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Thermodynamics of metal–organic frameworks:
from fundamentals to advanced applications

Grace C. Thaggard, Danielle N. Smith, Buddhima K. P. Maldeni Kankanamalage,
Serena M. Jentz and Natalia B. Shustova *

The fundamental thermodynamics of metal–organic frameworks (MOFs) is a key aspect that defines the

suitability of MOFs for a wide range of applications, including as sorbents for gas storage and water har-

vesting, solid-state electrolytes, radionuclide storage materials, and heterogeneous catalysts. However,

reliable experimental evaluation of thermodynamic parameters related to, for example, framework

stability, guest adsorption or binding, and phase transitions can be challenging due to MOF insolubility,

limited diffusion of analytes through framework pores, and potential structural defects. The presented

review aims to discuss practical methods and accessible experimental techniques, such as calorimetry,

thermal measurements, absorbance and emission spectroscopies, and electrochemical experiments,

for determining various thermodynamic aspects that are useful for predicting and tailoring MOF

performance. By highlighting the advantages and potential outcomes of each class of considered

techniques, this review serves as a guide for selecting and combining experimental methods to evaluate

the detailed thermodynamics and kinetics of MOF-based processes, ranging from framework formation,

post-synthetic modification, diffusion and binding of guest molecules, phase changes, and energy

storage. In addition, this review highlights how theoretical modeling could potentially complement

experimental work to provide a more comprehensive overview of the MOF thermodynamic landscape.

Overall, each of the discussed case studies emphasizes how fundamental thermodynamics can shed

light on the design of functional materials to address emergent global challenges in the technological,

energy, and biomedical sectors and beyond.

Introduction

Due to their synthetic tunability, high surface areas, thermo-
chemical stability, and well-defined structures, metal–organic
frameworks (MOFs) have already been applied as advanced
functional materials that act as multifaceted and ‘‘smart’’
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adsorbents for gas storage and water harvesting, membranes
for selective gas separation, efficient solid-state electrolytes,
heterogeneous catalysts exhibiting sieving effects, and radio-
nuclide storage materials, among many others.1–31 However, a
given framework’s suitability for the mentioned applications is
in many cases defined by fundamental MOF thermodynamics.
For example, understanding the thermodynamics of water
harvesting in MOFs, covalent-organic frameworks (COFs), or
any other porous systems, is the foundation for addressing one
of the important global challenges of clean water scarcity in
arid regions through the development of efficient atmospheric
water harvesters.1,9,12,13,16,18,20,32–35 Similarly, the design of
biocompatible MOFs capable of on-demand drug delivery
and/or medical imaging is based on an understanding of the
thermodynamic parameters associated with framework-guest
interactions (e.g., binding energy between MOF linkers/nodes
and solvent molecules, pharmaceuticals, or imaging agents),

as well as predictions of framework stability in complex
media.36–42

However, the importance of understanding MOF thermo-
dynamics extends far beyond the described applications in the
areas of water harvesting and drug delivery. Indeed, many of
the common metrics used to evaluate MOF performance can be
tied to fundamental thermodynamic parameters (e.g., changes
in enthalpy, entropy, and Gibbs free energy).

For instance, framework stability could be related to
enthalpy of formation, guest storage and/or separation can be
described by heat of adsorption, and even catalytic activity
can often be tied to the reduction potentials of metal
nodes.26,32,43–57 Overall, it is important to note that all of these
emergent applications are based on a detailed understanding
of fundamental parameters, including a broad range of kinetics
and thermodynamics aspects.

One of the potential challenges in applying fundamental
thermodynamic values (e.g., enthalpy of formation, binding
energy, or enthalpy of phase transitions) to predict MOF
properties is that many of the listed parameters have been
obtained through theoretical modeling rather than experi-
mental measurements.54,58,59 The use of computational analy-
sis to probe MOF formation/degradation and performance is
certainly an irreplaceable catalyst for progress in the MOF field,
and some advanced computational methods have already been
reviewed in depth recently.45,48,49,52 For example, DFT studies
have already provided valuable predictions of thermodynami-
cally stable MOF structures and topologies, as well as shed light
on MOF electronic structures which is a key component for the
design of multifunctional catalysts, semiconductors, and light-
harvesting devices.45,48,49,52 However, experimental evaluation
of MOF thermodynamic properties is equally important,
yet often technically challenging.34,40,43,60–63 For instance,
the insolubility of MOFs creates limitations with the use of
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conventional solution-based experimental techniques, such as
solution calorimetry, UV-vis spectroscopy, or solution-based
nuclear magnetic resonance spectroscopy.59,60,64–66 Moreover,
careful experimental design and control of all variables is
essential for accurately evaluating MOF thermodynamic data,
especially considering the wide range of processes that can
occur simultaneously within a given framework and which must
be deconvoluted for accurate data interpretation.26,27,54,59,62,67–71

For example, the outcomes of an experiment designed to probe
host–guest interactions in a MOF could be influenced by many
competing factors, such as the presence of defects, variable
particle size/morphology, slow diffusion of guest molecules
throughout MOF channels, and multiple possible guest bind-
ing sites (i.e., at the organic linker, defects, and/or metal
nodes).15,17,26,36,40–43,56,65,72–81 Thus, rigorous experimental
design and selection of appropriate thermodynamic models for
data analysis are critical and can often be validated through
theoretical modeling.22,24,44,48,49,52,71,75,82–85 Moreover, the mor-
phology of MOF samples (e.g., single crystals or particles with
variable sizes) is highly dependent on the used synthetic proto-
cols, which could significantly impact critical parameters, such
as the rate of guest diffusion and availability of binding sites,
further complicating the reproducibility of thermodynamic
measurements.

Herein, we showcase the experimental toolbox available for
uncovering critical thermodynamic parameters used to describe
and predict the behavior of MOFs, specifically those designed
to address global challenges, including the production of safe
drinking water, nuclear waste remediation, and energy storage
(Scheme 1).5,6,9,10,26,39,41,46,59,70,72,77,82,86–92 This review also
focuses on the utility of relatively accessible laboratory techni-
ques, including solution calorimetry, thermal analysis, spectro-
scopy, and electrochemical measurements, to deepen
fundamental understanding of MOF thermodynamics, with
an emphasis on using the obtained thermodynamic data
to guide functional material design. In addition, we consider

how different experimental methods (e.g., calorimetry versus
spectroscopy) offer unique advantages that can be carefully
selected and/or combined to comprehensively evaluate MOF
performance or structure–property relationships. For example,
depending on the specific properties of the targeted MOF, this
review illustrates how either calorimetric or spectroscopic
methods (as well as many others9,10,24,26,34,46,47,50,59,61,64,65,69,93–96)
could be applied to evaluate hydrolytic stability, selective binding
of guest molecules or gases, and possible phase transi-
tions.7,16,18,22,26,39–41,54,56,58,63,70,77,79,87,95,97,98 As a result, the
present work targets a practical discussion of how the design
and interpretation of thermodynamic experiments can play a
role in nearly all avenues of research in the MOF field, ranging
from synthesis of novel frameworks and development of mate-
rial preparation protocols to fabrication of MOF-based devices,
ultimately opening the door for reticular chemistry to address
upcoming urgent needs in the energy, technological, and
biomedical sectors and beyond.

Calorimetry

The following discussion of experimental evaluation of MOF
thermodynamics is organized based on several common classes
of techniques used in many laboratory settings, including
calorimetry, thermal measurements, and spectroscopy, as well
as some less frequently utilized approaches. Each class of
experimental techniques is highlighted using several case
studies, which were selected based on the variety of funda-
mental thermodynamic parameters, processes (i.e., MOF for-
mation, degradation, guest adsorption, phase transitions, etc.),
and applications which they target. As a starting point, calori-
metric measurements will be discussed.

Calorimetric measurements are powerful, but often experi-
mentally challenging, for understanding a wide range of MOF
fundamentals and upcoming applications, including, for instance,
CO2 capture from industrial flue gas, post-synthetic modification
(PSM) strategies targeting novel structures, and design of biocom-
patible frameworks.46,50,89,92,93,99–102 Some of the technical chal-
lenges associated with calorimetric methods may be attributed to
the insolubility of MOF-based materials, which introduces addi-
tional sample preparation steps (e.g., framework degradation in
acidic media) prior to analysis by conventional solution calorimetry
routes.93 In response, recent reports have developed attractive
methods to extract valuable information either from measure-
ments performed directly on solids (e.g., isothermal titration
calorimetry (ITC) experiments or drop combustion calorimetry)
or through strategic degradation of frameworks leading to their
dissolution (e.g., solution calorimetry).15,36,39,40,43,50,59,86 In this
review, the discussion of several practical experimental
approaches for understanding the thermodynamic aspects of
MOFs (or any other porous materials) will begin with three
different calorimetric techniques: solution calorimetry, high-
temperature drop combustion calorimetry, and ITC, with an
emphasis on the wide variety of MOF-based applications and
properties that could be studied using these methods.39,40,43,59,86

Scheme 1 Schematic representation of essential thermodynamic para-
meters, such as entropy (DS), enthalpy (DH), Gibbs free energy (DG), and
heat (Q), as well as examples of global challenges, the potential solutions
for which are tied to thermodynamic aspects, as discussed below in this
review.
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One of the fundamental thermodynamic parameters that
can be used to predict and tailor MOF stability toward specific
applications is the interaction enthalpy associated with the
binding of solvent molecules to MOF linkers and metal
nodes.43 In particular, understanding solvent-metal node inter-
actions can shed light on the framework’s susceptibility
to degradation in organic or aqueous environments, as well
as solvent-dependent MOF properties (discussed in detail
below).26,43,44,50 For example, one series of studies by Navrotsky
and co-workers utilized solution calorimetry experiments
(Fig. 1) to reveal how not only the choice of organic solvent
but also the degree of framework solvation (i.e., the number of
solvent molecules per pore) governs the strength of solvent� � �-
framework interactions.26,43,47,50 The authors hypothesized that
the degree of solvent saturation (e.g., MOFs stored under an
organic solvent versus being evacuated under vacuum) could
significantly impact the magnitude of reported thermodynamic
values for solvent� � �framework interactions. To address their
concern, Navrotsky and co-workers measured the enthalpy of
formation (DHf) for MOF-5 (Zn4O(C8H4O4)3) with varying
amounts of incorporated N,N-dimethylformamide (DMF) or
N,N-diethylformamide (DEF) molecules (i.e., either coordinated
to the metal nodes or non-coordinatively held within the pore
volume). Specifically, the MOF-5 powders were first washed
with either DMF or DEF. Then, the powders were washed with
dichloromethane prior to evacuation. The values of DHf derived
from solution calorimetry experiments performed in aqueous
NaOH can be used to estimate the enthalpy of the interactions
(DHint) between solvent molecules and the [Zn4O]6+ node of
MOF-5.43 As a result, the authors determined DHint = �83 and
�89 kJ mol�1 (per mole of DMF and DEF, respectively).43

However, the exact values of DHint were highly dependent on
the amount of solvent contained within the pores. For example,
samples that were saturated with DMF or DEF exhibited less
favorable changes in enthalpy due to the fact that a majority
of solvent molecules are not directly bound to the metal node
but rather are non-coordinatively held in the pore volume.43,63

In other words, the experimentally-determined energy values
for solvent� � �framework interactions at high concentrations
of solvent can be influenced by competing solvent� � �solvent

interactions in the pore space. Notably, the described results
demonstrating the influence of the degree of solvent saturation
on the outcome of calorimetric experiments emphasizes one of
the challenges that must be considered in order to obtain
reproducible thermodynamic values from calorimetric experi-
ments. Careful attention to synthetic protocols, particle size
and morphology, MOF activation conditions, sample prepara-
tion, and humidity is critical when comparing data across
multiple measurements, and all relevant experimental proce-
dures must be reported accurately. For instance, detailed
studies by Long and co-workers identified that eight different
preparation methods reported for MOF-5 resulted in samples
possessing a wide variety of surface areas (570–3800 m2 g�1),
highlighting the importance of reporting synthetic conditions in
detail alongside careful description of experimental results.18

Navrotsky and co-workers were also able to use their calori-
metric experiments to demonstrate that the solvent molecules
within the MOF not only fill the pores but also strongly
coordinate to the metal nodes.43 One example of an application
of such findings is the rational choice of solvent to promote
PSM of frameworks through either transmetallation or solvent-
assisted linker exchange.26 Specifically, the authors explain that
the rate of transmetallation in MOFs is strongly related to the
strength of the metal node� � �solvent interactions (i.e., relatively
labile solvent molecules corresponding to a smaller value of
DHint can result in dynamic metal node coordination environ-
ments that facilitate transmetallation),37,43 and, therefore,
accurate experimental measurements of solvent� � �framework
interactions (i.e., experiments that consider solvent� � �metal
node and solvent� � �solvent interactions as separate variables)
are crucial steps toward designing synthetic pathways for the
formation of novel structures via PSM. Moreover, these results
highlight the importance of using consistent synthetic proto-
cols for comparison of thermodynamic experiments since
variables, such as solvent content, could significantly alter the
outcomes of the measurements.

Building on the idea that solvent� � �metal node interactions
can govern the pathways for PSM of MOF-based materials, the
Navrotsky group has also utilized an alternative calorimetric
technique, high-temperature drop combustion calorimetry,
to explain and predict the water stability of several MOFs
(Fig. 2).47,50 Unlike conventional solution calorimetry, drop
combustion calorimetry can be performed directly on dry
powders (i.e., MOF powders which were evacuated under
vacuum to remove adsorbed water molecules) by combusting
samples at high temperature (B800 1C) in an oxygen
atmosphere.50 As a result, drop combustion calorimetry may
be a more straightforward approach than conventional solution
calorimetry in the case of MOFs that are difficult to dissolve in
acidic or basic conditions at room temperature, thereby broad-
ening the pool of structures that can be analyzed via calori-
metric experiments. However, it is also important to consider
that experiments performed on dry powders (i.e., drop combus-
tion calorimetry) may result in different values in comparison
with thermodynamic parameters measured using solvated
samples. Thus, it is critical that comparison of experimental

Fig. 1 Schematic representation of a typical solution calorimetry setup for
experimental determination of the enthalpy of dissolution of MOF samples
in acidic environments. Created in BioRender. Thaggard, G. (2025) https://
BioRender.com/3ou2gpz.
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thermodynamic values with reported ones is only done for
samples that were synthesized and prepared through similar
protocols.

The authors applied drop combustion calorimetry toward
understanding the hydrolytic stability of Mg-MOF-74 ((M2(C8H2O6),
M = divalent metal), as a promising candidate for CO2 capture from
water-containing flue gas produced by coal-fired power plants.50

Specifically, the authors tested whether the water stability of
MOF-74 derivatives was controlled primarily by thermodynamic
or kinetic factors.50

Analysis of the thermodynamics of MOF-74 water stability
was carried out based on the combustion of activated MOFs
(i.e., MOFs containing no solvent molecules in the pore volume
or coordinated to the metal nodes) yielding the corresponding
metal oxide (e.g., MgO in the case of Mg-MOF-74), CO2, and
H2O.50 Construction of an appropriate thermochemical cycle
allowed for conversion of the experimentally determined heat

of combustion to the enthalpy of reaction DH
�
rxn

� �
for the

formation of MOF-74 samples from the corresponding metal
oxide and organic linker.50 In particular, the authors deter-

mined that the DH
�
rxn value of the Mg-MOF-74 formation

reaction (304 kJ mol�1) is more positive (i.e., the reaction is more
endothermic) than in the case of Ni-MOF-74 (264 kJ mol�1). As a
result, Mg-MOF-74 is more susceptible to degradation in the
presence of water than Ni-MOF-74.50 The acquired data could
also be expressed as DHf (enthalpy of MOF formation from metal
oxides and organic linkers), resulting in a general trend that more
positive values of DHf of MOF-74 formation are related to
decreased water stability (Fig. 2). Thus, the authors concluded
that the stability of the MOF-74 series toward hydrolysis is
a strongly thermodynamically driven process. The fact that

fundamental thermodynamics (e.g., changes in DHf as a func-
tion of metal node) plays a significant role in determining the
hydrolytic stability of the MOF-74 family suggests that the
suitability of MOFs for capture of CO2 from industrial flue
gas containing water vapor can be synthetically tailored
through choice of metal node and/or organic linker.50,103 In a
broader sense, selection of a MOF for any studies targeting, for
instance, water harvesting or biomedical applications could be
guided by reported values of DHf to predict MOF hydrolytic
stability. Specifically, selecting a framework with a relatively low
reported value of DHf is likely to result in better hydrolytic
stability.

The discussed studies by the Navrotsky group showcase how
the metal node can play an important role in determining MOF
stability, yet the selection of an appropriate organic linker is an
equally important factor that dictates MOF performance which
was investigated by, for instance, Friščić and co-workers.44 For
their studies, the authors prepared eight isostructural MOFs
from the ZIF family (ZIF = zeolitic imidazolate framework)
based on a series of imidazolate linkers (Fig. 3).44 Each of the
eight ZIF samples was prepared through mechanochemical
synthesis and evacuated prior to experimental estimation of
DHf values. To approximate the changes in enthalpy of MOF
formation (used as a metric to predict MOF stability), the
authors experimentally measured the dissolution enthalpies
(DHs) of the eight MOF samples using solution calorimetry
performed in hydrochloric acid.44

Combining the values of DHs with an appropriate thermo-
chemical cycle yielded values of DHf for all eight MOFs, which

Fig. 2 (top) Schematic representation demonstrating the role of thermo-
dynamics in determining MOF stability in water. Specifically, increasing
values of DHf are correlated with increased framework susceptibility
toward hydrolysis as demonstrated for the MOF-74 family. (bottom) A part
of the X-ray crystal structure showing a fragment of the MOF metal node
(large dark green sphere) and the structure of the organic linker (gray rod).
The small gray, red, and light green spheres represent carbon, oxygen, and
magnesium atoms, respectively. Hydrogen atoms have been omitted
for clarity. Reproduced from ref. 50 with permission from the American
Chemical Society under the terms of the ACS Author Choice/Editors’
Choice usage agreement. Copyright 2020, American Chemical Society.

Fig. 3 (top) Schematic representation of MOF formation from metal
nodes (green spheres) and organic linkers (gray rods). The enthalpy of
MOF formation is described as DHf. (middle) Structures of six different
organic linkers used for preparation of a series of ZIFs. The gradient from
green to yellow indicates an increase in DHf correlated with the decrease
in framework stability. (bottom) Structures of the metal node (large dark
green sphere) and organic linker (gray rod). The gray tetrahedron and blue
spheres represent zinc and nitrogen atoms, respectively. Reproduced with
permission from ref. 44. Copyright 2020, American Chemical Society.
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varied over 30 kJ mol�1 as a function of the used organic linker
(Fig. 3). The authors hypothesized that the stability of the
prepared ZIFs (related to the DHf values) could be predicted
based on the strength of the bond between the Zn-based metal
node and the imidazolate linker (e.g., Zn–N bond). To confirm
this hypothesis, they plotted the determined values of DHf

against reported Hammett parameters, revealing a linear cor-
relation and providing power to predict the stability of ZIFs.
As a result, these studies44 are one of the first examples demon-
strating how the use of Hammett parameters allows for predicting
the properties of framework solids, thereby bringing the princi-
ples of molecular chemistry to the supramolecular arena. In
addition, the authors showcase how the choice of organic linker
can significantly impact the outcomes of thermodynamic mea-
surements even for a series of frameworks with identical metal
nodes, coordination environments, and ligand binding modes.

Outside of predicting MOF structure–property relationships
through thermodynamic analysis described above, one of the
unique phenomena that has been explored through solution
calorimetry is the concept of ‘‘structural memory’’, as demon-
strated on the example of actinide-containing frameworks.99,104

As shown in Fig. 4, the thorium-based framework, Th6O4(OH)4-
(NO3)2(Me2BPDC)5 (Me2BPDC2� = 2,20-dimethylbiphenyl-4,4 0-
dicarboxylate), was observed to undergo reversible crystal-
line 2 amorphous structural transitions upon its exposure
to organic solvents.99 Interestingly, such dynamic structural
behavior, allowing for cycling between ordered and disordered
phases, is hard to replicate using transition metal-based ana-
logs (e.g., Zr-MOFs) containing the same organic linkers.99

Solution calorimetry measurements were employed to probe
the possible mechanism for the observed solvent-dependent
structural transitions and the effect of the metal node on the
framework’s behavior.99,105

In particular, the stabilizing effect of organic solvent
(e.g., DMF) for Th-based MOFs was evaluated using experimen-
tally determined enthalpies of dissolution (DHs) for either
evacuated MOF samples (i.e., containing no solvent molecules
in the framework pores) or solvated samples that had been
stored under DMF.99 Specifically, DHs for Th-MOF samples was
analyzed by placing the MOF powders in a mixture of HCl and
DMF in a solution microcalorimeter (resulting in framework
decomposition). The Th-based framework was estimated to be
stabilized by DMF by approximately �22 kJ mol�1 of Th, while
the reported values for transition metal-based analogs were
only in the range of �3 to �5 kJ mol�1 of transition metal
which could explain the difference in the observed framework
behavior.63,99,105,106 Overall, these data demonstrate that the
presence of the DMF molecules within the framework pores
may be one of the key driving forces for the ‘‘structural
memory’’ of Th-MOFs, in contrast to MOFs based on transition
metals.99 For instance, highly favorable solvent-framework
interactions (i.e., a negative value of DHint) for DMF molecules
contained in the Th6O4(OH)4(NO3)2(Me2BPDC)5 structure could
facilitate the transition from a relatively amorphous material to
a highly crystalline framework.99

In addition to solution and drop combustion calorimetry,
ITC has been more recently recognized in the MOF field as a
powerful tool for understanding the thermodynamic aspects,
such as the energy changes related to host–guest interactions in
MOFs (Fig. 5).15,22,39,40,42,70,86 Primarily pioneered by the Farha
group, ITC experiments involving MOFs were inspired by the
more conventional use of ITC to analyze biological processes,
such as protein folding and/or binding.59,86,87,107,108 One of the
primary advantages of applying ITC toward understanding
MOF thermodynamics is that values of DH, DS, DG, and
binding stoichiometry (n) can all be extracted simultaneously
by fitting an ITC thermogram with an appropriate thermody-
namic model (Fig. 5). For example, ITC has already proven to be
a valuable technique for understanding the thermodynamic
driving forces for non-covalent surface modification of
MOFs,108 polyoxometalate encapsulation,87,109 detoxification
of agrochemicals,59 and many classes of host–guest inter-
actions.59,110 Despite all listed advantages, analysis of data
acquired through ITC experiments requires careful selection
of a thermodynamic model for data fitting, which is a nontrivial
step in utilizing ITC as a tool to predict MOF performance.

For instance, Farha and co-workers, as well as many others,
have applied ITC to obtain values of DH, DS, DG, and binding
affinity (Ka) for a variety of processes occurring either within
MOF pores or at a particle surface.15,36,40,59,78,86,87,108

Specifically, ITC experiments have been utilized to demon-
strate how several structural aspects of MOFs (e.g., hydropho-
bicity, pore size, and topology) influence protein encapsulation
within MOF pores (Fig. 6). Notably, immobilization in MOFs is
a promising strategy for stabilizing fragile proteins in vitro
(i.e., by preventing protein degradation outside of a biological
environment), potentially allowing for enzymes to be applied to
catalyze chemical reactions in the pharmaceutical and food
industries, for example.86,87,111,112 However, in order to use this

Fig. 4 (top) Schematic representation of the ‘‘structural memory’’ effect
observed for the Th-based framework, Th6O4(OH)4(NO3)2(Me2BPDC)5,
driven by the enthalpy-favorable solvent-framework interactions. (bottom)
Structures of the actinide-based metal node (large dark green sphere) and
organic linker (gray rod). Small light green, red, and gray spheres represent
thorium, oxygen, and carbon atoms, respectively. Reproduced with per-
mission from ref. 99. Copyright 2019, American Chemical Society.
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approach in the mentioned industries, fundamental knowledge
of the binding interactions between guest proteins and host
frameworks, as well as the ways in which confinement within
MOF pores could impact protein folding, must first be
established.

As a representative protein, the Farha group selected insulin
for immobilization within a series of mesoporous Zr-MOFs
(Fig. 6).86 The authors hypothesized that the relatively hydro-
phobic nature of insulin would result in thermodynamically
favored interactions with highly conjugated MOF linkers
(e.g., pyrene-based linkers).86 In addition, the authors antici-
pated that decreasing the MOF pore size would facilitate
favorable, close interactions between encapsulated insulin
and the framework walls.86 Specifically, a close match between
the diameter of the MOF channels and insulin would optimize
the number and strength of intermolecular interactions (e.g.,
p–p stacking) which are dependent on the distance between
molecules.86

To test these hypotheses, the authors titrated suspensions
of several Zr-MOFs, including NU-1000 (Zr6O8(OH)4(H2O)4(TB-
APy)2, TBAPy4� = 4,40,400,40 0 0-(pyrene-1,3,6,8-tetrayl)-tetrabenzoate;

NU = Northwestern University) with an insulin solution and
observed strong negative (exothermic) peaks in the ITC thermo-
gram (Fig. 5 and 6). Importantly, the suspensions of all studied
MOFs were prepared in identical buffer solutions of pH = 3.9 �
0.1 to ensure consistency between all measurements. Based on
these data, the authors concluded that the encapsulation of
insulin within NU-1000 was thermodynamically favored
(i.e., exothermic, DG o 0). Further fitting of the acquired data
with an appropriate model revealed that the encapsulation
process (i.e., diffusion of insulin through the channels of
NU-1000, Fig. 6) is entropically driven (TDS 4 0), while the
immobilization of insulin via protein-framework interactions,
such as p–p stacking between the pyrene-based linker and
aromatic amino acids in insulin, is driven by a favorable
enthalpy change (DH o 0). Thus, the authors confirmed the
hypothesis that thermodynamically favorable protein-linker
interactions result in the stabilization of insulin, and possibly
other proteins, in MOFs. Moreover, insights provided by ITC
experiments allowed the authors to elucidate key design criteria
for MOFs targeted toward protein immobilization: organic
linkers possessing extended p-conjugation (contributing
toward a more negative DH) and appropriately sized channels
that allow for diffusion of the protein (contributing to a more
positive TDS) while also maximizing protein-framework
interactions.86

Outside of understanding protein encapsulation in porous
materials, studies by Tan, Ghosh, and co-workers have demon-
strated the broader applicability of ITC experiments toward the

Fig. 5 (top) Schematic representation of a typical isothermal titration
calorimetry (ITC) setup for experimental determination of host–guest
interactions in MOFs. Created in BioRender. Thaggard, G. (2025) https://
BioRender.com/oq3frbw. (bottom) Example of a thermogram that can be
obtained through ITC experiments and the thermodynamic values that can
be extracted by data fitting. Reproduced from ref. 22 with permission from
the Royal Society of Chemistry under the terms of the Creative Commons
Attribution-NonCommerical 3.0 Unported Licsense. Copyright 2025,
Royal Society of Chemistry.

Fig. 6 (top) Schematic representation of entropy-driven diffusion of
insulin (blue helix) through MOF channels followed by enthalpy-driven
immobilization within the MOF pores. (bottom) Structures of the MOF
metal node (large dark green sphere) and organic linker (gray rod). Small
light green, red, and gray spheres represent zirconium, oxygen, and carbon
atoms, respectively. Reproduced with permission from ref. 86. Copyright
2022, John Wiley and Sons.
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design of an anionic MOF for selective capture of uranyl cations
from seawater (Fig. 7).15 While materials for uranium extraction
from seawater are highly desirable due to the possibility
of using uranium in sustainable fuel cycles, low natural
abundance in seawater, as well as high salinity (i.e., presence
of competing ions), make selective uranium extraction chal-
lenging.15

Motivated by the challenge of selective uranyl capture, the
authors designed a novel anionic framework constructed from
pyrazine-functionalized organic linkers and dimethylammo-
nium cations that occupied the framework pores (Fig. 7). The
latter are utilized for charge balance. The designed anionic
framework was prepared on the gram scale via solvothermal
synthetic methods and analyzed by both single-crystal and
powder X-ray diffraction prior to evaluation of the MOF’s ability
to bind uranyl cations. Upon exposure to a solution mimicking
seawater, the dimethylammonium cations could be displaced
by other cations in aqueous solution, including uranyl.15 How-
ever, the high selectivity for uranyl over competitive ions was
achieved via strong coordination of UO2

2+ to the Lewis-basic
nitrogen sites of the pyrazine group of the organic linker.
To shed light on the possible mechanism of such selectivity,
ITC experiments were carried out.

They revealed that UO2
2+ adsorption is thermodynamically

favorable in general (DG o 0) and entropically more favorable
than adsorption of other competing cations (e.g., Na+ or Ca2+).
In addition to determining values of TDS and DG, fitting of the

obtained ITC thermograms for titration of the anionic frame-
work with solutions of UO2

2+, Na+, or Ca2+ showed nearly 100%
occupancy (i.e., ratio between the number of pyrazine sites and
adsorbed cations) for UO2

2+, while only partial occupancy could
be obtained for Na+ and Ca2+ solutions. These experiments
demonstrate that ITC is a powerful tool, providing fundamental
thermodynamic values to explain experimental observations
and allowing for logical structure–property relationships to be
derived for the rational design of functional materials.

While the studies presented above demonstrate how ITC
experiments can be applied to understand the details of radio-
nuclide sequestration by MOFs, an equally interesting direction
to pursue has been demonstrated by the Biswas group, who
employed a combination of ITC experiments and photolumi-
nescence spectroscopy in their studies of recyclable MOF-based
sensors for heavy metals that pollute rivers, lakes, and tap water
(Fig. 8).78 In particular, Biswas and co-workers targeted the
design of a MOF-based sensor for Pd2+ ions, which was moti-
vated by the wide use of palladium in automotive and chemical
industries (e.g., to catalyze Sonogashira, Suzuki, and Heck
coupling reactions). It is important to note that even small
amounts of Pd2+ contamination pose significant human health
risks, including paralysis, memory loss, stomatitis, and gum
diseases.78,113 Therefore, control of Pd2+ levels and its detec-
tion, including the detailed understanding of the mechanism
by which MOFs can bind and sense Pd2+ ions, is an essential
industry-driven process.

To prepare MOF-based materials exhibiting high sensitivity
toward Pd2+ cations, the authors synthesized a MOF possessing
propynyloxy functionalities on the organic linker, which could
bind Pd2+ cations through previously reported alkyne-p-Pd2+

interactions.78 The targeted MOF-based sensor shown in Fig. 8

Fig. 7 (top) Schematic representation of entropically-driven capture of
uranyl cations (yellow spheres) by an anionic framework. A more positive
value for TDS for uranyl binding in comparison with competing cations
results in high selectivity for uranyl even in solutions simulating the rich
cation content of seawater. (bottom) X-ray crystal structure of the metal
node (large dark green sphere) and structure of the organic linker (gray
rod). Small light green, red, gray, and blue spheres represent nickel,
oxygen, carbon, and nitrogen atoms, respectively. The pyrazine moiety
of the organic linker for binding cationic species is highlighted in blue.
Reproduced with permission from ref. 15. Copyright 2023, John Wiley and
Sons.

Fig. 8 (top) Schematic representation of fluorescence quenching of a
MOF-based sensor upon binding of Pd2+ ions in solution. Binding of Pd2+

is enthalpically driven, associated with negative values of DH and DS, as
determined by ITC experiments. (bottom) Structures of the metal node
(large dark green sphere) and organic linker (gray rod). The propynyloxy
binding moiety is highlighted in blue. Small light green, red, and gray
spheres represent aluminum, oxygen, and carbon atoms, respectively.
Hydrogen atoms are omitted for clarity. Reproduced with permission from
ref. 78. Copyright 2023, American Chemical Society.
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was prepared in the form of a powder through solvothermal
methods carried out in a mixture of water and DMF. Moreover,
the resulting parent MOF exhibited strong fluorescence cen-
tered around 350 nm, which was effectively quenched in the
presence of Pd2+ (Fig. 8), allowing the designed framework to
simultaneously extract and sense Pd2+.78 Mechanistic details
of Pd2+ binding and subsequent fluorescence quenching were
uncovered by ITC experiments and photoluminescence spec-
troscopy.78 For this, the authors incrementally injected a
solution of Pd2+ salt into a solution of the MOF linker posses-
sing the propynyloxy binding moiety.78 As a result, they were
able to determine that the initial injections were exothermic
(�DH) and associated with a decrease in entropy.78 The nega-
tive values of DH and DS are consistent with favorable binding
interactions and ‘‘ordering’’ (i.e., localization of Pd2+ ions at
specific binding sites) of the Pd2+ bound to the propynyloxy
functionalities. However, continued titration of the linker
solution with Pd2+ resulted in more positive values of DH and
DS, suggesting saturation of the binding sites. As a result, the
authors concluded that binding of Pd2+ by the prepared MOF
occurred through interactions with the propynyloxy moiety
of the organic linker and was a primarily enthalpy-driven
process.78

As summarized in Table 1, calorimetric measurements have
been used in the mentioned studies to experimentally deter-
mine values of DG, DH, DS, n, and Ka for MOFs used in water
harvesting, radionuclide sequestration, protein encapsulation,
metal ion sensing, and CO2 capture. However, the reliability
and errors associated with calorimetric measurements are
heavily dependent on sample purity (e.g., possible presence of
unreacted metal salts or organic linkers remaining in MOF

pores after synthesis) and activation conditions. Therefore,
careful consideration of all experimental protocols is necessary
before comparing data obtained for multiple frameworks or
from different calorimetric techniques.

Thermal measurements

Thermal analysis techniques, including those based on differ-
ential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA), offer complementary strategies to the aforemen-
tioned ones which were utilized for fundamental understand-
ing of thermodynamically-driven processes. In particular,
thermal measurements can be used to evaluate framework
stability as well as the energy associated with structural
transitions.24,26,47,88,92,93,109,114 For example, TGA is commonly
used to determine the thermal decomposition temperatures of
materials, but it can also be extended to probe, for instance,
changes in enthalpy associated with water or gas sorption
processes through variable-temperature and variable-humidity
experiments.47,82,88,115 At the same time, DSC measurements
have provided valuable insights into the ‘‘breathing’’ behavior
of flexible MOFs (associated with significant changes in
enthalpy and entropy) as well as the tailorable gas sorption
properties.74,75,116 In many cases, data from TGA and DSC
measurements are combined to offer a more comprehensive
view of the structural changes that occur for some frameworks
upon heating, exposure to external pressure, or in the presence
of different gases. For instance, simultaneous monitoring of
TGA and DSC data allows for correlation of distinct structural
changes (e.g., removal of solvent coordinated to metal nodes or

Table 1 Summary of selected experimental techniques for evaluation of MOF thermodynamic parameters

Examples of
techniques

Possible thermo-
dynamic
parameters Sample requirements Sample preparation Ref.a

Solution
calorimetry

DH, DG MOFs decomposed in
acidic or basic media

Optional framework activation under vacuum
and/or elevated temperature

43a, 105, 143–146a and
159a

Isothermal titration
calorimetry

DG, DH, DS, n, Ka Suspensions in aqueous
or organic media

Framework activation and suspension in a
buffer of known pH

15, 22, 36, 40, 59, 71a,
86 and 159a

Drop combustion
calorimetry

DH, DG Dry powders Framework activation under vacuum and/or
elevated temperature

147a, 148 and 159a

Differential
scanning
calorimetry

DH, DG, Ttr, W, Q,
DU, Cp

Powders or single
crystals

Optional framework activation under vacuum
and/or elevated temperature

93, 114a, 125, 147–149
and 159a

Thermogravimetric
analysis

DH, Tdecomp Powders or single
crystals

Optional framework activation under vacuum
and/or elevated temperature

89, 93, 127, 147, 149
and 159–161a

UV-vis absorbance
spectroscopy

Keq, DG, DH, DS Suspensions or thin
films

Deposition of thin films on quartz substrates or
MOF suspension in an organic solvent

22, 46, 66, 95, 115, 150–
154, 159a and 160a

ICP-AES/ICP-OES/
ICP-MS

Keq, Ka, DG, k Kd, qe MOF samples decom-
posed in acidic media

Acid treatment and dilution to known con-
centrations of MOF components

15, 132, 155, 156, 159a

and 160a

Gas sorption
analysis

Q, DH, DG, DS Dry (activated) powders
or single crystals

Framework activation under vacuum, elevated
temperature, or supercritical CO2 drying

10, 18, 29, 55, 56, 81,
126 and 157–161a

Electrochemical
measurements

EOCP, E1 Powders, single crystals,
or thin films

Deposition of MOF powders, thin films, or
crystals on electrodes

40, 95a and 159a

a References related to MOF synthesis.DH = change in enthalpy, DG = change in Gibbs free energy, DS = change in entropy, n = binding
stoichiometry, Ka = association constant, W = work, Q = heat, DU = change in internal energy, Cp = heat capacity, Keq = equilibrium constant, k = rate
constant, qe = adsorption capability, Kd = distribution coefficient, Ttr = phase transition temperature, Tdecomp = decomposition temperature, EOCP =
open circuit potential, E1 = standard reduction potential, ICP-AES = inductively-coupled plasma atomic emission spectroscopy, ICP-OES =
inductive-coupled plasma optical emission spectroscopy, ICP-MS = inductively-coupled plasma mass spectrometry.
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held within the pore volume, metal node oxidation, ligand
decomposition, etc.) detected by TGA with the temperature and
related enthalpy changes derived from DSC experiments.74,75,116

Among the applications reported for DSC is the evaluation of
mechanical energy storage in flexible MOFs, as demonstrated
by Llewellyn and co-workers (Fig. 9).116 For instance, derivatives
of MIL-53(Cr), which were typically prepared as polycrystalline
powders via hydrothermal synthesis at 220 1C, exhibit signifi-
cant flexibility and structural sensitivity toward an external
pressure.116 Fig. 9 shows how MIL-53(Cr)-Br(Cr(OH)(Br-BDC),
Br-BDC2� = 2-bromo-1,4-benzenedicarboxylate) undergoes
reversible transitions between ‘‘large pore’’ and ‘‘narrow pore’’
states under an applied pressure, allowing the framework to
store and release mechanical energy on demand.116 Despite
many attractive applications for structures exhibiting reversible
mechanical energy storage, such as materials for vehicle
dampers116–118 and shock absorbers,116–119 much of the data
reported for mechanical energy storage in MOFs has been
obtained via mercury porosimetry rather than direct mea-
surements of heat exchange during MOF structural transi-
tions.51,57,74,100,116,120 To address this gap, the Llewellyn group
utilized a combination of high-pressure calorimetry, DSC, and
extended X-ray absorption spectroscopy (XAS) to understand
the energy of both pressure- and temperature-induced phase
transitions in the MIL series of MOFs.116 In particular, the
authors employed high-pressure calorimetry to determine the
internal energy changes and work (Fig. 9) associated with MOF

compression/decompression cycles, while DSC allowed for
calculation of the phase transition enthalpy and mechanical
work (W).

As a result, the ‘‘large-to-narrow’’ pore transition in MIL-
53(Cr) was associated with a positive value for work (W = 9.5 J g�1,
mechanical energy storage, Fig. 9), while the reverse transition
(decompression of MIL-53(Cr)-Br resulting in the large pore
geometry) involves a release of mechanical energy (W =
�5.4 J g�1). Moreover, the authors determined that the changes
in internal energy (i.e., changes in the sum of heat (Q) and work
(W) upon a phase transition) of the MOF system increased upon
compression and decreased upon decompression. While the
total internal energy of the MOF increased upon compression,
it is worth noting that the pressure-induced large-to-narrow
pore transition was surprisingly exothermic (Q = �9.1 J g�1).
The detected release of heat (�DQ) upon compression of MIL-
53(Cr)-Br is critical for applying MOFs as dampers since it
suggests that, in contrast to more conventional lyophobic
systems, flexible MOFs may be resistant to excessive heating
upon their use in multiple compression-decompression cycles.
Furthermore, coupling DSC with XAS measurements allowed
for the phase transitions (and related changes in W) detected by
DSC to be directly correlated with changes in the electronic
structure and local geometry around the bromine atom of the
organic linker.116 As a result, the authors could confirm that
the phase change detected by DSC corresponded to the NP-to-
LP transition based on changes in the local geometry around
the bromine atom detected by XAS. This specific example
demonstrates how the combination of high-pressure calorime-
try and DSC with XAS could be used to characterize both the
structural and energetic changes occurring during the MOF’s
breathing transitions.116

Notably, an alternative method that could be useful for
characterizing a MOF’s potential to behave as a mechanical
energy storage or energy dissipation material is to determine
the ratio of work done to the system (W) to the quantity of heat
produced (Q). As suggested by Grosu and coworkers, who
measured the heats of water intrusion/extrusion into ZIF-8
through scanning transitiometry, materials exhibiting a ratio
of Q/W c 1 may be suitable for thermal energy storage.121–123

In contrast, a measured value of Q/W { 1 is more favorable for
applying flexible MOFs as mechanical systems that exchange
very little heat with their environments. When designing frame-
works for thermal or mechanical energy storage applications, it
may also be valuable to employ in operando experiments along-
side calorimetric methods to evaluate the structural and ener-
getic changes that occur when exposing the MOF to real
working conditions (i.e., repeated exposure to relevant tempera-
tures and pressures for a specific application).121–123 In this
direction, calorimetric measurements of the heat of water
intrusion/extrusion in flexible frameworks could be supported
by in operando high-pressure neutron scattering, as demon-
strated by the Grosu group. For instance, in operando high-
pressure powder neutron diffraction could be used to correlate
the mechanism of water intrusion in MOF pores to the energy
changes detected by calorimetry.

Fig. 9 (top) Schematic representation of a pressure-driven mechanical
energy storage cycle in a flexible MOF, MIL-53(Cr)-Br. Applying pressure
(yellow arrows) induces a transition from the large pore state to the narrow
pore state, resulting in storage of mechanical energy (+W). (bottom) X-ray
crystal structure of the metal node (large dark green sphere) and structure
of the organic linker (gray rod). Small light green, red, and gray spheres
represent chromium, oxygen, and carbon atoms, respectively. Repro-
duced with permission from ref. 116. Copyright 2016, Royal Society of
Chemistry.
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In addition to a fundamental understanding of the changes
in energy associated with phase transitions of flexible MOFs, a
combination of DSC and TGA has also been applied to evaluate
the water adsorption enthalpy (DHads) for MOF-801 (Zr6O4(OH)4-
(fumarate)6) as well as zeolites, highlighting the utility of the
mentioned techniques across several porous material classes.88

Although accurate determination of DHads is crucial for applying
MOFs in the areas of thermal energy storage, climate control, and
water purification systems,9,32,88,116 conventional gas sorption
experiments for DHads evaluation124 are often challenged by
minimal separation between isotherms at low relative pressures,
potentially leading to poor data fitting.88 To address the men-
tioned challenges, Yaghi and co-workers presented a method
relying on relatively accessible DSC and TGA setups which can
be applied as an alternative strategy for determining DHads.

88 To
demonstrate the power of the presented method, the adsorption
enthalpy of two classes of materials, hydrophilic MOFs and
zeolites, was analyzed.88 In particular, samples of MOF-801 and
zeolite MgY were saturated with water vapor prior to analysis
by DSC and TGA.88 Subsequent DSC and TGA measurements
provided the enthalpy and mass loss associated with water
desorption from the framework, respectively. Combining the
experimental enthalpies of desorption, heat transfer during ‘‘cool
down’’ (i.e., thermal equilibration of the sample and instrument
after water desorption), and mass loss with an appropriate
thermodynamic cycle resulted in calculated values for DHads.
Importantly, the developed methodology could also be expanded
to measure the changes in DHads of porous materials at various
water uptakes and at different temperature regimes.88

In addition to gaining a thermodynamic understanding
of vapor adsorption processes and structural transitions as
described in the previous studies, thermal measurements can
also be applied to evaluate a unique concept known as ‘‘gate
opening’’ exhibited by some flexible MOFs. As shown in Fig. 10,

‘‘gate opening’’ describes the phenomenon of rapid adsorption
of gas molecules by flexible MOFs as a result of a phase
transition.92 Such behavior is particularly important for appli-
cations of MOFs in selective gas sorption, storage, and separa-
tion from mixtures, where different gas molecules induce
‘‘gate opening’’ at distinct pressures.92 In order to predictably
design flexible frameworks that selectively adsorb target gases,
methods for accurately measuring values of DH and DG, as
well as the entropic contributions to DG, for ‘‘gate opening’’
transitions must be developed. For example, ZIF-7 (Zn(BIm)2,
BIm = benzimidazolate) undergoes reversible changes between
rhombohedral and triclinic structures upon adsorption of CO2

(Fig. 10), which is made possible by an overall negative value of
DG for the combined structural change and gas sorption
processes as described in more detail below.

In a similar vein, Ohtani and co-workers utilized DSC
measurements under either CO2 or N2 atmosphere to provide
a detailed mechanistic analysis of CO2 adsorption in ZIF-7.92

While no endothermic or exothermic events (i.e., no phase
transition) could be detected by DSC upon heating a sample
of ZIF-7 under a constant flow of N2, a distinct endothermic
event was detected upon heating ZIF-7 under CO2.92 Likewise,
cooling the MOF under CO2 resulted in an exothermic transi-
tion associated with desorption of CO2 from the framework,
suggesting that the ‘‘gate opening’’ transition was fully rever-
sible in the presence of CO2 but did not occur at all under N2

atmosphere (Fig. 10).92 Since the energy of the observed ‘‘gate
opening’’ transition is related to both a phase change for the
framework and gas adsorption, the energy changes detected by
DSC experiments could not be directly assigned to a single
process.92 Therefore, the authors deconvoluted the energy
contributions of gas sorption and structural changes through
a series of DSC and theoretical modelling studies. Specifically, a
positive value of DH was associated with the structural transi-
tion or ‘‘gate opening’’ process, and a negative value of DH was
associated with CO2 adsorption (Fig. 10). Moreover, the overall
Gibbs free energy of the reaction (DGrxn) was estimated through
a series of DSC experiments conducted under a mixed atmo-
sphere of CO2 and N2 where the ratio between the two gases
was systematically varied but the overall pressure was held
constant.92 As a result, the authors determined DGrxn =
�15.1 kJ mol�1, which was consistent with previously reported
values based on DFT studies.92 Overall, this work demonstrated
an accessible strategy to experimentally determine thermody-
namic parameters associated with the ‘‘gate opening’’ or
‘‘breathing’’ behavior of frameworks which could be applied
to compare important material performance metrics, such as
adsorption capacity and heat of adsorption, across a variety of
flexible materials.

Spectroscopy

While the previously discussed techniques for probing the
thermodynamics of MOFs mainly rely on direct measurement
of heat exchange during a chemical process (e.g., calorimetry or

Fig. 10 (top) Schematic representation of ‘‘gate opening’’ by ZIF-7 upon
adsorption of CO2, associated with a decrease in enthalpy. (bottom)
Structures of the metal node (large dark green sphere) and organic linker
(gray rod) of ZIF-7. The gray tetrahedron and blue spheres represent zinc
and nitrogen atoms, respectively. Reproduced from ref. 92 with permission
from the Royal Society of Chemistry under the terms of the Creative
Commons Attribution-NonCommercial 3.0 Unported License. Copyright
2024, Royal Society of Chemistry.
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thermal measurements), spectroscopic techniques can offer
complementary pathways toward measuring MOF thermo-
dynamic parameters. For example, UV-vis absorbance, Fourier
transform infrared (FTIR), photoluminescence, and induc-
tively-coupled plasma atomic emission spectroscopies (ICP-
AES) have all been applied in the MOF field to evaluate
thermodynamic aspects, such as the driving force for water
adsorption, mechanism of selective metal ion sensing, ener-
getics of cation exchange, and PSM of MOF-based nano-
particles.15,22,34,71,74,75,78,79,84,95,98,115,125–131 In many cases,
these spectroscopic techniques are applied to understand
guest binding events in MOFs which are associated with, for
instance, distinct shifts in the material’s optical (e.g., absor-
bance or emission) profile. Very often, the energy and/or
binding constants for MOF-guest interactions can be derived
through comparison of the optical profiles of the ‘‘free’’
(unbound) and MOF-bound guest molecules. Moreover, spec-
troscopic techniques offer the advantage of high sensitivity
(i.e., low detection limits), and they can often be performed in
a time-resolved manner to gain information about kinetics
in addition to thermodynamic aspects.36,41–43,56,73–76,79,81 As a
result, the different spectroscopic techniques mentioned
below can provide both thermodynamic and kinetic insights
into processes occurring in MOFs, even at very low analyte
concentrations in comparison with other experimental tech-
niques (e.g., calorimetry or thermal measurements requiring
larger sample sizes).26,27,36,43,110

One example of how spectroscopic experiments can be used
to probe MOF thermodynamic parameters was demonstrated
by Dincă and co-workers, who applied ICP-AES measurements
to determine the thermodynamic driving forces for solid-state
metathesis (transmetallation processes) occurring in MOFs.132

Motivated by the synthetic power of cation exchange for mate-
rial design (which allows for predictable insertion of metal
cations into crystallographically-defined coordination environ-
ments), the authors developed a general method to determine
DH and DS of cation exchange processes on the example
of MOF-5 and MFU-4l (Zn5Cl4(BTDD)3; BTDD = bis(1H-1,2,3-
triazolo-[4,5-b],[40,50-i]dibenzo-[1,4]-dioxin)).132 As a starting
point, polycrystalline powders of MOF-5 and MFU-4l were
prepared via solvothermal synthesis (Fig. 11).

To promote the exchange of zinc cations to nickel ones in
the MOF metal nodes, the authors suspended MOF-5 in a
Ni(NO3)�6H2O solution in DMF for over two months.132

By analyzing the concentrations of Zn2+ and Ni2+ in solution
at equilibrium by ICP-AES, the equilibrium constant (Keq) for
the cation metathesis reaction was estimated.132 Combining
Keq with the temperature of the MOF suspension (maintained
precisely throughout the course of the experiment) allowed for
calculation of DG for the Zn-to-Ni exchange process.132 Further-
more, plotting the values of ln(Keq) as a function of 1/T was also
used to estimate the values of DH and DS for the Zn-to-Ni cation
exchange process in MOF-5.132 As a result, the authors con-
cluded that Zn-to-Ni exchange in MOF-5 is favorable in terms of
DS and unfavorable in terms of DH. The favorable value of DS is
counterbalanced by the increase in DH of the system, leading to

a relatively low absolute free energy value (i.e., the Zn-to-Ni
cation exchange in MOF-5 is essentially thermoneutral).132

Thus, cation exchange in MOF-5 is likely primarily driven by
a large excess of Ni2+ cations in the starting MOF suspension
according to Le Chatelier’s principle. The authors extended
their thermodynamic analysis of cation exchange in MOFs by
testing the effects of different solvents (e.g., DMF versus acet-
onitrile) and cations (e.g., Zn2+, Ni2+, and Co2+) during solid-
state metathesis using MOF-5 and MFU-4l as model systems.
As a result, it was determined that some of the factors that
significantly impact cation exchange thermodynamics are the
geometry of the metal node, the presence of labile ligands
(e.g., DMF or other solvent molecules), and the degree of
covalency of the linker-metal node interactions.132 Notably,
the covalency of the metal node-linker interactions is a para-
meter that could also be tailored through synthetic modifica-
tion of the organic linker (e.g., with electron-donating or
withdrawing groups) in addition to the identity of the metal
node to control the coordination strength. However, even
though many variables can impact the specific values of Keq,
DG, DH, and DS, the collected data suggest that, in general,
cation exchange is an endergonic process that is primarily
promoted by a large excess of the inserting cation but can be
tailored by the choice of framework and metal salt.132

The thermodynamics of solid-state metathesis on actinide-
containing frameworks (including transuranic ones) was per-
formed by Shustova and co-workers who demonstrated that
only certain actinide-frameworks could serve as a platform for
the preparation of isostructural actinide-based analogs.46 This
approach is especially critical for the synthesis of transuranic
MOFs since the quantity and high radioactivity of the used

Fig. 11 (top) Schematic representation of the Zn-to-Ni exchange occur-
ring in metal nodes of MOF-5, which is associated with both an increase in
enthalpy and entropy. (bottom) Structures of the zinc- (large yellow
sphere) and nickel-based (large dark green sphere) metal nodes and
organic linker of MOF-5 (gray rod). Small yellow, light green, red, and gray
spheres represent zinc, nickel, oxygen, and carbon atoms, respectively.
Reproduced with permission from ref. 132. Copyright 2015, Royal Society
of Chemistry.
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actinides imply significant restrictions on the number of syn-
thetic attempts and amounts of available radioactive pre-
cursors.22,46 For instance, the authors demonstrated that
uranium-based MOFs could be used as a convenient precursor
for incorporation of transuranic elements, such as Pu, within
the MOF matrix.46 As an example, crystals of the uranium-
based MOF, U-Me2BPDC-8 (U6O4(OH)8(Me2BPDC)4, Me2BPDC2� =
2,20-dimethylbiphenyl-4,40-dicarboxylate), were used as a precur-
sor for transmetallation reactions.46 Upon its exposure to a
Th(NO3)4 solution in air, complete transmetallation to a Th-
based analog was achieved after 56 hours.46 However, U-Me2-
BPDC-8 remained intact (i.e., no transmetallation occurred)
when the same procedure was repeated under an inert atmo-
sphere, even after several months. Based on the experimental
observations, the authors hypothesized that oxidation of U4+ to
UO2

2+ in the presence of oxygen could be the thermodynamic
driving force for efficient U-to-Th exchange. To probe this
hypothesis, a combination of UV-vis spectroscopy and thermo-
chemical calculations was employed to comprehensively study
both the thermodynamics and kinetics of the transmetallation
processes.46 Specifically, the authors employed UV-vis spectro-
scopy to monitor the formation of UO2

2+ in the supernatant
above U-Me2BPDC-8 during the transmetallation procedure
(i.e., release of UO2

2+ from the framework upon U-to-Th
exchange in the presence of oxygen). Kinetics data could then
be extracted by plotting the absorbance of the supernatant at
424 nm (corresponding to the p–p* transitions of UO2

2+) as a
function of time. Fitting the acquired spectroscopic data with a
first-order rate model resulted in the first transmetallation rate
constant in actinide-based MOFs of k = 5.64 � 10�6 s�1.46

In addition to spectroscopic data correlating UO2
2+ formation

with U-to-Th exchange in actinide-based MOFs, Shustova and co-
workers also utilized solution calorimetry experiments to evaluate
the standard enthalpy of the transmetallation reaction DH

�
rxn

� �
.46

For this, the authors measured the enthalpy of dissolution for
monometallic U-Me2BPDC-8 and heterometallic U/Th-Me2BPDC-8
with varying degrees of Th incorporation. Applying an appropriate
thermochemical cycle to the acquired calorimetric data revealed
that the U-to-Th exchange process is exothermic in the presence of
oxygen with DH

�
rxn = �587.57 kJ mol�1 (i.e., assuming a change in

uranium oxidation state from +4 to +6, associated with formation
of UO2

2+). In contrast, the same calculations without considering
the changes in the uranium oxidation state (i.e., no UO2

2+

formation) resulted in a positive value of DH
�
rxn of approximately

177 kJ mol�1. Thus, both spectroscopic and calorimetric experi-
ments supported that formation of a stable uranyl species was the
primary driving force for U-to-Th exchange in MOFs. The acquired
thermodynamic data (i.e., favorable formation of UO2

2+ in the
presence of air) can be used to guide the synthesis of actinide-
based frameworks by using U-containing MOFs as precursors for
isostructural transuranic analogs. For example, U-based MOFs
can be used for preparation of Pu-containing frameworks based
on the fact that UO2

2+ formation in air is strongly exothermic
(DH

�
rxn = �587.57 kJ mol�1).

Outside of ICP-AES and UV-vis absorbance spectroscopy,
FTIR spectroscopy has also been applied to understand

thermodynamic and mechanistic aspects of water adsorption
in frameworks such as NU-1500-Cr (Cr3(m3-O)(H2O)2(Cl)(PET);
H6PET = 4,40,400,4 0 0 0,40 0 0 0,40 0 0 00-(9,10-dihydro-9,10-[1,2]benzeno-
anthracene-2,3,6,7,14,15-hexayl)hexabenzoic acid), which is a
high-performance MOF capable of atmospheric water
harvesting.34 For example, Paesani and co-workers applied a
combination of FTIR spectroscopy and molecular dynamics
simulations to probe the thermodynamic aspects of water
adsorption in NU-1500-Cr as a function of relative
humidity.34 In their studies, molecular dynamics simulations
were employed to estimate DHads for water adsorption and the
entropy of the adsorbed water molecules (DSwater), while FTIR
spectroscopy revealed how the thermodynamic parameters
correlated with the water adsorption mechanism.34 In parti-
cular, DHads was estimated to be �14.5 kcal mol�1 at relative
humidities (RH) between 15–31%, which corresponds to
favorable framework-water interactions and hydrogen bond
formation.34 At the same time, saturation of the framework
above 36% RH resulted in a decrease in DSwater from B20 to
B17 cal mol�1 K�1, which was attributed to confinement
effects and restricted motion of the adsorbed water molecules
upon formation of a hydrogen-bonded network.34

The values determined from molecular dynamics simula-
tions could then be correlated with FTIR spectroscopic analysis
to shed light on the detailed mechanism of water adsorption in
NU-1500-Cr.34 In particular, the combination bend + libration
stretching modes of water molecules are a strong indicator of
the local environment and hydrogen-bonded network of
adsorbed water molecules, as it shifts to lower frequencies for
a highly ordered network.34 In contrast, the bend + libration
band shifts to higher frequencies when the hydrogen-bonded
network is disrupted. Upon increasing RH from 30 to 40%, the
network of water molecules becomes less disrupted and more
similar to that of liquid water, supporting the idea that the first
step of water adsorption is coordination of individual water
molecules to MOF metal nodes, followed by formation of
H2O� � �H2O interactions. Thus, FTIR spectroscopy combined
with molecular dynamics simulations could be used to deter-
mine that the ‘‘pore filling’’ step (i.e., formation of a hydrogen-
bonded network of water molecules within the pore volume)
was entropically unfavorable, but the decrease in entropy was
compensated by formation of energetically favorable hydrogen
bonds.34 Importantly, the authors also note that coordination
of water molecules to open metal sites in the framework is not
the only mechanism for efficient water adsorption in MOFs. For
instance, MOF-801 adsorbs water through binding with m3-OH
groups followed by formation of a hydrogen-bonded network of
water molecules, and water harvesting COFs are reported to
adsorb water primarily through hydrogen bonding interactions
with the organic linkers.88

Other techniques

Although a majority of studies have chosen to employ calori-
metry, gas sorption analysis, thermal measurements, and
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spectroscopic techniques to experimentally probe the thermo-
dynamics of MOF-based processes, the utilization of alternative
techniques can greatly expand fundamental knowledge toward
desirable applications.10,11,15,22,26,29,34,36,37,39,40,43,45,50,71,74,75,78,

79,82,84,86–89,92,93,95,98,100,102,103,108,114,115,120,127–130,133,134 For
example, electrochemical measurements and advanced X-ray
diffraction studies are less frequently applied toward thermo-
dynamic analysis but can offer comprehensive mechanistic
insights into the structure-energy landscape for a variety of
frameworks.8,40,51,58,59,71,75,77,82,94,98,114,115

For example, electrochemical measurements have recently
been applied toward evaluation of proton, electron, and hydro-
gen atom transfer processes which are at the heart of many
MOF-based catalytic transformations.17,40 Specifically, proton-
coupled electron transfer (PCET) events occurring at the sur-
face of redox-active MOF particles or at metal nodes can be
investigated using electrochemical open-circuit potential (EOCP)
measurements as well as potentiometric acid–base titra-
tions.94,135,136 The Noh group used the mentioned electro-
chemical techniques to establish correlations between the
thermodynamics of PCET, structural disorder, and particle size
of catalytically active Ti-MIL-125 (Ti8O8(OH)4(BDC)6, MIL =
Materials of Institute Lavoisier).94 In their studies, the authors
prepared three distinct batches of Ti-MIL-125 with different
particle sizes and measured the PCET thermodynamics as a
function of MOF particle size.94 As a first step, EOCP measure-
ments were employed to establish a 1 : 1 proton : electron
stoichiometry for redox events occurring within Ti-MIL-125
regardless of particle size and structural disorder. However,
despite the fact that the proton:electron stoichiometry did not
vary as a result of particle size, distinct differences in the
thermodynamics of PCET as a function of particle size were
revealed by analyzing the Ti3+O–H/Ti4+O redox couple (repre-
senting proton and electron transfer occurring at the Ti-based
metal nodes) via cyclic voltammetry. In particular, the authors
compared the values of E1(Ti3+O–H/Ti4+O) for each of the three
particle sizes and detected a cathodic shift associated with
increasing size. In other words, increasing the particle size of
Ti-MIL-125 resulted in more thermodynamically favored
reduction events (i.e., the H atoms of larger particles were
stronger reductants than those of smaller particles). The
chemical basis for the described change in thermodynamics
of proton and electron transfer could be elucidated by theore-
tical calculations, which indicated that significant local geo-
metric distortion of the Ti cations in the metal nodes of smaller
particles was a key factor that dictated the thermodynamics of
PCET. The hypothesized geometric distortions were also sup-
ported by UV-vis spectroscopy and potentiometric acid–base
titrations.94 To summarize, the Noh group combined electro-
chemical measurements, UV-vis spectroscopy, and simulations
to conclude that reducing MOF particle size leads to stronger
structural disorder, significantly shifting the thermodynamics
of PCET, as well as proton and electron transfer events at the
heart of MOF-based heterogeneous catalysis. The implications
of the Noh group’s results are profound, suggesting that careful
control of particle size (i.e., through choice of MOF synthetic

conditions) is essential for not only reproducible thermody-
namic measurements, but also for predictable catalytic perfor-
mance for redox-active frameworks.

Alternative parameters that can be evaluated through elec-
trochemical methods include charge transfer kinetics/resis-
tance (i.e., through electrochemical impedance spectroscopy),
electrochemically active surface areas, and electrocatalytic
stability (i.e., through cyclic voltammetry). For instance, Qian,
Kirillov, and co-workers have demonstrated how the mentioned
electrochemical techniques can be used to guide the design of
multimetallic MOFs for small molecule oxidation. The authors
specifically use the example of a Mn- and Co-based MOF
electrocatalyst that couples urea oxidation with the hydrogen
evolution reaction as an energetically favorable hydrogen pro-
duction pathway.100–102

While the Noh and Qian groups above have utilized diverse
electrochemical methods to probe MOF thermodynamics, an
equally important direction is to couple X-ray diffraction tech-
niques with theoretical modeling (e.g., DFT studies) and mole-
cular dynamics simulations, especially for understanding larger
structural changes in the framework backbone. For example,
Kieslich, Schmid, and co-workers investigated how the high-
pressure behavior of flexible MOFs is related to the system’s
configurational entropy, which could be tailored through side-
chain modification of the organic linkers (Fig. 12).51 As an
example, the authors analyzed the phase transitions of two
flexible MOFs, Cu2(BDC)(dabco) and Cu2(DB-BDC)(dabco),
using high-pressure PXRD (HP-PXRD). Importantly, the two
selected MOFs differed only by functionalization of the BDC2�

linker with a 2,5-dibutoxy (DB) moiety. The authors hypothe-
sized that such modification would increase the vibrational and
configurational entropy of the framework due to side chain
flexibility. Interestingly, parent Cu2(BDC)(dabco), possessing
no flexible side chains on the organic linker, exhibited an
irreversible phase transition from a large- to narrow-pore state
upon increasing pressure, which was visualized by HP-PXRD
experiments.51 In contrast, side-chain-modified Cu2(DB-BDC)-
(dabco) exhibited a fully reversible phase transition from the
large- to narrow-pore state upon increasing pressure followed
by a return to the large-pore state when the pressure was
released. Therefore, the authors hypothesized that modifica-
tion of the organic linkers through incorporation of flexible
side chains altered the thermodynamic free energy landscape
that governed reversible phase transitions. Such behavior is
also consistent with the recently reported concept of ‘‘molecu-
lar grease’’ in which incorporation of long aliphatic chains
within extended structures can facilitate reversible phase tran-
sitions by promoting molecular conformational flexibility.24

To further probe the hypothesis that side chain flexibility
could facilitate reversible phase transitions, Kieslich, Schmid,
and co-workers combined HP-PXRD experiments with force
field-based molecular dynamics simulations.51 As a result, the
irreversible phase transition of Cu2(BDC)(dabco) was attributed
to bistability of the large- and narrow-pore phases (i.e., the two
phases represented two local thermodynamic minima based on
calculated values of Helmholtz free energy and internal energy).
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Due to the absence of flexible side chains, the free energy of
Cu2(BDC)(dabco) was not significantly influenced by configura-
tional entropy.51 In contrast, the large-pore phase of Cu2(DB-
BDC)(dabco) was calculated to have a large entropic contribu-
tion from the configurational freedom of the side chains.51 As a
result, formation of the dense narrow-pore phase of Cu2(DB-
BDC)(dabco) coincided with a significant loss of configura-
tional entropy.51 The thermodynamically unfavorable decrease
in entropy prevented the narrow-pore phase of Cu2(DB-BDC)-
(dabco) from being in a deep thermodynamic minimum,
ultimately allowing for a reversible transition back to the
large-pore phase (Fig. 12). To summarize, the reversible phase
transitions of Cu2(DB-BDC)(dabco) were made possible by
small chemical modifications of the organic linker (e.g., incor-
poration of butoxy groups), which could be used to tailor the
overall configurational entropy of the system.51

As an alternative to understanding the Helmholtz free
energy and entropy changes in a system through X-ray diffrac-
tion and computational approaches, the Yaghi and Gagliardi
research groups have applied a combination of single-crystal
X-ray diffraction, DFT calculations, and gas sorption experi-
ments to uncover the mechanism and energy of water adsorp-
tion in water harvesting materials.137 Specifically, the authors
have applied synchrotron single-crystal X-ray diffraction to
establish relationships between the hydrophilic nature of an
organic linker, water sorption mechanism, and the energy of
the interactions between adsorbed water molecules and the
framework. For this, the authors grew large single crystals of
MOF-303 (Al(OH)(PZDC), PZDC2� = 1-H-pyrazole-3,3-dicarboxylate),
which was selected as an example of a state-of-the-art water

harvesting material, and collected X-ray diffraction data upon
gradual desorption of water from the framework. Surprisingly,
the crystallographic data showed that the initial water adsorp-
tion started not at the metal node, which is commonly assumed
to be the strongest binding site for water molecules in most
frameworks, but rather at a hydrophilic pocket formed by
neighboring PZDC2� linkers.137 These results emphasize the
importance of organic linker design, which ultimately can shift
both the thermodynamic landscape and performance of frame-
work materials. Strong hydrogen-bonding interactions between
the organic linker and water molecules allowed for the first
three adsorbed water molecules to bind in the mentioned
hydrophilic pocket, while subsequent water molecules were
bound through water� � �water interactions rather than to the
framework itself. Thus, the water adsorption process could be
broken into a ‘‘seeding stage’’ where water molecules interacted
with the organic linkers and a ‘‘pore filling’’ stage involving
formation of a hydrogen-bonded network of water molecules
within the pore volume. Moreover, the authors detected an
increase in the unit cell parameters of MOF-303 upon water
adsorption, which prompted an investigation into the relation-
ship between the binding energy of water molecules and
framework deformation energy (i.e., MOF ‘‘strain’’ upon water
adsorption).137

DFT calculations revealed that the ‘‘seeding’’ stage (i.e.,
adsorption of the first four water molecules) is associated with
a deformation energy of B58.5 kJ mol�1 per crystallographic
asymmetric unit. However, the unfavorable thermodynamic
penalty associated with MOF deformation was compensated
by formation of hydrogen bonding interactions between neigh-
boring water molecules and the organic linkers, resulting in an
overall favorable binding energy of �74.1 kJ mol�1 per water
molecule.138 Moreover, water sorption isotherms collected for
MOF-303 and a series of eight isoreticular analogs containing
varying ratios of a less hydrophilic organic linker, FDC2� (2,4-
furandicarboxylate) revealed how the choice of an organic
linker influences the adsorption enthalpy of the material.

By systematically varying the ratio of organic linkers in the
framework, the authors were able to tailor DHads from �53 to
�50 kJ mol�1 (determined from gas sorption isotherm fitting).
The differences in DHads due to increasing the content of less
hydrophilic FDC2� could be associated with changes in the
number of hydrogen bonds formed during water adsorption.135

Overall, the mentioned correlations provide a thermodynamic
basis for precise molecular-level design of water harvesting
frameworks with highly tunable water sorption properties
(e.g., onset position, uptake capacity, DHads, and desorption
temperature).137

Conclusions

As demonstrated by the studies highlighted in this review,
the experimental toolbox for evaluating the thermodynamic
aspects of MOFs is rich, providing many opportunities to
understand and predict the properties of several classes of

Fig. 12 (top) Schematic representation of the large- to narrow-pore
transition of Cu2(DB-BDC)(dabco) upon an increase in pressure. The side
chains (blue) exhibit higher configurational entropy in the large-pore
phase than the narrow-pore phase. (bottom) Structures of the metal node
(large dark green sphere), organic linker (gray rod), and side chain (blue).
Small light green, red, gray, and blue spheres represent copper, oxygen,
carbon, and nitrogen atoms, respectively. Hydrogen atoms are omitted for
clarity. Reproduced with permission from ref. 51 under the terms of the
Creative Commons CC BY license. Copyright 2020, the Authors, published
by John Wiley and Sons.
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porous materials. For example, framework stability, structural
transitions, possibility for PSM, gas/vapor adsorption, guest
encapsulation, redox activity, and many other aspects of MOF
chemistry are directly tied to a detailed fundamental under-
standing of associated thermodynamics.4,18,36,37,40,45,55,67,71,72,

79,86,87,89,91,94,96,120,123,124,127,134,135,137,138 As a result, emergent
applications of MOFs, including in the areas of atmospheric
water harvesting, controlled drug delivery, heterogeneous
catalysis, gas separation, and radionuclide sequestration/
storage, all rely on an understanding of MOF thermodyna-
mics.1,12,13,20–22,34,36,37,46,73,80,87,88,94,139 Therefore, experiments
designed to probe thermodynamics are integral parts of all
MOF research, ranging from ligand and framework design
to long-term applications, stability testing, and even material
recycling/repurposing.10,11,22,25,26,60,61,70,77,78,80,81,90,96,139–141

As a first step in this review, we demonstrated how conven-
tional experimental techniques, such as solution calorimetry,
can be applied to evaluate the enthalpy of formation for a
variety of materials by measuring the heat evolved upon frame-
work decomposition. However, alternative calorimetric meth-
ods, such as drop combustion calorimetry or ITC, can allow for
direct measurements performed on MOF solids (as opposed
to solution calorimetry in which MOF samples are typically
decomposed in acidic or basic media). For example, drop
combustion calorimetry can be applied to predict the hydrolytic
stability of materials targeting CO2 capture from industrial flue
gas.29,50,124,125 While drop combustion calorimetry is advanta-
geous because it allows for analysis of dry powders, it also
requires high temperatures (4800 1C), and experiments need
to be carried out under an oxidizing atmosphere. In contrast,
ITC experiments can be performed on MOF suspensions under
milder conditions (e.g., room temperature aqueous or organic
suspensions), which may be more suitable for evaluating MOF
performance in biomedical applications, such as protein
encapsulation.86,102,112,142 Moreover, the ability to deconvolute
the contributions of DH and DS to processes occurring within
MOFs makes ITC a powerful technique that can be used to
guide, and at the same time, ‘‘fine tune’’ material design.

Outside of conventional solution-based calorimetry, drop
combustion calorimetry, and ITC, more conventional thermal
techniques, such as DSC or TGA, allow for direct measurement
of heat exchange occurring during a chemical reaction or phase
transition. As a result, DSC and TGA experiments can often be
more straightforward to perform than the mentioned calori-
metric methods. Relative accessibility and the possibility to
perform measurements under a variety of experimental con-
straints (e.g., variable humidity, temperature regimes, gases,
and pressures) make DSC and TGA valuable techniques to gain
both preliminary thermodynamic data, such as thermal stability
and decomposition temperatures, and phase transition enthal-
pies. For example, DSC is an extremely powerful method for
evaluating the energy and entropic contributions to ‘‘gate open-
ing’’ or ‘‘breathing’’ transitions of flexible frameworks, especially
when combined with PXRD or gas sorption studies.51,75,92

While calorimetric and thermal experiments can provide
thermodynamic insights through direct measurement of heat

exchange occurring during a chemical process, spectroscopic
techniques can provide access to thermodynamic parameters
like equilibrium constants and dissociation/binding constants
by monitoring changes in a material’s optical profile as a
function of analyte concentration (Table 1).22,40,53,59 As a sepa-
rate advantage, the equilibrium and/or binding constants
extracted from spectroscopic data can be mathematically con-
verted into values of DG, allowing for direct comparison with
other experimental methods or with literature reports, assum-
ing identical sample preparation methods, including choice
of solvent, activation conditions, and phase purity.39,59,86,124

Moreover, spectroscopic methods, especially photolumines-
cence spectroscopy, generally offer high sensitivity and low
detection limits, potentially allowing for evaluation of binding
events in MOFs even at low analyte concentrations. At the same
time, the high sensitivity of spectroscopic methods, which
could be used to probe metal coordination environments for
both adsorbed metal ions and metal nodes, also requires
thorough analysis of subtle spectral features and rigorous
control experiments.

This review also surveys a few less frequently used methods
for probing MOF thermodynamics, such as advanced X-ray
diffraction and electrochemical techniques.8,40,58,59,91,94,114

For example, EOCP measurements can shed light on the detailed
mechanisms for electron and/or proton transfer occurring at
MOF metal nodes, which are not readily accessible through
other experimental techniques.8,40,94 In particular, some elec-
trochemical techniques offer the potential advantage of allow-
ing for MOFs to remain intact during analysis under carefully
selected experimental conditions, thereby preserving the coor-
dination environment of the metal node, in contrast to solution
calorimetry which usually requires MOF samples to be
degraded in acidic media. At the same time, HP-PXRD and
synchrotron single-crystal X-ray diffraction can allow for struc-
tural changes in response to an external stimulus (e.g., applied
pressure or presence of water vapor) to be monitored in situ
or in operando, providing an experimental basis for further
molecular dynamics simulations or theoretical modeling.51

To summarize, there is no single experimental technique
that is sufficient to map the detailed thermodynamic landscape
of MOF formation, applications, and degradation. Instead, the
entire library of experimental techniques supported by compu-
tational analysis must be utilized in order to rationally design
new materials and address upcoming challenges and current
knowledge gaps. For instance, many of the future applications
of MOFs described in this review rely on their integration
within larger device architectures, and the optimization of the
synthesis and fabrication of such devices will rely on under-
standing thermodynamics, for instance, behind the processes
occurring at the interfaces between MOF particles and device
components. Access to the necessary thermodynamic informa-
tion (e.g., energy associated with charge transfer across device
interfaces and/or MOF stability as a function of material shap-
ing) will likely require extensive in operando calorimetric,
thermal, or electrochemical measurements. For example, the
field of MOF-based photo- and electrocatalysis is continually
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evolving, and further advancements will require detailed stu-
dies of the reaction mechanisms involving both a catalytically
active MOF and a conductive support (in the case of hybrid or
composite materials). In a similar vein, the electrochemical
stability of hybrid materials and interfaces at variable current
densities (e.g., 4100 mA cm�2) and long reaction times is a
critical parameter to carefully study moving forward.101 Ther-
modynamic measurements could also be applied to predict and
design energetically favorable small-molecule oxidation reac-
tions with suitable potentials to facilitate, for instance, hydro-
gen evolution as a clean energy source.100,101

Moreover, upcoming practical applications of MOFs in the
areas of radioactive/hazardous waste management, drug delivery,
and solid-state electrolytes for efficient batteries require more in-
depth thermodynamic information, allowing for predicting and
tailoring the long-term stability of frameworks under harsh and
multicomponent environments. Alternatively, defect engineering
in MOFs has already been proven in the literature to be a valuable
pathway for radionuclide capture, tunable thermal conductivity,
and enhanced catalytic activity, yet almost no thermodynamic
data exists to describe defect formation and post-synthetic modi-
fication. For instance, current literature lacks fundamental knowl-
edge related to entropy changes associated with post-synthetic
coordination to open metal sites (i.e., ‘‘missing linker’’ defects),
which will likely require development of new methods for both
mapping and measuring random defects in an otherwise crystal-
line material.

Finally, continual development of theoretical models (e.g.,
DFT or other methods) that are more directly correlated with
experimental reality will be vital for accessing next-generation
MOF applications. In particular, new theoretical models should
account for the dynamic nature of frameworks related to
structural evolution upon exposure to material operational
conditions. For instance, presence of labile/exchangeable
linkers, structural changes upon repeated exposure of a mate-
rial to industrially relevant conditions, partial pore blockage
by guest molecules, and incomplete activation all signifi-
cantly impact the outcome of thermodynamic measurements.
Advanced computational studies that begin to account for
‘‘imperfect’’ MOF structures could provide important insights
and clarify more precise structure–property relationships. As a
result, the combination of experimental and computational
thermodynamic aspects will continue to play a vital role in the
development of the entire MOF ‘‘life cycle,’’ from design and
structure–property analysis to commercialization and recycling.
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