononuclear Cu(II) SBU, in contrast to binuclear HKUST-1. The authors hypothesized
that this intermediate eventually reacts with additional metal precursors to form HKUST-1.

Related work on mechanochemical synthesis of coordination polymers provides some po-
tential insights into the mechanisms at play during mechanochemical synthesis. In particular,
Uzarevi¢ et al. showed that the synthesis of a Cd-based coordination polymer displayed a
mechanochemical synthesis rate that was a strong function of temperature, with a 6-fold
increase in reactivity over only a 45K increase in temperature. '3 This observation calls into
question the applicability of “hot spot” models of mechanochemical synthesis for soft mate-
rials such as MOFs. Those authors also point out the potential importance of water released
during the course of the synthesis reaction, potentially transforming the reaction from “dry”
milling into LAG.

4.4.3 Importance of Metal Lability

Several XRD studies have highlighted the importance of metal cation lability in the crys-
tallization of isostructural MOF's differing only in the identity of the metal cation, offering
novel insights into the ‘synthesizability’ challenges that are known to arise in targeted MOF
synthesis. For example, in comparing the Co/Ni MOF-74 variants, El Osta et al. found
that crystallization of the Co analogue is systematically faster, possibly due to the higher
kinetic lability of Co.%® Gualtieri analysis showed that the two metals exhibit very similar
activation energies for growth (~90 kJ/mol), but much smaller nucleation activation ener-
gies for Co vs. Ni. An ex situ time-resolved XRD study by Haque and Jhung on the same
M-MOF-74 system (M= Zn, Co, or Ni) also found crystallization rates proportional the the
metal’s kinetic lability, likely due to the importance of complexation and/or ligand exchange
processes during MOF synthesis. 57

Other MOFs display similar trends regarding the importance of metal lability. Khan et
al. synthesized a series of isostructural lanthanide-benzene tricarboxylate MOF's, examining
the role of the metal cation on the rates of nucleation and growth under US heating.®®
Crystallization curves obtained from time-resolved XRD show that nucleation and growth

rates for a Ce-based MOF were significantly faster (8-9x for nucleation, 3-5x for growth)
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as compared to the less reactive Th and Y variants, consistent with known water-exchange
reaction kinetics, thus suggesting a crucial role of metal ion lability. A related study by
Haque et al., using metal-substituted MIL variants, reached a similar conclusion.? In this
case, it was also found that the activation energies for both nucleation and growth varied
systematically with metal, with V <Al <Cr, and that both activation energies and reaction
rates were correlated with known water exchange rates. Later, Wu et al. examined a series

of My(bdc),dabco MOFSs, reaching a similar conclusion. 2

4.4.4 Influence of Linker Functionalization

Functionalization of linkers within an isoreticular series of MOFs can also influence the
observed crystallization kinetics, though generalizable trends are not typically as easy to
identify as compared to the above cases of metal cation substitution. In one study on linker
functionalization, Ahnfeldt and Stock contrasted the synthesis of -OH and -NH, function-
alized CAU-1 using EDXRD.% In the case of CE heating, similar reaction rates were ob-
served, suggesting only a minimal influence from linker acidity or solubility. Later, an exten-
sive EDXRD study of functionalized UiO-66 variants was conducted by Ragon et al.%3:9%:100
Those authors probed both the role of linker length and functionalization in UiO-66-like
materials, using X-functionalized terephthalates (X = NH,, NO,, Br, CHj), as well as larger
linkers (e.g. napthalene dicarboxylate, biphenyl dicarboxylate).% Interestingly, crystalliza-
tion times were seen to decrease with increasing linker length, although the differences were
minimal as lower pH. Gualtieri analysis showed that both nucleation and growth steps were
significantly faster for the longer vs. shorter linkers in the presence of modest added HCI,
with trends reversed at lower pH. Similarly, shorter ligands were observed to crystallize faster
at lower temperatures (373 K) and low pH, with smaller differences at higher temperatures
(423 K). Estimated activation energies also seemed to scale with linker length, ranging from
22 kJ/mol all the way to 72 kJ/mol. The authors argued that many of these observations
can be explained in terms of ligand solubility.

The authors continued by examining the role of linker functionalization,®” finding that the
unfunctionalized, —CHs, and -Br variants all exhibited similar crystallization behavior and
almost no induction time, whereas the -NO, and -NH, variants displayed induction times two
and five times longer, respectively. All materials displayed very similar crystallization times,
with the exception of UiO-66-NH,, which was significantly slower at higher temperatures.
At these higher temperatures, all materials (with the exception of UiO-66-NH,) displayed

similar crystallization curves and thus similar kinetics, but differed at lower temperatures.
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These differences do not generally appear to correlate with linker acidity, and may instead
be related to linker solubility, though the unique behavior of the -NH, variant can possibly
be attributed to the basicity of the functional group. Despite similar reaction times, sharply
different activation energies were calculated for each variant: 77, 15, 35, and 113 kJ/mol for
-CHjs, -Br, -NH,, and -NO,, vs. 22 kJ/mol for unfunctionalized UiO-66. No clear physical
explanation for these striking differences was provided.

The kinetics and mechanism(s) of post-synthetic ligand exchange have also been probed
via XRD methods. Ban et al. examined the ligand exchange of a parent ZIF-108 MOF,
monitoring the structural evolution upon exposure to a solution of an alternate linker.!3!
XRD was used to monitor the appearance of peaks corresponding to the final (product)
topology and the associated weakening of peaks corresponding to the parent structure, sug-
gest a dissolution-heterogeneous nucleation mechanism, where the underlying ZIF-108 parent
acts as a seed. This conclusion was also supported by monitoring of the morphology of the

crystals via SEM, which showed a transitions from quasi-spherical ZIF-108 into hexagonal

rod-shaped product.

4.4.5 Influence of Crystallization Promoters / Modulators

Modulators are commonly employed to aid in MOF synthesis. These modulators are often
monodentate ligands (as opposed to the bi- or multi-dentate ligands used as organic linkers),
and various mechanisms for modulation have been proposed, including deprotonation mod-
ulation (altering the protonation state of the organic linker) and coordination modulation
(competitive coordination of the modulator and metal).'% In the latter case, the competi-
tive binding of the modulator may slow aggregation processes, and can potentially avoid the
formation of undesirable amorphous products. In either case, such modulators can often aid
in MOF crystallization and/or alter the morphology of the resulting crystalline product. 32

A number of studies have supported a deprotonation modulation mechanism for formate
and amine modulators during ZIF synthesis. For example, Cravillon et al. used EDXRD to
examine the role of added formate on the solvothermal synthesis of ZIF-8.%¢ (Importantly, the
EDXRD results had to be collected under stirring conditions, whereas most ZIF-8 solvother-
mal syntheses are performed under static conditions. SEM experiments from the same study;,
discussed in Section 7.2.1, identified qualitatively different particle morphologies depending
on stirring conditions, thus pointing to a possible complication in using EDXRD to investi-
gate traditional ZIF-8 solvothermal synthesis. %) EDXRD showed that ZIF-8 emerged rapidly

with short induction time when synthesized at 130°C. Avrami analysis suggested that, in-
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dependent of the modulator, growth was limited by a “surface reaction”. Gualtieri analysis
led to somewhat different conclusions, and identified nucleation as rate-limiting with activa-
tion energies of 69 and 72 kJ/mol for nucleation and growth, respectively. Insight regarding
the role of the modulator was obtained by examining various modulator concentrations.
Increased modulator concentration led to decreased induction times and higher nucleation
rates, yielding smaller crystal size. In this case, the authors thus concluded that the principle
role of the formate modulator was to deprotonate the Hmim ligand, rather than to directly
compete for metal binding sites, but emphasized that formate may play a different role in
room temperature ZIF-8 synthesis.

Later, Goesten et al. used a combination of SAXS/WAXS and quick-scanning EXAFS to
probe the synthesis of ZIF-7 under the influence of an amine modulator.% Both nucleation
and growth rates (obtained from Gualtieri analysis of WAXS data) increased slightly with
amine concentration. Interestingly, the amine also favored growth of certain crystallographic
planes, and SEM confirmed that particle morphology could also be influenced via the mod-
ulator. The authors proposed that the role of the basic amine modulator is to neutralize the
acid generated during ZIF synthesis (and thus maintain the proper protonation state of the
linker).

In other cases, coordination modulation is likely the principal mode of action for mon-
odentate additives, such as formic acid — with the success of the synthesis sometimes hinging
on the additive. Behrens and coworkers examined the crystallization of one such system,
Zr-fumarate MOF, using EDXRD.!? Synthesis was conducted in either water or DMF sol-
vent, and differences in the influence of the formic acid modulator with solvent were noted.
In aqueous solution, MOF synthesis was rapid. Under large excesses of modulator (70-
150 equivalents), crystallization induction times increased from 2 minutes (in the absence
of modulator) up to as high as 86 minutes. This increase in induction time, along with
the already acidic conditions, strongly supported a coordination rather than protonation
modulation mechanism. (Owing to the topological similarities between Zr-fumarate MOF
and UiO-66, this result contrasts somewhat with a previously-mentioned study by Goesten
et al. on UiO-66, in which hydrochloric acid was implicated as a protonation modulator.?%)
Gualtieri analysis showed that increasing modulator concentration led to decreases in both
the nucleation and growth rates, and thus increased particle size. At least in DMF solvent,
the authors ascribed the true role of added formic acid modulator to small amounts of water
contamination within the acid, as similar enhancement were achievable from direct addi-

tion of small amounts of water (which is required for the hydrolysis of the ZrCl, precursor).
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Nonetheless, addition of formic acid was still seen to yield larger crystals (as evidenced by
SEM), suggesting that the coordinating modulation of the formic acid also remains intact.

Adding a high modulator concentration can also induce defects, including vacancies,
into the resulting MOF structure. Cliffe et al. demonstrated that addition of a formic acid
modulator during the synthesis of fcu UiO-67(Hf) yielded a new layered structure with a
lower ligand:metal ratio, dubbed hep UiO-67.%6 Monitoring of the PXRD and SAXS signals
showed that the hcp UiO-67 was formed via a three-stage process initially involving the
formation of a noncrystalline inorganic aggregate followed by the subsequent crystallization
of fcu UiO-67(Hf) and, eventually, hcp UiO-67(Hf). Comparison of the pair distribution
functions (PDFs) from a variety of samples within the UiO-67 family showed that fcu UiO-
67(Hf) is consistent with a “double cluster” formed by condensation of the hafnium oxide
nodes to compensate for its ligand deficiency.

In many cases, direct information regarding the mode of action of a promoter is difficult
to obtain; instead, the ultimate effect of the promoter on nucleation and growth is typically
measured. A rare exception comes from a series of works by Huber and coworkers, who
examined the role of a 4-decylbenzoic acid modulator in MOF-5 growth, providing unique
insights into the modus operandi of a modulator species. Rather than x-ray approaches,
they utilized time-resolved small angle neutron scattering (SANS) and static and dynamic
light scattering.3?133 The authors employed a zinc benzoate precursor compound that di-
rectly provides the pre-formed MOF SBUs and examined growth both in the presence and
absence of the modulator.!3? Static light scattering showed that particle growth in the pres-
ence of the modulator was slowed significantly, particularly in the initial stages of growth,
suggesting the influence of the modulator is primarily in the particle formation process; no
significant impact on the final particle shape was observed. Later, many of the same authors
probed the spatial localization of the modulator using SANS.!33 The authors isolated the
scattering signal of the modulator via contrast matching using a mixture of deuterated and
hydrogenated DMF solvents designed to match the scattering contrast of MOF-5. They
found a focusing/narrowing of the particle size distribution, with larger particles disappear-
ing while small particles continue to nucleate; this focusing was significantly accelerated in
the presence of the modulator. Analysis of the contrast matched scattering signal strongly
supported a model of a modulator monolayer shell surrounding the MOF-5 particle, possibly
bound via the carboxylate group (see Fig. 7). The authors attributed the observed particle
size narrowing to the formation of this shell, although a detailed mechanistic explanation for

the focusing was not given.
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Figure 7: Concept of trapping MOF-5 nanocrystals by time-delayed addition of the coordi-
nation modulator DBA (4-Decylbenzoic acid) to the mixture of pre-SBU [Zn,O(CgHzCOO)]
and BDC (1,4-Benzene-dicarboxylic acid) at room temperature; the nanocrystal growth is
controlled by the formation of a capping Shell of DBA modulators. Reproduced with per-
mission from ref. 133. Copyright 2014 American Chemical Society.

A structure directing agent / modulator need not consist of a small molecule additive,
but could instead include an inorganic template,'3* or even the solvent / co-solvent. Logar
and coworkers identified such a solvent-directed synthesis in the cases of MIL-100(Fe) and
MIL-45(Fe), probing the Fe K-edge during crystallization using XAS.!3® Depending on the
nature of the solvent (HyO vs. H,O/acetone), synthesis yielded either MIL-100 (containing
Fe(IIT)) or MIL-45 (Fe(II)), in both cases starting from an FeCly precursor. The authors
concluded that the acetone co-solvent plays an essential role in the synthesis of MIL-45 by
acting as an in situ reducing agent, reducing Fe(III) to Fe(II) to yield the MIL-45 product;
in the the absence of acetone, MIL-100 was observed. In this case, the structure directing
influence is not via templating, but rather indirect, steering the synthesis toward the desired

product through the in situ production of a necessary reagent.

4.4.6 Growth on a Substrate

The ability to grow MOFs onto substrates promises to enable a variety of exciting applica-
tions, including membranes (for separations), sensors, and catalysis. 3¢ As such, a number of
groups have explored the growth of various MOFs on a variety of substrates, including those
deposited on self-assembled monolayers (SAMs), and have often probed the growth of the
resulting surface via XRD methods. For example, it has been often observed that the nature
of the SAM functionalization can influence the dominant crystallographic orientation of the
resulting MOF. To this end, Biemmi et al. examined the growth of HKUST-1 on an Au sur-

face coated with a thiol-based SAM under a variety of functionalizations, monitoring growth
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with time-resolved XRD.*" Use of -COOH and -OH functionalized SAMs yielded films ori-
ented in the [100] and [111] directions, respectively, whereas methyl functionalization led to
less oriented growth. The authors speculated that this specificity may be due to the oriented
attachment of growth units at the interface, "!3® followed by subsequent oriented growth.
Interestingly, growth on the methyl surface, while not highly oriented, was faster. In this
case, attachment may be due to dispersive interactions between an organically-terminated
crystal face and the alkyl SAM.

Several authors have also examined the oriented growth of ZIFs on variety of other
substrates. Bux et al. used a combination of ex situ time-resolved XRD and SEM to
probe the oriented growth of ZIF-8 membranes on a-alumina. '3 After initiating growth via
deposition of seed ZIF-8 crystallites, they eventually observed the growth of a ZIF-8 layer
that grew with a strong preference for the {100} plane parallel to the support. They found
that this crystallographically-preferred orientation grew in with time / thickness from an
initially random orientation, and explained their result in terms of an evolutionary model 4%
whereby crystallites with high degrees of anisotropic growth (perpendicular to the surface)
overgrow their neighbors and form the top, oriented, layer. An evolutionary model was also
employed by Kida et al. to explain a similar transition from random to preferential growth
of ZIF-8 on a glass substrate, monitoring growth via a combination of XRD, FTIR, and
SEM. 14

Finally, one study has shown how the substrate utilized for growth need not be crystalline.
Centrone et al. monitored the growth of MIL-47 on polyacylonitrile (PAN) using a variety
of techniques, including XRD and SEM.!'3% The PAN substrate undergoes acid hydrolysis
under reaction conditions to yield a carboxylic acid functionalized material — the same
functionality as the MOF building block. This feature appears essential, as the MOF does
not grow on related unfunctionalized surfaces. Time-resolved XRD measurements of the
deposited MIL-47 showed evidence for three phases: undissolved reactants, a disordered
MIL-47 precursor, and crystalline MIL-47, the latter appearing only at later synthesis times.
The authors interpreted these results as evidence for crystalline MIL-47 growth at the expense

of a disordered precursor consisting of the same building blocks but lacking long-range order.
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5 AFM

5.1 Overview

Atomic force microscopy (AFM) is a powerful technique for investigating growing MOF
surfaces and thin films. By scanning a mechanical tip across a sample surface, AFM pro-
vides a direct measurement of intermolecular forces at the atomic scale, generating a three-
dimensional surface profile with characteristic nm spatial and ps or better temporal reso-
lution. As a result, both in situ and ex situ AFM have frequently been applied to explore
crystal growth (but not, as of yet, nucleation) for several ubiquitous MOF systems, including
MOF-5, HKUST-1, and various ZIFs. Ex situ AFM experiments on crystal surfaces have
been employed to study the influence of various reaction parameters, such as the metal-
to-ligand ratio and (for thin films) the choice of substrate. More recently, in situ AFM
techniques have also been developed, in turn enabling detailed analyses of step heights, sur-
face termination effects, and relative growth rates for different crystal facets. Consequently,
in situ AFM shows great promise as a direct, time-resolved approach to quantify growth
rates, postulate and/or substantiate new growth mechanisms, and identify and characterize

fundamental MOF growth units.

5.2 Mechanistic Analyses
5.2.1 Evidence for Classical Growth Mechanism(s)

Attfield and coworkers have performed a number of AFM studies to investigate ZIF crystal
growth; consistent with classical models described in Section 2.2.1, they have found evidence
for both “birth and spread” and spiral growth mechanisms at low supersaturation. Probing
the solvothermal growth of ZIF-8 in DMF, in situ AFM revealed that both birth and spread
and spiral growth occurred simultaneously on different regions of the (110) crystal face (see
Fig. 8).142 Later, Cubillas, Anderson, and Attfield used in situ AFM to monitor growth of
two ZIFs with LTA topology, [Zn(Im),_(bIm),] and ZIF-76.13 Their results indicated that
crystal growth of ZIF-76 began via a birth and spread mechanism, with a relatively high
nucleation rate. However, as the supersaturation level dropped and surface nucleation rates
decreased, spiral growth was observed (see Fig. 2), a finding which is in line with classical
theories of growth.

The same work by Cubillas et al. also provided important microscopic details regarding

the mechanisms of ZIF growth. Using step height analyses, Attfield and coworkers found that
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Figure 8: In situ AFM deflection images (4.0 x 4.0 um?) of the (110) face of ZIF-8 showing
growth steps formed by (a) spiral growth mechanism and (b) “birth and spread” mechanism;
(c) cross-sectional analyses of some growth steps revealing the 1.2 + 0.1-nm step heights
corresponding to the djjg crystal spacing of the material. Dashed white line in (b) indicates
the line along which the cross-sectional analysis shown in (c) was performed. Reproduced
with permission from ref. 142. Copyright 2011 American Chemical Society.
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crystal growth proceeded via two-dimensional nucleation and further spreading of metastable
sub-layers. Importantly, these sub-layers were temporarily bridged and stabilized by non-
framework species before finally forming stable terraces; furthermore, this general mechanism
was found to hold for several other MOF systems including HKUST-14145 and MOF-5, 46
suggesting that such a mechanism could be widely applicable to a diverse set of nanoporous

crystalline materials.

5.2.2 Characterization of Fundamental Growth Unit(s)

Due to the ability of AFM to resolve sub-nm step heights at the growing MOF crystal
interface, several studies have employed in situ AFM to identify the fundamental growth
unit(s) involved in MOF growth. In 2012, Cubillas et al. used in situ AFM to track the
surface growth of MOF-5.14¢ In an important insight, a time-resolved step height analysis
revealed that simple monomeric units (Zn®* ions and Hybdc linkers), and not the full SBUs,
were responsible for the growth of MOF-5, with non-framework species playing a crucial
role in stabilizing partially formed layers. By varying the Zn/H,bdc concentration ratio,
the authors discovered that both the underlying atomistic-level growth mechanism and the
resulting crystal morphology depended strongly on the relative metal/ligand concentrations,
although the nature of the growth unit was unaltered. A subsequent study on MOF-5, this
time via a “controlled SBU approach”, used in situ AFM to discern whether or not the
SBU [Zn,0(0,CCgH;)¢] remained intact during growth.4” Critically, step height analysis
showed no evidence for growth by full SBU units; instead, the SBUs were found to undergo
at least partial dissociation prior to framework incorporation. Furthermore, and consistent
with prior work, Zn*" ions and Hybdc linkers were both found to be important fundamental
growth units. Despite these mechanistic similarities, the SBU-containing growth solution
was found to influence the relative growth rates along different crystallographic directions,
sometimes leading to faster nucleation when compared to simpler zinc salts. Consequently,
although the MOF-5 SBUs were not fundamental growth units, partially-dissociated SBUs
may fill this role, and the presence of SBUs clearly influenced the overall growth mechanism.

Similar in situ AFM analyses have also been conducted on HKUST-1, 144148 ZIF-8, 142 and
ZIF-76,3 all of which implicate simple solvated metal ions and organic linkers (rather than
larger complexes) as fundamental growth units. In each of these studies, the authors ob-
served growth via successive metastable sublayer formation (often with metal ion-terminated
sublayers showing the greatest stability), and frequently found that non-framework species

were essential for stabilizing these sublayers. Given the diversity of topologies that have been
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studied thus far, MOF growth via stabilized attachment of simple organic and/or inorganic
monomeric unit may well be a fairly general phenomenon in MOF crystallization.
Nevertheless, a few contrasting studies do support the role of more complex, pre-assembled
structures in growth. For example, an early in situ AFM study of a 1D Cu coordination
polymer identified small oligomeric moieties (possibly polymeric chains) as plausible growth
units. ¥ More recently, an in situ study on the MOF CdIF-4 observed pre-assembled metal-
ligand complexes as fundamental growth units, finding no evidence for stable attachment of
simple organic linkers. These contrasting studies highlight the difficulties in drawing broad

generalizations regarding the nature of fundamental MOF growth units.

5.2.3 Surface Growth Features: Termination and Defects

AFM has also been used to probe other aspects of growing MOF surfaces, including preferred
surface termination(s) and growth defects. In the former case, analysis of AFM-measured
step heights provides a method to deduce the surface termination of the MOF. In the case of
HKUST-1, Attfield and coworkers measured characteristic growth step heights of ~1.5 nm,
corresponding to the dj;; crystal spacing of the HKUST-1 structure,!#* thus suggesting a
surface termination motif involving a layer of Cu-centered octahedra and trimesate groups
(see Fig. 9). In addition, the measured step height distribution was inconsistent with the
full dimeric SBU acting as the fundamental growth unit of HKUST-1, but rather suggested
simpler (smaller) fragments. As for the case of ZIF-8, many of the same authors found
characteristic growth steps heights of ~1.2 nm, corresponding to the d;;o crystal spacing. 142
Further height analysis of substep heights implied that the surface plane was formed by a
layer of [Zn(Melm),] , likely with solvent (rather than Melm ) acting as the terminating
species. This surface termination motif further confirmed that units simpler than SBUs
(likely monomeric species) can act as the fundamental growth units.

AFM can also provide important insight into MOF surface defects. Shoaee et al. found
growth hillocks in their ex situ AFM study of HKUST-1 {111}, explaining them as dislo-
cation growth spirals.'® Many of these growth spirals were found to originate from screw
dislocations, and their prevalence suggests that spiral growth may be dominant in late-stage
HKUST-1 crystallization. The atomistic structure of these screw dislocations was analyzed in
great detail by Walker and Slater using isotropic continuum elastic (ICE) theory,® whereby
surface fracturing of the crystal, primarily along the <110> direction, was also observed and
ascribed to post-synthetic treatment of the crystal. Based on bonding arguments, the au-

thors hypothesized that these fractures most likely occur along the {100} and {200} planes,
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Figure 9: a) Cross-sectional analysis of a typical step train on the 111 face of HKUST-1; b)
the structure of HKUST-1 viewed down a 110 direction highlighting possible di1; and das
crystal spacings and the perpendicular height of the oxygen atoms of possible intermediate
surface terminations above the copper species in the layer (A); ¢) cross-sectional analyses at
various points along different nuclei on the top most layer of a growth hillock. All heights
are quoted in nm. Reproduced from ref. 1445with permission from John Wiley and Sons.



thus avoiding breaking strong bonds.

5.3 Influence of Reaction Parameters
5.3.1 Influence of Solution Composition

As with SEM (discussed in Section 7), AFM allows for time-resolved studies of crystal mor-
phology, thus enabling detailed molecular-level investigations into the influence of reaction
parameters (e.g. solvent) on the resulting crystal growth. As an example, Cubillas et al.
explored the effect of solution composition on the growth rate and resulting morphology
of MOF-5 under low supersaturation.'6 With Zn/H,bdc ratios greater than 1, the authors
found growth along the <100> direction to be slower than <110>, yielding square terraces
with steps parallel to <100>. Conversely, with Zn/Hybdc ~ 1, growth along <110 > was
slower, which instead lead to rhombus-shaped terraces with steps parallel to <110>. Subse-
quently, Cubillas et al. used in situ AFM to examine the epitaxial crystal growth of a mixed
metal core(MOF-5)-shell(Co/Zn-MOF-5)-shel(MOF-5) crystals at room temperature and
low supersaturation.!® The authors found evidence that the addition of Co to the growth
solution slowed or even (at high Co concentrations) halted the overall rate of surface growth
as compared to Co-free conditions. Furthermore, the presence of Co altered the relative
growth rates along the [110] and [100] directions, inducing crystal morphology changes. The
authors explained these observations in terms Co-induced solution species that may inhibit

growth at step edge or kink sites.

5.3.2 SURMOF Growth on Substrates

In addition to AFM studies on bulk MOF growth, many authors have performed AFM anal-
yses of surface-attached metal-organic frameworks (SURMOFSs), with a specific emphasis
on HKUST-1 growth on functionalized substrates. Compared to growth in bulk solution,
growth on substrates generally appears to yield crystalline products with lower defect con-
centrations. For example, Szymonski et al. employed AFM to study the (111) surface of
HKUST-1 microcrystals grown on COOH-terminated SiO,/Si(100) wafers in air and under
ultra high vacuum (UHV) conditions.'®® Compared to prior AFM studies on bulk, solution-
synthesized HKUST-1 crystals, they found that crystals grown on the substrate were free
from screw dislocations and exhibited a homogeneous (111) termination. In contrast, pre-
vious studies on bulk HKUST-1 exhibited a high density of screw dislocations and chemical
inhomogeneity, with both (111) and (222) terminations. Later, John et al. used in situ AFM
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to investigate the growth processes of oriented HKUST-1 crystals grown on self-assembled
monolayers (SAMs) on Au substrates.' In contrast to their prior work on bulk HKUST-
1,8 the SURMOF showed low-defect monolayer growth. This growth was 2D and appeared
to nucleate at the same point on each surface layer. Real-time high-resolution AFM defect
images and step height analysis supported a layer-by-layer growth mechanism of a 1.5 nm
dq11 step of HKUST-1 and anisotropic advancement of the triangular growth steps.

AFM can also be used to provide insights into the fundamental nature of the HKUST-1
SURMOF growth layers themselves. For instance, Munuera et al. utilized AFM to probe the
layer-by-layer growth of HKUST-1 SURMOFSs on functionalized self-assembled monolayers
(SAMs). 153 According to the AFM images, the resulting oriented SURMOFs exhibited high
homogeneity over areas on the scale of several square mm. Using a selective deposition
method, the authors found that the number of growth layers was proportional to the number
of immersion cycles and that each immersion cycle yielded a ”half layer” with a thickness of
1.317 nm in the [100] direction, which was initiated by copper ions binding to carboxylate
units on SAMs with subsequent coordinating BTC units to Cu ions.

More recently, Ohnsorg et al. used AFM to probe the layer-by-layer growth of HKUST-1
SURMOF via liquid-phase epitaxy. % Using scanning probe microscopy, the authors exam-
ined the first ten fundamental layers of HKUST-1 and found that the thin film first nucleated
as small isolated nanocrystallites and then expanded in size as the deposition cycles increased,
consistent with an island formation (i.e. Volmer-Weber) growth mechanism. The authors
also explored the role of deposition temperature and substrate quality, finding that higher
temperatures yielded smaller particles and higher / smoother substrate coverage, whereas

substrate quality had minimal influence on film formation.

6 Other Probes of MOF Thin-film Growth

Beyond AFM, the nucleation and growth of MOF thin films has also be investigated by a

variety of other experimental techniques, some of which are highlighted here.

6.1 Quartz Crystal Microbalance

Quartz crystal microbalances (QCMs) exploit the shift in the natural resonant frequency
of a quartz crystal as a function of its mass. Under a number of simplifying assumptions,

changes in this resonant frequency can also be related to the mass deposited onto a thin-film
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coated quartz electrode, yielding a powerful approach for measuring sub-microgram mass
changes in thin films.

Two separate studies have recently used QCM to monitor thin-film HKUST-1 growth.
Stavila et al. used QCM to perform a quantitative kinetic analysis of HKUST-1 thin-film
growth, recording rate constants for the deposition of each layer.'® The QCM data indi-
cated that the initial layer of Cuy(OAc), grew in via a zero activation energy sticking process
with no significant rearrangements or bond-breaking reaction(s). By contrast, growth of
subsequent layers [alternating ethanolic Hzbtc and Cu(OAc),] proceeded in a temperature-
dependent fashion with relatively low activation energies (14.7 - 21.7 kJ/mol, depending on
the layer) and large negative activation entropies (-347.6 to -330.8 kJ/mol K), consistent
with a concerted acetate/btc linker exchange (bond breaking and formation occurring si-
multaneously) and a tight transition state. Importantly, and regardless of the substrate, the
global activation energies determined from Eyring-Polanyi analysis of the QCM data were
approximately an order of magnitude lower than previously measured for bulk HKUST-1.%°

A similar study by Nijem et al. used a combination of ex-situ XRD, SEM, and QCM-D
(QCM with dissipation analysis) to probe the growth mechanism(s) of thin film HKUST-1
as a function of film thickness.!%® For thin films, the authors found that growth proceeded
via rigid attachment of subunits in a layer-by-layer growth mechanism; however, as the
film thickness increased (>40 layers), the authors instead observed a grain growth mecha-
nism, non-rigid attachment of subunits (which was particularly pronounced for the Cu(OAc),
units), and a shift in crystallographic orientation of the supported layers. The authors at-
tributed these effects to heterogeneous nucleation on the more energetically-favorable [200]

surface, with non-rigidly attached Cu(OAc), serving as a nucleation site.

6.2 SPR

As an alternative to QCM, surface plasmon resonance (SPR) is capable of measuring changes
in film thicknesses, with nanometer sensitivity, by propagating electromagnetic waves across
a material interface and correlating changes in the resonant frequencies to film thickness.
Shekhah et al. employed SPR to monitor the thin-film growth of HKUST-1, finding that
no HKUST-1 growth was observed when utilizing Cu(NOs3), as the metal precursor un-
der solvothermal conditions, whereas a Cu(OAc), precursor produced regular growth cycles
whose growth rate depended on surface orientation.'®” The authors ascribed these differences
to the lack of solution-phase dimeric paddlewheel structures in the Cu(NOs), solution; in
contrast, dimeric Cu(OAc), structures are similar to the dimer paddlewheel SBU of HKUST-
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1, and the authors hypothesized that the presence of such paddlewheel species in solution is
important for HKUST-1 growth.

6.3 IRRAS

Infrared reflection adsorption spectroscopy (IRRAS), a surface-sensitive IR technique, has
also been used in several recent studies to track the growth of SURMOFs. In conjunction
with complementary surface X-ray diffraction (SXRD) studies, Zhuang et al. used IRRAS
to study the temperature-dependent orientation of a Cu,-paddlewheel MOF grown on two
different SAM-functionalized Au surfaces, PPP1 (carboxylic acid terminated) and MTCA
(Lewis base terminated).!® While the composition of the SAM surface clearly affects the
orientation of the growing crystal, the authors were additionally able to explain how the
deposition temperature affects the resulting crystal orientation and morphology. In a subse-
quent study on an orthorhombic [Cuy(sdb),(bipy)] MOF, Yu et al. again used IRRAS and
SXRD to determine how surface area minimization and Ostwald ripening could out compete
templating effects in the oriented growth of the MOF with either PPP1 or MTCA func-
tionalized surfaces.'® As measured by IRRAS data taken after one deposition cycle, and
in contrast with the Cuy-paddlewheel results, both PPP1 and MTCA displayed the same
orientational preference, indicating that the SAM surface chemistry did not play a large
role in determining crystal orientation for the [Cuy(sdb)y(bipy)] system. Instead, their re-
sults supported the important role of surface energy minimization and Ostwald ripening over

templating effects (at least of less symmetric crystals) in MOF thin-film growth.

7 SEM/TEM

7.1 Overview

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are spatially-
localized imaging techniques which have been employed in a large number of time-resolved
studies of MOF growth. Both SEM and TEM probe the interaction of a sample with an
electron beam, monitoring either the scattered or transmitted electron, respectively. While
SEM produces surface profile images of a comparatively large area for both bulk and thin
film materials, TEM is limited to studies of thin films, but generates two dimensional pro-
jection images with higher resolution. TEM also requires the use of a higher energy beam

compared to SEM; because MOF stability is known to be sensitive to this higher energy
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beam, TEM studies of MOF materials are, at present, less common than SEM studies (see
Wiktor et al. 1% for details). Nevertheless, recent advances!'® in TEM imaging techniques,

161 can help limit beam damage effects, and these advances have begun

including cryo-TEM,
to be employed in the study of MOF materials. 2

Due to the need for near vacuum conditions, SEM/TEM cannot typically be utilized
in situ under solution-phase conditions, thus imposing limits on the achievable time resolu-
tion for each technique. (Note, however, that newly-developed cryo and liquid-phase sample

161,163 gee Section 7.2.3 for

preparation techniques do allow for such in situ characterizations;
an example.) Instead, SEM/TEM has almost invariably been used to provide detailed, ex
situ, spatially-localized imaging information about MOF crystal growth in the size regime
from tens of nm to microns. Numerous studies have utilized SEM/TEM to monitor particle
size distributions and/or the morphological evolution of MOFs during growth, thus enabling
(vida infra) a detailed understanding of both classical and non-classical crystal growth path-
ways as well as the influence of various reaction parameters.

Beyond imaging, SEM/TEM instruments can also be used as the basis of several sophis-
ticated scattering and spectroscopy techniques. In combination with SEM/TEM images,
electron diffraction’® (ED) and high resolution TEM (HRTEM) can be utilized to charac-
terize crystal structures (even for nanosized crystals, which cannot be analyzed by XRD),

160,165

identify surface facets, and detect defects in MOF crystals. Two other techniques, en-

163 and electron energy loss spectroscopy (EELS),

ergy dispersive X-ray spectroscopy (EDX)
both provide quantitative, element-specific compositional information. EDX is primarily
sensitive to the presence of heavy elements (i.e. metal species within the MOF), while EELS

is usually more suitable for study of light elements. 1%

7.2 Mechanistic Analyses
7.2.1 Ostwald Ripening

Ostwald ripening has often been observed during the crystal growth of MOFs, and several

30.64 Tn one such study,

studies have been devoted to investigations of ZIF-8 in particular.
Cravillon et al. monitored the crystal morphologies observed during formate-modulated
ZIF-8 crystal growth under solvothermal conditions using EDXRD (see Section 4.4.5) and
SEM. % Importantly, SEM revealed that the homogeneity of the crystal particle morpholo-
gies strongly depended on stirring conditions, with more homogeneous morphologies ob-

served under the unstirred conditions typically used in solvothermal ZIF-8 synthesis. Under
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these static conditions, the authors initially found a mixture of large and small crystals,
with the latter primarily adhered to the surface of the larger crystals, thus suggesting that
heterogeneous nucleation on the surface of existing crystals occurred concurrently with crys-
tal growth. Eventually, the smaller crystals were found to disappear via Ostwald ripening;
meanwhile, the morphologies of the larger crystals evolved from cubic, to truncated cubic, to
truncated rhombic dodecahedron, and eventually into an equilibrium rhombic dodecahedron
morphology. A separate study of ZIF-8 formation, this time using room temperature TEM
along with selected area electron diffraction (SAED), revealed a substantial increase in the
characteristic particle size during synthesis (from 10 min to 24 hours), again consistent with
Ostwald ripening effects (see Fig. 10).%

Ostwald ripening processes have also been observed in a variety of other ZIF systems. Ban
et al. used SEM to monitor the evolution of ZIF-78 crystals under extended solvothermal
synthesis. ' Over a period of 6 — 48 hours, they observed an Ostwald ripening process
involving a decrease in crystal defects, an increase in average crystal size, and evolution into
well-defined hexagonal rods. Later work by Feng et al., who examined ZIF-67 via SEM,
is in agreement with many of these conclusions, showing a growth in average particle size
with time (consistent with Ostwald ripening) in conjunction with increased faceting and
sharpening of edges and corners.'% In a related study, Verma and coworkers used AFM and
SEM to track the oriented growth of a cubic copper MOF in DMF on either a glass or silicon
substrate.1®” Over a period of 30 days, both AFM and SEM images revealed not only the

formation of cuboidal aggregates, but also a solution-phase Ostwald ripening process.

7.2.2 Elucidation of Non-classical Growth Pathways

Although classical models of crystal growth dictate that growth occurs from a nucleus via
layer-by-layer deposition of the building units, non-classical growth mechanisms have also
been observed in some MOF systems. Time-resolved SEM and/or TEM measurements
have the potential to track the morphological evolution of MOFs during crystallization,
thus facilitating the identification of various non-classical growth mechanisms — including,

aggregation, reversed crystal growth and/or splitting growth.

Aggregation-Mediated Pathways Time-resolved SEM/TEM has been previously uti-
lized to probe the time-dependent morphological evolution of MOF microstructures, provid-
ing direct insight into aggregation-mediated growth pathways. Such aggregation-mediated

pathways can give rise to extraordinary crystal morphologies that strongly deviate from sim-
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Figure 10: TEM images of ZIF-8 as a function?of synthesis time: (a) 10 min; (b) 30 min; (c)
40 min; (d) 60 min; (e) 12 h; (f) 24 h. Reproduced with permission from ref. 30. Copyright
2010 American Chemical Society.




ple predictions based upon classical theories. In one example, Li and coworkers demonstrated
the synthesis of novel hierarchical Zn-Heptpy “microflowers” via a hydrothermal approach,
with morphology controllable via the concentration of the triethylamine (TEA) base. % SEM
was utilized to monitor the morphological evolution, probing the details of microflower for-
mation and growth. Based on SEM analysis, it was proposed that this formation process
started with coordination and nucleation of Zn*" with Heptpy, followed by aggregation and
secondary nucleation to form cross-linked sheets and further self-assembly into hierarchical
microflowers.

Beyond the formation of hierarchical structures, aggregation has been also observed in the
formation of MOF-5. Zheng et al. utilized both SEM and HRTEM to characterize intermedi-
ate species identified during the crystallization of MOF-5 from DMF solution. 1% The authors
proposed a novel formation mechanism for MOF-5 based on initial Zns(OH)g(NOj3), -2 HyO
nanoplate formation, aggregation to form larger microplates, microplates packing to form
layered inorganic-organic composite, and eventual transformation into 3D crystalline MOF-5
(see Fig. 11). Aggregation of the resulting MOF-5 nanocrystallites yielded porous struc-
tures that eventually transitioned into cubic single crystals via surface recrystallization in a

commonly-observed process known as ‘reversed crystal growth’ (vide infra).

Reversed Crystal Growth Reversed crystal growth is a non-classical growth phenomenon
that was first discovered in zeolites by Zhou and co-workers in 2007.17° In such reversed
growth, crystal growth occurs via aggregation of nanocrystallites followed by surface re-
crystallization, with single crystal growth extending from surface to core in the opposite
direction predicted via classical growth. Reversed crystal growth has also been observed
in MOFs such as MOF-5. In this case, Greer et al. identified a complex pathway towards
growth of a thermodynamically-stable cubic phase, beginning with the formation of MOF-5
nanoplatelets, and followed by aggregation to form larger polycrystalline “microcubes”. ™
At later times, the authors found that nanoplatelets interconnected and grew to form an
interpenetrated “house-of-cards” structure, and that growth over even longer timescales
eventually led to a single crystal cubic shell that grew inward (toward the core) via Ostwald
ripening. In a separate study, similar reversed growth was also observed for the Zn-based
RHO ZIF using SEM, TEM and PXRD.!™ A detailed growth mechanism for the ZIF was
proposed: At the early stage of growth process, spherical aggregates formed from disordered
precursor materials. These aggregates joined to form porous pseudo-rhombic dodecahedral

particles, followed by surface recrystallization leading to a single-crystal outer shell encasing
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Figure 11: Schematic drawing of a proposed formation mechanism of MOF-5 cubes. (a)
Zn5(OH)g(NO3), - sH,0O nanoplatelets. (b) Large microplate consisting of nanoplatelets and
1,4-BDC molecules. (c) Inorganicorganic composite layered particles with packing of the
Zn5(OH)g(NO3)s - 9HoO microplates along the [100] zone axis. (d) Multiple nucleation of
MOF-5 and development of nanocrystallites inside the microplates. (e) Aggregation of
MOF-5 nanocrystallites into porous cubic particles in the layered particles. (f) Surface
re-crystallisation of the cubic particles into single crystalline shells. (g) Extension of re-
crystallisation from the surface to the core, leading to true single crystals. Reproduced from
ref. 169 with permission of The Royal Society of Chemistry.
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a porous core. Finally, a single crystal was formed by extending crystallization from surface

to core.

Splitting Crystal Growth Splitting crystal growth, defined as the splitting / fracture of
a crystal at growing faces to yield sheaf-like structures, has been invoked to explain sheaf-
like morphologies exhibited by some naturally-occurring crystals. Such crystal splitting is
generally believed to be associated with fast crystal growth and is dependent on solution
supersaturation. '™ Using SEM and TEM, Zhang and coworkers observed splitting crystal

1,175 In particular,

growth in the formation of various La-containing MOF nanocrystals.
hierarchical flower-like superstructures, consisting of well aligned nanowires, were discovered
in the crystallization of Eu(1,3,5-BTC)g.1™ (Notably, these hierarchically-structured motifs
bore similarity to those previously observed in inorganic materials, such as LnVO, and
Bi,S3, whose morphologies have also been attributed to splitting crystal growth.!7176) The
hierarchical structures in Eu(1,3,5-BTC)g were presumed to originate from ‘fractal’ splitting
of the MOF during the early stages of the reaction. In addition, the extent of splitting was
seen to decrease with concentration and temperature, likely because those factors increased
the number of nuclei and thus slowed the growth process, in turn decreasing the degree
of splitting. Subsequently, many of the same authors also confirmed the presence of split
growth in the crystallization of another La-containing MOF, Ce(1,3,5-BTC)s.!"™ Depending
on stirring conditions and heating method, well-organized sheaf-like structures were observed
by SEM at very early growth stages, followed by evolution into a much denser “straw-

sheaflike” structure as a consequence of splitting growth.

Self-templated Formation Mechanism As shown above, observations of complex or
hierarchical nano-/micro-structures can often indicate the presence of non-classical growth
pathways. A fascinating example of this can be found in the growth of hollow MOF micropar-
ticles (hollow-Zn-BTC), which Lee et al. observed using SEM and TEM.!"" The author’s
imaging studies demonstrated a “self-templating” mechanism for crystal growth, initiated
by the formation of solid microspheres. This solid formation was subsequently followed by
templated secondary-growth along the outer surface of the microspheres; simultaneously, the
initial spherical particles dissolved, ultimately resulting in hollow nanoparticles. In contrast
to the initial solid microspheres (which were poorly crystalline and nonporous), the final

hollow nanoparticles were found to be highly crystalline.
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7.2.3 TEM Studies of ZIF Growth

Recently, advances such as liquid cell TEM (LCTEM) have been utilized to facilitate powerful
in situ probes of ZIF nucleation and growth. Patterson et al. used in situ LCTEM to monitor
the growth and dynamics of ZIF-8 at high magnification and in real time. % From analysis of
their movies of ZIF-8 growth, they concluded that the formation of ZIF-8 particles does not
occur via aggregation, but rather through the growth of smaller subunits in solution; these
results are consistent with the conclusions of the prior SAXS/WAXS studies of Cravillon

1.3 The authors note that nucleation can also be limited by local depletion of reactants

et a
in solution, yielding surface limited growth.

In a separate study, and with the assistance of a direct-detection electron counting cam-
era, local structural features of MOFs — which cannot be solved by diffraction-based tech-
niques — were probed by Han and coworkers using high-resolution TEM (HRTEM).1%® The
authors were able to obtain ZIF-8 structural information with spatial resolution of indi-
vidual Zn atomic columns and organic linkers at an ultralow electron beam dose. They
observed ’armchair’-type rather than ’zigzag'-type termination for the (110) surfaces and
coherent interfacial structures between assembled ZIF-8 crystals. Additionally, their obser-
vations showed that the self-assembly of ZIF-8 crystals generated larger interfacial cavities
compared to bulk, thus enhancing the diffusion of guest molecules.

In addition, Carreon and coworkers have used selected-area electron diffraction (SAED)
to probe the local crystallinity of ZIF-8.3%1787 SAED showed well-defined patterns con-
firming ZIF crystallinity even at short synthesis times when grown at room temperature in
methanol.?® At early synthesis time, the ZIF phase was found to coexist with a secondary
ZnO phase exhibiting a nanoneedle morphology, whose identity was confirmed via SEAD
and EDS.?

7.3 Influence of Reaction Parameters
7.3.1 Influence of Heating Methods

SEM studies of MOF crystal growth demonstrate how different heating methods can influence
the resulting particle size distribution. As an example, the morphological evolution of the
imidazolate framework Potsdam (IFP) series of MOFs was monitored via SEM by Behrens et
al.1™ Under microwave synthesis conditions, the authors found that the resulting crystallites
transform from an initially spherical “nucleation” phase into hexagonal particles after ~40

minutes of reaction. In that case, the particle size distribution was rather narrow and did
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not evolve strongly with time, suggesting that the particles’ size remains relatively constant
even as their morphology evolves. In contrast, conventional electric heating yielded a broader
particle size distribution with a larger average size, consistent with a lower nucleation rate.
Similar results were obtained by Albuquerque et al. in the case of MOF-74(Ni), where
TEM showed that microwave heating yielded smaller grains as compared to those without
microwave exposure, likely due to higher nucleation rates under microwave conditions.?4 In a
separate study, Masoomi and Morsali used SEM to show how the applied power of alternative
microwave / ultrasonic heating can also have an important influence on morphologies, and

demonstrated that increased ultrasonic power yielded more uniform plate-like morphologies
of the Cd-based TMU-9 MOF.

7.3.2 Electrochemical Synthesis

SEM has also been utilized to detect intermediates and unravel the pathways involved in
the electrochemical synthesis of MOFs. 18183 The electrochemical growth of HKUST-1 was
examined by Schafer et al. with a combination of SEM and Raman.!8! A key question in
this case was the role of oxygen species in the synthesis when using a Cu electrode as the
copper source. HKUST-1 was found to grow only when using Cu,O (but not CuO), which
can be generated either by O, (in the absence of an applied potential) or via electrochemical
oxidation. Subsequent direct electrochemical oxidation of the solid Cu,O to yield CuBTC
(HKUST-1) was proposed to occur at the solution-cuprite interface in the presence of the
linker, consistent with the tight attachment of the resulting crystals to the electrode as seen
in SEM. Their results support the conclusion that nucleation of HKUST-1 under electro-
chemical conditions occurs at the electrode surface rather than in solution and thus differs
fundamentally from the expected solvothermal mechanism.

As a follow-up study, Campagnol et al. used SEM and QCM to address an open question
regarding late-stage electrochemical HKUST-1 growth. Namely, does late-stage growth occur
at the Cuy,O-CuBTC-electrolyte interface, or via solution-based process involving attachment
of Cu®" ions? The authors proposed a model for the electrochemical anodic growth of
HKUST-1 that involves four phases: nucleation initiated at the electrode surface by release
of Cu®" into the solution; island growth of crystals on the surface caused by nucleation
adjacent to existing crystals; intergrowth to form a compact layer; and finally detachment
due to stress and undercutting of MOF crystals. A key insight from this work is that
late-stage electrochemical growth of the MOF indeed occurs at the MOF-solution interface,

specifically after dissolution of the metal cation at the metal-MOF interface and migration
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of the nascent metal cations to the MOF-solution interface.

7.3.3 Unconventional Techniques for ZIF Growth

The combination of novel reactor or reaction schemes and SEM/TEM imaging have allowed
additional insights into ZIF growth. In conjunction with solvo-jet techniques, Choi et al.
used SEM to examine the evolution of ZIF-8 particles.'® By varying the flow rate through
the tubular reactor, the nucleation and growth times were varied and the influence on the
resulting crystallites was examined via SEM. Slower flow rates (and thus longer residence
times) yielded larger and more uniform particles sizes, consistent with longer growth periods.
Faster flow yielded irregular particles, whereas slower flow yielded rhombic dodecahedral
crystals. SEM and TEM were also used to examine the morphological evolution of particles
as they passed through the reactor. Early stages of the reaction showed aggregation of very
small particles, without a well-defined shape. These later evolved into truncated rhombic
dodecahedral nanoparticles and eventually larger rhombic dodecahedra or rhobicuboctahedra
with sharp edges. The authors concluded that crystal growth and facet development occurred
in the vapor jet region of the reactor.

In a separate study, Avci et al. used SEM to monitor the morphological evolution of
ZIF-8 and ZIF-67 crystals under post-synthetic anisotropic wet-chemical etching. 8% The au-
thors utilized a weak acid (xylenol orange) that protonated the 2-methylimidizole linkers,
breaking the metal-linker bond, and coordinating / sequestering the resulting metal cations.
The evolution of the ZIF crystallites was monitored with SEM, showing preferential etching
of crystal facets exposing high densities of metal-ligand bonds and surfaces of higher dimen-
sionality (i.e. edges over vertices), with the latter phenomenon exploited to generate hollow

ZIF microboxes.

7.3.4 Influence of Crystallization Promoters / Modulators

As with XRD, SEM/TEM has also been extensively utilized to explore the role of modulators
on MOF crystallization. These SEM/TEM studies offer distinct but complementary insight
compared to XRD, with SEM/TEM primarily focused on the influence of the modulator on
the the size/morphology of the resulting crystal rather than on quantifying crystal nucleation
and/or growth rates.

Coordination modulation is frequently invoked to describe the mode of action for MOF
crystallization modulators, with competitive association potentially tuning crystal morpholo-

gies and/or size distributions. For example, Kitagawa and coworkers examined the influence
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of a monocarboxylic acid modulator on microwave-assisted HKUST-1 synthesis, character-
izing the resulting particle sizes and morphology via TEM.!'® They found that addition
of dodecanoic acid strongly influenced particle morphology, yielding cubic particles at high
modulator concentrations vs. gel-like morphologies in the absence of the modulator. In-
creasing modulator concentrations led to systematically larger crystals, supporting a role
for the additive as a coordination modulator that complexes with the Cu?®" cations, thereby
decreasing the supersaturation of the precursors and the nucleation rate.

Through selective coordination modulation, modulators can also serve as capping agents
to inhibit growth of selected crystal facets, thus yielding anisotropic MOF growth. Using
an acetic acid modulator, Tsuruoka et al. performed a time-dependent TEM studies of
anisotropic [Cug(ndc),(dabeo)n | nanocrystals formation. ¥ Based on their TEM images and
ED pattern, the authors related crystal morphologies with their structures and proposed a
formation mechanism whereby initial nanoparticle growth was followed by aggregation to
yield nanocubes. Further nanocube growth was tuned by selective coordination modulation
to the (100) surfaces, yielding preferential growth of nanorods in the [001] direction. Later,
Pham et al. demonstrated that the addition of modulators (acetic acid and pyridine) with
different functionalities could selectively cap facets of the growing MOF crystals, thus leading
to nanocrystals with different desired morphologies. '8

Surfactants can also act as modulators to induce anisotropic growth via adsorption /
desorption on various MOF facets. Time-resolved ex-situ experiments SEM were performed
by Yuan et al. to monitor the formation process of Zn-BDC MOF nanorods via a surfactant-
assisted approach.'®® An added surfactant, CTAB, was found to act as both a stabilizer and
a dispersant, thus controlling both the size and morphology of the resulting MOF. Investiga-
tions on the morphological evolution with reaction time using SEM revealed evolution from
small primary nanosheets to the final rod-like shape in the presence of CTAB, in contrast
to irregular microcrystalline particles in its absence. More recently, Li et al. used SEM to
examine the influence of a poly(vinylpyrrolidone) (PVP) surfactant on the morphology of
IRMOF-3.1% By monitoring the time-evolution of the synthesized structures under various
reaction conditions, the authors proposed that the observed morphological transitions were
due to selective adsorption of PVP onto specific crystal facets.

Beyond coordination modulation, deprotonation modulation can be utilized to influence
acid/base equilibria and the protonation state of the organic linker. To this end, Li and
coworkers demonstrated the synthesis of novel hierarchical Zn-Hceptpy microflowers via a

hydrothermal approach using a triethylamine (TEA) modulator.'® By altering the con-
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centration of TEA (and thus system pH), the authors obtained different morphologies and
particle sizes of Zn-Heptpy product, with morphology evolving with increasing pH from
fiber-like, to microfibers, to flower-like to irregular cubic.

Through deprotonation modulation, solvent or solvent mixtures can also play a significant
role in altering MOF growth and the resulting crystal morphology. Jian et al. examined ZIF-
8 growth in aqueous (rather than organic) solvents, using a variety of Zn sources.'®* SEM
showed that the initial crystallites formed were approximately spherical with bumpy surfaces.
Via Ostwald ripening, larger particles were eventually formed and reached their equilibrium
dodecahedron shape. Notably, interesting differences were also observed compared to ZIF
synthesis in organic solvent, likely due to the high pKa of Hmim in water. In particular,
the authors suggested that excess Hmim linker may, in this case, serve as a base in the
deprotonation of nascent Zn(Hmim),”" clusters.

Similar solvent-induced deprotonation modulation has also been observed in other MOF
systems. By varying the water ratio in a DMF /water solvent system, a series of NHyo-MIL-
53(Al) crystals with various sizes and morphologies were solvothermally synthesized by Guo

192 SEM showed that the crystals initially emerged as spherical aggregates,

and coworkers.
which then evolved to single crystals and finally in size with various observed morphologies
(e.g. cube-like, ellipsoidal and rhomboid crystals). Moreover, the authors examined the
influence of water on the nucleation and crystal growth process. Small amounts of water were
found to trigger the deprotonation of the organic linker, whereas excess water was observed
to inhibit deprotonation; consequently, deprotonation modulation was deemed responsible
for altering the nucleation rate and crystal morphology. Asha et al. reached very similar
conclusions regarding the importance and modulating role of trace water in a Cd-based
MOF. 1% In this case, SEM images revealed that the product morphology evolved from rod-
like, to block-type, to plate-like crystalline materials as a function of increasing water content
in the DMF /water solvent.

Modulators can sometimes play a dual role in both coordination and deprotonation mod-
ulation. Using SEM and XRD, the effects of three different modulators (sodium formate,
sodium acetate and triethylamine) on HKUST-1 nucleation and growth were examined by

1..19 In the case of sodium formate, the authors proposed a bifunctional role for

Wang et a
the formate modulator, with higher pH increasing the deprotonation of the organic linkers,
increasing nucleation rate and subsequently decreasing crystal sizes. The resulting nanocrys-
tals were then stabilized by the formate “capping” agent, preventing further growth. Very

similar conclusions about the bifunctionality of a sodium acetate modulator were reached in
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a related study on the crystallization of a lanthanide [Dy(BTC)(H,0)] MOF, using SEM and

195 Tn both cases, the authors emphasize that nanometer-

TEM to monitor the crystal growth.
size particles are achievable only via pH adjustment (to enhance nucleation) and a capping
agent (to hinder growth).

The particular influence of a modulator may depend on the nature of the metal source,
as demonstrated by Xin et al. in the synthesis of HKUST-1.1% Via SEM and TEM, the
authors observed that the influence of the modulator depended on the nature of the cop-
per source, either Cu(NOj), or Cu(OAc),; crucially, the latter species directly provides the
binuclear copper NBUs necessary for the rapid nucleation of HKUST-1. The modulators
(TEA or sodium acetate) were observed to play opposite roles: in the case of Cu(NOj),,
the deprotonation modulation favored nucleation, generating smaller particle sizes. In con-
trast, with Cu(OAc), (which already rapidly nucleates) as a copper source, high modulator
concentrations yielded slower reaction rates, thus yielding larger (sub-micron) particles.

Alterations in a modulator’s metal binding affinity, acidity, etc. can also influence the
resulting MOF crystal morphology. Using organic solvents as capping agents, Liu et al. con-
cluded that variations in a solvent’s metal coordinating ability resulted in different modula-
tion effects in the growth of a Co-based MOF.1%7 Solvents with weak metal binding (EtOH,
THF') could induce anisotropic growth via facet-selective adsorption; solvents with stronger
metal affinity, by contrast, could even alter the resulting crystalline phase. Time-resolved
SEM studies showed that these solvent-induced changes were evident at the very early stages
of crystal growth, even prior to significant crystal growth. In a separate study, Liu et al.
compared the influence of acetate and glycerol modulators on the growth of Fe-based MOF's
via SEM, with the modulators showing profoundly different modes of action.!®® Introduc-
tion of acetate into the growth mixture generated smaller, rod-like particles, as compared to
faceted octahedra. In this case, the additive increases solution pH and acted primarily as a
deprotonation modulator, with other bases yielding similar changes. By contrast, addition of
glycerol improved particle monodispersity and yielded bipyramdial hexagons. This influence

was attributed to suppression of Ostwald ripening via decreased diffusion.

8 Optical Microscopy

Optical microscopy is a less well-utilized technique in studying MOF synthesis, in part due
to its lower spatial resolution as compared to electron microscopy (typically sub-micrometer

vs. sub-nanometer).'% Nevertheless, owing to the fact that optical microscopy is spatially-
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resolved, relatively cheap, and nondestructive, it can be a powerful method for imaging
three-dimensional crystal morphologies.? In practice, optical microscopy often serves as
a complementary technique to XRD, SEM and/or TEM in the study of inhomogeneous
nucleation and growth.

Briefly, optical microscopy has been employed in three principle ways in prior time-
resolved studies of MOF nucleation and grow. First, it has been used in several studies

2017204 Second, optical microscopy has been

146,203,205

to quantify rates of heterogeneous nucleation.
utilized as a complementary technique to detect crystal sizes and morphologies.
Notably, the study by Conato and Jacobson combined both approaches to quantify, via
image analysis, the kinetics of crystal growth for SAM-supported MOF-5.

Third, and in a unique twist, nonlinear optical microscopy has been utilized in studies of
MOFs to observe spatially-localized inhomogeneities in the final crystal products. Specifi-

122 yyonlin-

cally, in the previously-discussed interpenetration study of MUF-9 (see Section 4),
ear second harmonic generation (SHG) microscopy was utilized as a sensitive probe for inter-
penetration, owing to the difference in point group symmetry between non-centrosymmetric,
non-interpenetrated a-MUF-9 and centrosymmetric, interpenetrated S-MUF-9. Unlike XRD,
which is a spatially-averaged technique, the SHG microscopy was able to reveal how both ho-
mogeneous and inhomogeneous sub-lattice interpenetration could be observed as a function

of synthesis conditions.

9 Light Scattering

9.1 Overview

Light scattering (LS) techniques, including dynamic light scattering (DLS) and static light
scattering (SLS), offer an in situ probe of particle size distributions (within the nanometer
regime upward), thus offering a relatively unique window into the early stages of MOF
nucleation and growth. By measuring the autocorrelation of scattered laser light, DLS yields
an estimate of particle diffusion, which (via the Stokes-Einstein relation) can be related to a
particles hydrodynamic radius. In contrast, SLS measures scattered intensity as a function
of angle, yielding information about particle size (radius of gyration, R,) and apparent
molecular weight (M,,). The connection between the R, and M, can yield further insight
into particle geometry, for example spherical vs. rod-like particles. Time-resolved SLS (TR-
SLS), in particular, is capable of probing the evolution of MOF nucleation and growth with

high temporal resolution. Nevertheless, a major limitation of LS is the need for homogeneous
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sample solutions, which in practice can necessitate using reagent concentrations more dilute
than those employed in traditional MOF synthesis. Because LS is hindered by increasing
solution turbidity and the resulting multiple scattering events, local microscopy methods
(e.g. SEM/TEM) are often utilized in conjunction with LS to provide complementary data
regarding late stages of MOF growth.206:207

9.2 Mechanistic Analyses
9.2.1 Elucidation of Nucleation and Growth Mechanism(s)

The time-dependent size and mass information obtainable from in situ light scattering can
provide crucial insights into the initial stages of MOF nucleation and growth. Such ap-
proaches have been applied several times in the past, including to various ZIFs. Cravillion
et al. used TR-SLS to investigate the early stages of the room temperature synthesis of
nanocrystalline ZIF-8 in methanol.?%® They observed rapid formation of ~50 nm particles
within the first minutes of mixing, with the authors attributing further subsequent growth
in particle size and mass to likely agglomeration / aggregation of the ‘primary’ nanocrystals.
Later, examining a similar ZIF-8 synthesis, many of the same authors found evidence for
continuous relatively slow nucleation and fast crystal growth, processes which were not well
separated.?’ Moreover, based on the correlation between R, and M, derived from TR-SLS
and complementary ex situ SEM results, the authors concluded that growth occurs via a
combination of particle aggregation (early stages) and monomer addition (later stages) of
particle growth.

Exploring related ZIF systems, Huber and coworkers combined time-resolved static and
dynamic light scattering techniques to investigate the crystal growth of a dense zinc imida-
zolate framework with zni topology (ZIF-zni).?*” They found that crystallization followed
a two-stage mechanism, where metastable ~120 nm primary particles were initially formed
and then subsequently acted as “monomers” in an aggregation / addition process to form
larger secondary particles — very similar to results for ZIF-8.

Later, Huber and coworkers combined in situ TR-SLS/DLS and TR-SAXS/WAXS exper-
iments to follow ZIF-71 nanocrystal growth.!% The authors proposed a detailed mechanism
for the crystallization of ZIF-71 (see Fig. 12), which involved initial formation of amorphous
clusters and subsequent growth via “coagulation” / aggregation, further evolution to amor-
phous particles via monomer addition (with the nature of these monomers potentially ranging

from small clusters to isolated metal ions or linkers), and finally crystalline domain growth
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via particle reorganization. In all cases, these ZIF-related studies highlight the importance
of non-classical growth mechanisms (particularly aggregation), at least in the early stages of
ZIF growth. Their strongly similar conclusions also suggest the possibility that the general

pathways governing ZIF nucleation and growth may be relatively universal, independent of
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Figure 12: A simplistic scheme outlining the proposed steps and intermediates in the for-
mation of ZIF-71 in 1-propanolic solution containing Zn(NOs),-6H,0 as the metal salt and
Hdcim as the linker. The times given correspond to the in situ experiments with the composi-
tion Zn** /Hdcim/1-PrOH = 1:4:2000. Reproduced with permission from ref. 106. Copyright
2016 American Chemical Society.

Still, the above conclusions on ZIFs are certainly not universal across MOFs. Using TLS,
Hermes et al. investigated the homogeneous nucleation and crystal growth of MOF-5 in
diethylformamide (DEF).?% Their results show that MOF-5 crystallization proceeded with
rapid nucleation well-separated from subsequent slow growth, with (interestingly) the high-
symmetry cubic shaped MOF-5 crystallites present even at very early stages of growth. In
contrast, TL-SLS studies on HKUST-1 tell a very different story.2!%2!! In particular, Zacher
et al. used TR-SLS to monitor the growth of HKUST-1, finding (in that case) that nucleation

was slow and strongly overlapped with growth.?!
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9.3 Influence of Reaction Parameters
9.3.1 Influence of Modulators

TR-SLS can also provide unique insight into the influence of modulators — both deprotona-
tion and coordination — during MOF formation. Cravillion et al. reported that, using an
excess of the bridging bidentate ligand and an auxiliary monodentate ligand (carboxylate,
N-heterocycle, or alkylamine), they could tune the size of ZIF-8 nanocrystals and micro-
crystals between ~10nm to 1pm.2% During nucleation and growth, the monodentate ligands
were found to act as a competitive binding agent in metal-linker coordination equilibria,
and as a base in deprotonation equilibria. The authors emphasized the strong influence of
the basic modulating agent in decreasing the nucleation rate of ZIF particles in solution,
thus yielding larger particle sizes. In a separate study, Hermes et al. explored the effect
of adding a p-perfluoromethylbenzenecarboxylate (pfmbc) surfactant capping agent during
MOF-5 synthesis.??? Their TR-SLS data shows that the pfmbc additive causes particle sizes
to stabilize between 100-150 nm in size, depending on the additive concentration. They
hypothesized that pfmbc competes with the bdc linker in the coordination of [Zn40]6Jr units,
perhaps even etching the growing MOF crystallite.

10 NMR

10.1 Ex Situ Studies

In contrast to many of the aforementioned techniques, which typically probe the growing
solid-phase MOF, with Nuclear Magnetic Resonance (NMR) spectroscopy it is possible to
study pre-crystalline intermediates, the developing crystal, and even the mother liquid itself.
Using standard NMR techniques, a variety of ex situ studies have been carried out to charac-
terize important solution-phase pre-crystalline intermediates. A 2010 study by Kumar et al.
used CP-MAS '>C NMR to distinguish between various possible ligand binding modes in
prototypical zinc(II) acetate coordination compounds. The authors also demonstrated (via
'H and **C NMR) that the observed species were prone to low-energy “carboxylate shift”
reactions in solution.?'? A follow-up study on Cd(II) coordination compounds allowed for a
direct comparison between metals,?!® and showed that Cd(II) salts exhibited a greater ten-
dency to polymerize as compared to the corresponding Zn(II) salts, with the latter instead
favoring discrete complex formation. The authors attributed this difference in reactivity

to the greater ionic radius of cadmium, which allows for higher coordination numbers in
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Cd(II) compounds, Furthermore, plausible formation mechanisms for all compounds could
be obtained on the basis of Ramanan and Whittingham’s point zero charge (pzc) model (see
Section 2.1). In a separate study, Zakaria et al. used time-course '"H NMR to reveal the
effect of a trisodium citrate chelating agent on the formation of 2D cyano-bridged Cu-Pt
coordination polymers.?* The authors found that Cu®" cations were stabilized by citrate
anions and slowly released into solution to form the final CP via a controlled growth process,
thus producing size-controlled single-crystal final products.

In addition to probing pre-crystalline intermediates, ex situ NMR studies have also been
used to study various mechanistic processes that can occur concurrently with nucleation and
growth, including reactant diffusion and linker exchange and/or incorporation. For instance,
Hirai et al. took advantage of bi-directional diffusion to synthesize a novel Zn-based MOF,
and utilized "H NMR to analyze the composition of both the growing crystal (via digestion)
and the mother liquid as a function of time.?% Based on the NMR experiments, a plausible
dissolution-recrystallization mechanism was proposed to account for formation of the overall
product morphology. NMR has also been used to carry out time-resolved studies of compet-
itive linker incorporation in mixed-ligand MOFs. For a series of [Zn,O(bdc); (bdc—X),],
MOFs, where X = Br or I, Burrows et al. used crystal digestion and ex situ ‘H NMR to
quantify the incorporation of the halogenated linkers (bdc-X) into the growing MOF struc-
ture, and observed that the relative linker incorporation rates were well-correlated with
the relative crystal growth rates of the various linkers ([ZnsO(bdc)s] >[ZnsO(bdc—Br)s] ~
[Zn,O(bdc—TI)s]) for the homoleptic MOFs.?'® Importantly, the authors argued that the
composition of these (and possibly other) mixed-linker MOF's are not uniform; instead, the
MOF core is enriched with the fastest-growing linker, while the outside of the MOF crystal
would exhibit a higher percent incorporation of slower-growing linker(s) due to the relative

enrichment of these linkers in the mother liquid late in the reaction.

10.2 In Situ Studies

A limitation of many of the aforementioned NMR studies is that, in the absence of specialized
equipment, these experiments must be performed near ambient temperatures and pressures,
as opposed to typical solvothermal conditions. As with XRD studies of MOF crystalliza-
tion, special reactor tubes that can withstand high temperature, pressure, and corrosion are
required for in situ analysis of solvo- or hydrothermal reactions. Such reaction vessels were
developed and calibrated in 2000 by Taulelle and co-workers, 216:217

utilized for in situ NMR characterization of MOFs. Note that these advances in in situ NMR

and have been recently
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characterization of MOFs were recently reviewed in Férey et al.37.

Because 2"Al is a relatively high-sensitivity nucleus with 100% natural abundance, many
in situ NMR studies have focused on the synthesis of Al-based MOF's, where both 'H and
>"Al NMR can be used to probe the formation process. A 2012 study by Haouas et al. used
this approach to probe the types of species present in solution during the syntheses of MIL-
96, MIL-100, and MIL-110.2'® On the basis of the observed time-resolved chemical shifts,
the authors assigned coordination environments to each species present in the mother liquid
(see Fig. 13b). In conjunction with time-resolved ex situ powder XRD and SEM studies,
which were used to correlate the appearance/disappearance of each solution species with
the timescale for growth of various solid intermediates and products, the authors concluded
that the availability of the benzenetricarboxylate (btc) linker (which was controlled by the
slow hydrolysis of Mesbtc) played an important role in determining the final product, and
that both the btc/Al ratio and the rate of btc dissolution were important parameters in
selecting for one MOF phase over another (see Fig. 13a). Furthermore, the authors observed
that dimeric Al,—(btc); was present in all syntheses studied; whereas this species was present
throughout the synthesis of MIL-110, for MIL-96 and MIL-100, Al,—(btc),; was only observed
at early stages of the reaction, with the disappearance of this species leading to growth of
a new Al,—(btc), building unit. Based on these data, the authors proposed Al,—(btc); as a
common intermediate in all Al-based MIL syntheses, with the Al/btc ratio and rate of btc
dissolution determining whether or not the Al,—(btc); unit was retained in the final product.

In another study of the MIL series, Goesten et al. used in situ '‘H and Al NMR to
elucidate the role of N,N-dimethylformamide (DMF) in promoting NH,-MIL-101(Al) forma-
tion.?!? From earlier XRD experiments,” it was determined that either NH,-MIL-101(Al)
or NHy-MIL-53(Al) could form from a common NHy-MOF-235(Al) intermediate, and that
solvent effects (DMF vs. HyO) played a critical role in determining the final product. Build-
ing on this work, Goesten et al. showed that "H NMR peaks assigned to H—Cl--DMF grew
as a function of time, and were concurrent with a downfield-shift and broadening of the
"H NMR signal for water.?'? These observations led the authors to conclude that DMF
serves as a molecular promoter for a water dissociation reaction (Cl° + H,O + DMF —
OH + H—Cl--DMF) that transforms water-coordinated NHy-MOF-235(Al) into hydroxy-
coordinated NHy-MIL-101(Al).
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11 Mass Spectrometry

11.1 Overview

Mass spectrometry (MS) is capable of identifying the stoichiometry and crystallization be-
havior of MOF pre-nucleation species. As with NMR spectroscopy, MS has thus far pri-
marily been used to probe the mother liquid, and often serves as a powerful complement to
ex situ solid-phase-sensitive techniques such as XRD and AFM. As with any ex situ char-
acterization technique, there remains a danger that solution-phase species may be lost or
chemically-altered during the measurement process. This danger is especially notable in
mass spectrometry, where both ionization and fragmentation processes can lead to signif-
icant differences (both in terms of concentration and species identity) between the species
present in the mother liquid and those recorded by the spectrometer.??%22! Soft-ionization
techniques, such as electrospray ionization (ESI) or its cold-temperature analog, cryospray
ionization (CSI), can minimize difficulties with ionization and fragmentation, thus reducing
discrepancies between the in situ and ex situ results.????23 Consequently, several studies
have used ESI-MS or CSI-MS in order to gain novel insight into MOF nucleation and growth

processes.

11.2 Identification of NBUs and Nucleation Mechanisms

Because it serves as a direct and sensitive probe of the mother liquid, MS is particularly
well-suited for identifying MOF nucleation building units (NBUs), allowing for the proposal
and critical evaluation of putative MOF nucleation mechanisms. Consequently, many MS
studies on MOF systems have focused on identifying and characterizing stable solution-phase
species during the nucleation process. Rood et al. performed one of the earliest such studies,
in which ESI-MS was used to identify stable intermediates during the nucleation a homochiral
Mg-camphoric acid (Hycam) based MOF.??* From the ESI-MS and product MS/MS exper-
iments, the authors implicated a soluble, 3-fold paddlewheel structure ([Mgy(Hcam)s]™) as
the predominant NBU in the self-assembly process. Similarly, Bai et al. used ESI-MS to
show that pre-synthesized pentanuclear NBU clusters of the form [Mj(btz)s(NO3)4(H;0)4]
(btz=benzotriazolate; M=Co, Ni) retained their structure during the formation of a three-
dimensional diamond network.??°

A separate study by Lim et al. showed how ESI-MS could be used in a time-resolved
manner to identify NBUs during the formation of ZIF-8.22¢ The authors identified a large
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number of zinc-imidazolate complexes, many of which had been postulated earlier by Crav-
illon et al.; [Zn(Him),(NO3)]", for example, was consistently detected with high intensity,
leading the authors to propose this species as the most basic unit in ZIF formation. Inter-
estingly, a second tetranuclear zinc species, [Zny(Im)s;(HIm)5(NO3),4]", was observed to grow
in as a function of time and subsequently deplete around the time of first particle forma-
tion, suggesting (although not proving) that this complex plays a fundamental role in ZIF-8
nucleation.

In a seminal study using CSI-MS, Seeber et al. directly observed the intermediates in-
volved in the nucleation of two topologically-distinct copper-based supramolecular MOF's. 227
Based on the CSI-MS results, several key structural components (see Fig. 14), ranging from
simple monometallic units to higher-nuclearity (up to seven copper atom) aggregation units,
were observed for the two MOFs. Importantly, none of the complex and high nuclearity
species that were present in the CSI-MS spectra were observed by ESI-MS (a harder ioniza-
tion technique), nor could these species be observed by CSI-MS under reaction conditions
that did not closely resemble actual crystallization conditions. These observations highlight
the high sensitivity and utility of CSI-MS in detecting non-covalently bound pre-nucleation
species.

MS is not restricted to studying nucleation, and we note one example in which MS
experiments have also been used as a complementary probe of the mother liquid during
MOF growth. In particular, Wagia et al. used a combination of ESI-MS and AFM to show
that Cd(elm) (Helm=2-ethylimidazole) units attach to the growing CdIF-4 surface, with

ESI-MS providing direct evidence for the presence of Cd(elm) units in solution.??8

12 Absorption and Raman Spectroscopies

In select cases, and depending on the chemical composition of the system of study, vari-
ous absorption or Raman spectroscopies can be employed to monitor MOF nucleation and
growth. For example, certain classes of MOF's contain intermediates and/or final products
that exhibit strong electronic transitions that can be probed in situ during MOF growth. Us-
ing a MOF formed from cobalt(II) nitrate and 4,4-bipyridine (bpy) precursors, Petersen et al.
demonstrated how resonance Raman (RR) spectroscopy could be used to detect and moni-
tor metal-ligand interactions in solution during crystal growth.?? Exploiting the enhanced
signal-to-noise of RR and the m — 7* electronic transition of bpy allowed the authors to

detect the presence of soluble Co(II)-bpy complexes at low (mM) reagent concentrations.
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Figure 14: CSI-MS of the reaction solutions of compounds 1 ([CuyO4(trans—tachH),F,]-8
CH30H - 20H,0, top) and 2 ({[Cu(trans—tachH),(SO,)]SO4} - MeOH - 4H,0, bottom) before
crystallization with segments of the crystal structures of compounds determined after crys-
tallization. The species in the blue boxes (top {Cuy}; bottom {Cu,}) are directly observed
in the spectra (round circles) and the species in the dotted blue boxes (top {Cug + Cu;};
bottom {Cug}) are observed as more complex derivatives (dotted circles). Carbon atoms
are shown in light grey, copper in sky blue, nitrogen in dark blue, oxygen in red, fluoride in
green, sulfur in yellow. Hydrogen atoms are omitted for clarity. Reproduced from ref. 227
with permission of The Royal Society of Chemistry.
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Based on this RR data, the authors posited the involvement of soluble Co®*-bpy complexes
as solution-phase intermediates in the growth of the MOF crystal. Although neither RR
nor UV /Vis could conclusively determine the nature of these Co*"-bpy species, the RR sug-
gested that more than one such species was likely present in solution and that some bpy
may be coordinated to two metal cations. Finally, by recognizing that high concentrations
of Co*™-bpy species were required for crystal formation, the authors were able to rationally
design a new fast and energetically-efficient direct mixing route to form the 2D MOF.
Raman spectroscopies have also been used to monitor the mechanochemical synthesis of
MOFs and coordination polymers. Ma et al. used ex situ Raman to probe the mechanochemi-
cal synthesis of ZIF-6, probing reaction progress by repeated sampling of the reaction mixture
over time, with kinetics determined via the amount of unreacted imidazole linker.23° They
found second order reaction kinetics, with a rate proportional to the remaining reactants
and a rate constant highly sensitive to the grinding frequency. The authors thus concluded
that the rate is dictated by the frequency of “reactive encounters”. Real-time in situ Raman
monitoring has also been used in the case of Cd-based coordination polymers, probing the

growth of stretching modes involving Cd.?!

In that case, depending on the linker:metal
ratio, either 3D or 1D coordination polymers were observed.

Lee et al. used a combination of UV /Vis adsorption spectroscopy and inductively coupled
plasma atomic emission spectroscopy (ICP-AES) to quantitatively measure metal exchange
rates in the formation of zinc-copper (ZnTPO-CuHTPO) and terbium-copper (TbTPO-
CuHTPO) based MOFs, both of which were formed from a common copper MOF (CuHTPO)
precursor. 23?2 Ex situ ICP-AES was used to determine relative metal concentrations in each
MOF as a function of time, with complementary UV /Vis work confirming that Cu*" ions
were indeed released into solution. Th*" exchange was observed to occur more quickly (and
to a greater extent) than Zn** exchange, which the authors attributed to the greater charge
of the Th*' cation.

In a similar vein, Yang and coworkers utilized ICP to monitor the post-synthetic modifi-
cation, via metal substitution, of ZIF-108.%33 Upon exposure to solutions of alternative metal
cations, including Co®" and Cu®", a fraction of the original Zn** cations were replaced, ulti-
mately yielding a mixed-metal MOF. Monitoring the kinetics of this transformation via ICP
showed a steady increase in hetero-cation concentration with time, with Co®" exhibiting a
faster replacement rate compared to Cu®". Interestingly, the authors demonstrated that the
transformations were neither single crystal-single crystal nor dissolution-recrystallization,

but rather occurred via a low energy pathway involving heterogeneous nucleation on the
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existing parent structure, accompanied by its dissolution.

13 Computational Studies

As a complement to in situ or time-resolved experimental studies, computational studies can
offer unique insight into MOF nucleation and growth processes. Such studies are challenging,
since both nucleation and growth processes require bridging substantial time- and length-
scale gaps (thus incurring significant computational expense), and because it is generally
difficult to model the required metal-ligand bond formation and cleavage reactions. As
a consequence, most early computational studies of MOF formation have instead focused
on elucidating the thermodynamic factors that govern synthesis selectivity. As highlighted
below, however, several recent studies have been able to critically evaluate proposed reaction
pathways and, in a few instances, directly simulate aspects of MOF nucleation and/or growth.

A particular advantage of computational MOF studies is the ability to provide atomic-
level information on reaction mechanisms and energetics, and this feature has been especially
utilized in the study of MOF systems where varying synthetic conditions lead to distinct
MOF products. Several such computational studies have thus examined NH,-MOF-235(Al),
a MOF which has been shown (depending on reaction conditions) to transform either to
NHy-MIL-101(Al) or NHy-MIL-53(Al). Goesten et al. used density functional theory (DFT)
to determine that, while NH,-MIL-53(Al) was thermodynamically favored in DMF and H,O
solvents as compared to NH,-MIL-101(Al), the relative energy difference between the two
MOFs was smaller in DMF.?!® Their result supports the hypothesis that DMF (relative
to water) stabilizes both the NHy-MOF-235(Al) intermediate and the kinetically-favored
NH,-MIL-101(Al) product, allowing the reaction to proceed under kinetic control in DMF'.

Yang and Clark also analyzed solvation effects in the MIL series by using a combina-
tion of DFT and molecular mechanics (MM) calculations.?* Those authors studied the
role of DMF/H,0 in the synthesis of NH,-MOF-235(Al), which is the common intermedi-
ate observed in both NH,-MIL-101(Al) and NH,-MIL-53(Al) syntheses. Utilizing a cluster
model of NHy-MOF-235(Al) and a continuum solvation model, the authors’ DFT calcula-
tions demonstrated that both DMF and H,O solvent exchange was facile for the NH,-MOF-
235(Al) system but, by contrast, H,O/linker exchange was comparatively more favorable
than DMF /linker exchange. The authors also used molecular dynamics simulations to study
the dynamics of solvent organization around NHy-MOF-235(Al), concluding that DMF pref-
erentially solvates NHy-MOF-235(Al) in HyO/DMF mixtures, and that (more generally)
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other hydrophobic cosolvents also form distinct solvation shells around the MOF cluster.
Their results highlight the importance of solvation effects in MOF' crystallization via the
creation of favorable solvation environments that may favor one product topology over an-
other.

MOF surface termination effects, a key aspect of MOF growth, have also been explored
using computational methods. Using a first-principles, DFT-derived force field developed
specifically for the HKUST-1 system,?*® Amirjalayer et al. calculated surface energies for
various plausible surface terminations of the MOF.?3% Although their calculations largely
omitted the influence of solvent, the authors determined that the most stable surface termi-
nations for HKUST-1 were a reconstructed [111] surface, followed by a low acetate density
[001] surface, in accord with experimental observations. Notably, surface free energies were
significantly endergonic, primarily due to entropic contributions; this, along with DFT cal-
culations on small model copper complexes, suggests that HKUST-1 formation is primarily
an entropically-driven process.

Several recent computational studies have also more directly explored the kinetics of MOF
nucleation and growth.%%% Cantu et al. used DFT calculations to determine the energet-
ics and mechanistic pathways for SBU formation in the ubiquitous MIL-101(Cr) system.?37
Starting from hydrated chromium(III) ions, [Cr(H,0)g]*", and partially deprotonated tereph-
thalate linkers, the authors calculated energetics for all plausible intermediates and transition
states in the stepwise formation of the final SBU, taking into account both spin and solvation
effects. Based on these results, the authors proposed a low-energy pathway leading to SBU
formation (see Fig. 15), and determined that the highest energy barriers within this pathway
occurred during the formation of bridged di- and tri-chromium metal clusters. Finally, the
authors utilized a simple transition state theory (TST)-based kinetic model to estimate the
formation rate and activation energy of SBU formation, and found qualitative agreement
between their model and experimentally-determined values.

Other authors have utilized a variety of approaches to simulate large-scale MOF growth,
as opposed to the initial stages of MOF nucleation. Yoneya et al. used molecular dynam-
ics simulations in conjunction with a coarse-grained (continuum) solvent to simulate the
self-assembly of a 2D Pd(II)(4,4-bpy), MOF.?38 By changing the far-field relative dielectric
constant, which indirectly controls the metal-ligand binding energy, the authors demon-
strated that the appearance of regular MOF growth was highly sensitive to the metal-ligand
binding strength. Similar simulation on a Ru(II) MOF yielded only disordered, non-regular
networks, possibly rationalizing the lack of experimentally-synthesizable Ru(II)(4,4-bpy)a
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compounds. Once again, modification of the metal-ligand parameters enabled formation of
a regular 3D MOF network. Overall, their results support a range of metal-ligand binding
energies that lead to successful MOF formation, outside of which metal-ligand coordination
is either too strong or too weak to lead to yield lattice formation.

Umemura et al. used coarse-grained Monte Carlo (MC) simulations to model the re-
sulting crystal morphologies of HKUST-1 grown in both the presence and absence of a
modulator.?®® By treating the modulator as a perturbation to the interaction energies of
attachment for each HKUST-1 growth unit, the authors found that the simulated HKUST-1
formed octahedron, truncated octahedron, cuboctahedron, and finally cubic morphologies
with increasing modulator concentration, in agreement with both field emission SEM exper-
iments and Bravais, Friedel, Donnay, and Harker theory. Their results thus provide insight
into the underlying mechanism for crystal morphology control via coordination modulation
and growth-site blocking.

Very recently, Anderson et al. demonstrated a more general coarse-grained approach to
simulate crystal growth using kinetic Monte Carlo.?® The authors employed their method-
ology to model the growth of a wide variety of materials, including both zeolites and MOFs.
Due to the cage-like structures of zeolites and MOFs, the authors simplified the problem by
treating these cages as coarse-grained units of growth, and simulated growth by computing
the energetics of condensation and dissolution of polyhedral units at individual surface sites,
including common defects (e.g. screw dislocations). In the case of HKUST-1, both the crystal
habit and surface terrace topology obtained from simulation matched well with experiments,
though the simulation predicted a different lattice direction for the screw dislocation. This
coarse-grained approach seems extremely promising in addressing the challenging length-

and time-scale gaps that often plague computational modeling of crystal growth.

14 Conclusions

In pursuit of a better understanding of the mechanisms underlying MOF nucleation and
growth, the past decade has seen significant progress towards noninvasive, real-time mea-
surements of MOF formation across the experimentally-relevant range of time-scales, length-
scales, and phase regimes. For clarity, the various scattering, microscopy, spectroscopy, and
simulation techniques discussed in this Review — along with the general types of informa-
tion that have historically been obtained from each individual technique — are summarized

in Fig. 16. Generally speaking, scattering methods (XRD, SAXS/WAXS, DLS/SLS, and
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Figure 16: Summary of the major experimental and computational techniques used for time-
resolved, in situ, and/or mechanistic studies of MOF nucleation and growth. Each technique
has been grouped into one of four categories: bulk scattering methods (orange), microscopy
(blue), spectroscopy (green), and simulationd gold). A brief description of each technique
is provided, which lists the phase regime(s) to which the technique is sensitive, along with
what type(s) of information can be gained from the technique.



EXAFS) have provided spatially-averaged structural information in several disparate phase
regimes, and are particularly relevant for time-resolved study of particle size distributions,
crystal structural parameters, and (in some cases) local chemical environments. Spatially-
localized microscopy techniques (AFM, SEM, TEM, and optical microscopy) have nicely
complemented the above bulk scattering methods, and have enabled both imaging of MOF
materials along with the characterization of crystal morphologies, surface defects, fundamen-
tal growth units, and other growth features. Though less commonly employed, at present,
spectroscopic methods (NMR, MS, UV-Vis, ICP, Raman) have contributed vital (and often
unique) insight into the structures and stoichiometries of complexes within the MOF mother
liquid. Additionally, select spectroscopies (SPR, QCM, IRRAS) have also been employed
in the characterization of MOF thin films in order to quantify growth kinetics and probe
orientation effects. Lastly, a variety of theory, computation, and modeling methods have
offered a complementary approach towards probing all phase regimes of MOF nucleation
and growth, with particular utility towards exploring thermodynamic preferences between
competing reaction products, assessing putative reaction mechanisms, and directly simu-
lating nucleation/growth dynamics. Thus, it is clear that no single technique is capable
of fully exploring all aspects of MOF crystallization. Rather, the entire host of scatter-
ing, microscopy, spectroscopy, and simulation techniques have been and will be required to
thoroughly investigate and understand the underlying mechanism(s) of MOF formation.
So, what conclusions can be drawn from the totality of direct, in situ, and/or time-
resolved studies of MOF nucleation and growth? Unfortunately, universal conclusions are
difficult to draw due the tremendous chemical and structural diversity of MOFs — the very
fact that makes them such an interesting target of study. On the other hand, we can identify
several mechanistic trends and motifs regarding MOF nucleation and growth, many of which
may hold for one or more classes of MOF materials. Rather than attempting to conclude
with any universal insight into MOF synthesis, and so as to avoid oversimplification, we
instead offer a scope of the important mechanisms that have been frequently observed in
these studies of MOF nucleation and/or growth, paying special attention to mechanisms
that apply to several classes of MOFs or which can be influenced by varying one or more

reaction parameters.
MOF nucleation mechanisms: Due to their ability to probe the mother liquid and/or

small nucleated particles, DLS, EXAFS, SAXS, NMR, and MS have proved particularly

useful in distinguishing between putative MOF nucleation mechanisms, many of which were
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outlined in Section 2.1. From these studies, it is clear that, when they can be identified, MOF
nucleation building units (NBUs) are highly system-specific. Many studies have implicated
discrete NBUs as intermediates in a classical picture of MOF nucleation, though the extent to
which these NBUs resemble the SBUs of the final product(s) vary by system, !11,218,224-227,237
Complete SBUs as NBUs are certainly possible actors, particularly in controlled SBU ap-
proaches, 11147.157.225 however a wide range of other NBUs (partial SBUs, higher-nuclearity
aggregations of complete SBUs, or even species dissimilar to the final SBUs) have also been
observed. 218:224,226,227,237

In addition to studies that largely support classical NBU hypotheses, other work suggests
a more non-classical picture of nucleation. Of particular note are several light-scattering
and /or SAXS/WAXS studies3!:106:206207 that support the possibility of amorphous clusters,
rather than crystalline nuclei, as the initial structures in MOF formation. Nano-aggregation
mechanisms have also been observed via NMR2?'® and MS, 22" further complicating the simple

classical picture of nucleation presented above.

MOF growth mechanisms: Insofar as growth is concerned, a frequent topic of study is
the nature of the MOF growth units. AFM analyses of surface steps heights have provided
insight into the nature of these MOF growth units and the possible role of non-framework
species in crystal growth, 1121447146 and (as might be expected) frequently show steps heights
that are commensurate with crystal lattice plane spacings. Thanks to data obtained via
other complementary approaches, there is now also evidence for several MOF's that grow via
classical monomer addition mechanisms (as opposed to aggregation-based growth, discussed
below), with relatively small growth units that range from simple solvated metal ions and
organic ligands to more complex partial or full SBUs, 15:111,142-144,146,147,153,228 Note that, in
general, such growth units may differ from the NBUs discussed above.

Late-stage growth in MOFs can be monitored via time-resolved AFM or SEM. AFM
studies on a variety of MOF systems suggest that growth frequently proceeds via classical
“birth and spread” and/or “spiral growth” mechanisms, at least at lower supersaturations
and late-stage growth. 4?7144 In a complementary fashion, SEM and other microscopy studies
provide some general insight into the larger morphological evolution of MOFs during synthe-
sis. They generally show significant structural evolution of the growing MOF into its final
(presumably thermodynamically stable) faceting, often accompanied by sharpening of the
facet edges and corners with time.'% SEM also indicates significant evolution of the MOF

particle size distribution, which is generally consistent with the loss of small particles via
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Ostwald ripening. 30-64:166,167

Depending on the system and chosen reaction parameters, non-classical growth mecha-
nisms have also been frequently observed in MOF formation. In contrast to the picture of
small growth unit attachment presented above, several notable light-scattering studies have
provided a picture of ZIF growth based on the aggregation, addition, and/or coalescence of
amorphous, nanometer-scale ‘primary particles’.31:106:206.207 A goregation mechanisms have

also been observed via SEM %8172 and for systems beyond ZIFs, 69171

possibly suggesting
a broader role for aggregation in MOF formation.

Many MOF studies have evidenced another major feature of non-classical growth: crys-
tallization via the formation of sequential intermediates, consistent with Ostwalds Rule of
Stages. 290197 Amorphous-to-crystalline transitions, 30:31:106,:206.207 qisgolution-recrystallization, °2->455:115
and solid-phase transformations®*'3® have all been observed in one or more studies. A par-
ticularly notable example of Ostwalds Rule of Stages is the cases of NH,-MIL-53(Al) /
NH,-MIL-101(Al), both of which are formed from the same precursors via a common MOF-

235 intermediate phase.?”?%13 In a number of other cases, crystallization has been shown
to proceed via a building up of intermediates of increasing dimensionality, from complexes,

to chains, layers, and eventually 3D crystalline solids. 8%112,116-118,149

Influence of reaction parameters: Broadly speaking, a key challenge in MOF synthesis
is to predict the structure that will be generated from a given combination of reagents. Due
to the high temperatures involved in solvothermal synthesis, it has often been presupposed
that such syntheses often yield the most thermodynamically stable product structure, rather

than a kinetic one.3™112 (

Note that this tendency toward thermodynamic control would lie in
contrast to that of zeolite systems, whose stronger Si-O or Al-O bonds are more resistant to
cleavage as compared to the weaker linkages found in hybrid systems and are are thus more
prone to kinetic trapping).” Nonetheless, the literature in this Review provides numerous
examples of how certain reaction parameters — particularly reaction time, heating method,
and the choice of starting reagents, modulating agents, and solvent(s) — can allow the
creative and determined scientist to isolate a diverse array of structures from a similar set
of starting materials.

In particular, the realization that MOFs may crystallize via intermediate or precursor

structures®? 54,6298

allows for the possibility of adjusting reaction times to isolate these in-
termediates prior to their transition into the thermodynamically favored (but potentially

undesired) product. Additionally, a great diversity of studies highlight the importance of
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heating methods, with microwave or ultrasound approaches modifying crystallization mech-
anisms and generally enhancing nucleation / growth rates — despite the lack of a definitive
microscopic explanation for these enhancements. 79:83:85.87-89,93,95,124,179,180 Tp) torms of MOF
chemical composition, a large number of studies also indicate that cations with higher labil-
ity yield higher nucleation / growth rate constants as compared to more inert cations, while
similar trends in terms of linker length or functionalization are far less clear,1%8%:87.88,94
Numerous time-resolved and in situ studies now provide both empirical evidence and
mechanistic insight towards understanding the influence of modulating agents and/or solvent
in MOF crystallization. ?7:113:186,187.1927196 Ty the case of modulating agents, various studies
have supported both coordination and/or protonation state modulation.%4195:110,132,133 Ag
for solvent selection, recent experimental and computational studies are now beginning to
provide more detailed microscopic explanations for empirically-observed strong solvent ef-

103,135,219.234 ip1cluding the possibility of real time monitoring of changes in cation co-

fects,
ordination spheres during MOF synthesis as the reaction progresses.'%® Exciting advances
such as these suggest that selection of MOF reaction parameters may in the future be in-
creasingly guided by non-empirical insight, based in part on these and other similar detailed

observations of MOF nucleation and growth.

15 Outlook and Future Directions

Despite significant progress in the field of MOF synthesis, much work remains to be accom-
plished. Though by no means exhaustive, here we outline some remaining open questions
and possible avenues for future fruitful investigations regarding MOF nucleation and growth.
In some cases, these questions may be accessible via using existing experimental and/or
computational techniques (or synergistic combinations thereof), however others may require

advances in instrumentation!® and/or computational methods.

Nucleation and early-growth studies: Relative to studies of late-stage growth, which
can be investigated using a variety of techniques, experimental studies (especially ones which
provide molecular-level insight) of nucleation and early-stage growth are extremely challeng-
ing due to the required spatial and temporal resolution.'® As such, there remains, in many
cases, a general dearth of information regarding the structure(s) that predominate during
this crucial regime. It is likely that a combination of instrumental techniques (utilized sepa-

rately or in tandem), perhaps in conjunction with corresponding computational studies, will
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be necessary to provide a complete picture of the early stages of MOF synthesis.

Multi-phase investigations: The vast majority of direct, in situ, or time-resolved studies
to date have focused primary on one phase of the MOF (e.g. mother liquid or solid), leaving
many questions unanswered as to how these different phases interact and equilibrate during
the course of the synthesis. For example, it is currently difficult to know which, if any, of the
pre-formed building units discovered within the mother liquid actually contribute to either
early- or late-stage crystal growth. The use of several methods in tandem, while simultane-
ously probing multiple phases, may yield significant new insights into MOF nucleation and

growth. 4

Investigations of non-classical nucleation and growth mechanisms: The role of
various non-classical nucleation and growth mechanisms in MOF crystallization also appears
ripe for future study, especially given the growing evidence of their influence.!* In particular,
the role of amorphous nuclei and/or intermediates is a question of particular relevance. While
these amorphous structures are inaccessible via XRD methods, they remain attractive targets
for other powerful approaches such as SAXS/WAXS, TLS, and/or recently developed in situ
NMR methods. ?*!

Large-scale studies of MOF nucleation and growth: Although it is now clear that
there is no simple universal theory of MOF crystallization, it remains plausible that within
particular classes of MOF's important general trends for nucleation and growth may hold.
Unfortunately, most existing MOF studies investigate only one system (or, in rare cases, a
handful of related systems). Coupled with the vast array of synthetic conditions and data
analysis approaches, this heterogeneity makes it complicated to cleanly compare and contrast
features of MOF crystallization between systems. So as to facilitate mechanistic comparisons
within and between different classes of MOF materials and elucidate any general trends in
MOF crystallization, large-scale and/or systematic investigations of MOF nucleation and
growth mechanisms will be required, with an emphasis on investigations which cover a wide

array of MOF classes and topologies.
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