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Abstract 
 
Many of the proposed applications of metal-organic framework (MOF) materials may fail to 

materialise if the community doesn’t fully address the difficult fundamental work needed to map out 
the time-gap in the literature. While there are a range of excellent investigations into MOF dynamics 

and time-dependent phenomena, generally these works represent only a tiny fraction of the vast 

field of MOF studies. This review provides an overview of current research into the temporal 

evolution of MOF structures and properties by analysis of the time-resolved experimental 

techniques that can be used to monitor such behaviours. We focus on new and innovative 

techniques, while also discussing older methods well-utilised with other chemical systems. Four 

areas are examined: MOF formation, guest motion, electron motion, and framework motion. In each 

area, we highlight the disparity between the relatively small amount of (published) research on key 

time-dependent phenomena and the enormous scope for acquiring wider and deeper understanding 

essential for the future of the field. 

Introduction 
 
New metal-organic frameworks (MOFs) are frequently being added to the literature, but the days of 

simply reporting just a static, pretty MOF structure are largely behind us. The most exciting studies 

of the present day are those describing the time-dependent phenomena which more accurately 

represent the real state of any given MOF crystal or particle and of the guests within. Detailed new 

investigations into fundamentally dynamic phenomena in chemistry and physics such as 

nanofluidics,1 ion or electron conduction2,3 and photochemistry4,5 have been enabled by the highly 

crystalline nature of the majority of MOFs, studied with techniques such as X-ray/neutron 

diffraction,6,7 spectroscopy8 and microscopy methods.9 Since linker size/shape/property variation is 

limited only by the ingenuity of synthetic chemists, and many different metal ions can be combined 

with the resulting linkers, the accessible dynamic chemical phase space afforded by MOFs is vast.10-13 

The high degree of intrinsic structural variation gives rise to one of the most appealing features of 

MOFs: extremely high tunability of framework properties such as pore size, shape, surface area and 

chemistry. This, in turn, allows for their targeted use in a variety of applications including gas storage 

and separation,14-16 photocatalysis,17,18 drug delivery,19-22 sensing23-25 and fuel cells.26,27 

The term “soft porous crystals” (SPCs) coined in 2009 by Kitagawa and co-workers28 describes a 

subclass of MOF which display some degree of framework flexibility while maintaining structural 

integrity throughout reversible framework changes caused by stimuli including temperature,29 

pressure,30 guest variation31 or light.32 These “flexible” MOFs may appear to be considerably less 

abundant in crystal structure databases than their rigid counterparts, but it is also likely that the 

flexibility limits of most reported frameworks have simply not been investigated.33 

Understanding the fundamental physics and chemistry governing the mechanisms of structural 

transformations in flexible frameworks is key to successful development of applications. Quantum 

chemistry calculations and molecular dynamics/grand canonical Monte Carlo simulation (MD/GCMC) 



can provide some mechanistic insight34,35 but are often limited to largely idealised and spatially 

constrained fragments of MOF crystals. Real MOF samples frequently contain defects and display 

crystal-size-dependent phenomena36,37 on which insight is only attainable by taking time-resolved 

experimental measurements of the system during the dynamic events. By monitoring at time 

intervals that are sufficiently short to capture the dynamic phenomena in question, key information 

within transiently accessed, non-equilibrium states can be obtained. In turn, this information 

facilitates piecing together the nature of the potential energy surface describing the flexible 

framework during its contortions. The ultimate goal is to allow the rational design of flexible “4-

dimensional frameworks” with deliberate and predictable time-dependent properties, a goal that 

was expertly set out by Kaskel et al. in 202038 and beautifully framed in conceptual terms. The 

biggest hurdle to achieving this goal is still obtaining detailed experimental information with which 

to experimentally apply the conceptual framework. 

In this review, we provide the reader with a contemporary picture of the state of experimental MOF 

research in the time domain. After dividing the field into four subsections, we use a 

technique→phenomenon→framework approach. By putting the techniques at the forefront of the 

discussion, we hope to demonstrate their utility in the study of time-resolved MOF dynamics and to 

highlight several newer or less well-known techniques (Table 1, Figure 1).  

The four subsections of the field we describe are based on the type of motional behaviour 

investigated. In one sense, the most dynamic of behaviours is of course the synthetic process itself. 

Beginning with “MOF Formation”, therefore, we describe time-resolved techniques that monitor the 

MOF synthesis process, followed by “Guest Motion” where we discuss the time-resolved study of 

guest translational motion throughout MOF pores. The third section covers the perhaps more 

esoteric but no less important phenomena of “Electron Motion”, describing charge transfer and 
conductivity in MOFs. Having looked at how MOFs form and what goes on inside them, finally, we 

describe studies on “Framework Motion” itself.  

 

Figure 1. Methods described in this review to investigate dynamic phenomena in MOFs. The 

techniques are arranged into quadrants according to the spatial and temporal resolution achievable 

in the measurement. To date, no technique has been developed that can study MOFs with both 

ultrafast and atomic resolution. If one were to emerge, it would be truly revolutionary. 



 

Technique name Acronym Working principle  Typical 

time 

resolution  

Information provided 

Upper-left quadrant in Figure 1 

Time-resolved 
infrared  

TRIR An optical-pump infrared-probe technique. 
The vibrational spectrum is recorded as a 
function of time elapsed since optical 
excitation. 

fs to μm TRIR records time-dependent changes in the 
vibrational spectra of excited state species. This can 
provide insight into photoinduced transition states, 
charge transfer dynamics and the photocatalytic 
mechanisms of MOFs.  

Terahertz time-
domain 
spectroscopy  

THz-TDS THz-TDS uses a pulsed laser split between 
sample and delay line and recombined at a 
detector to yield the THz signal in the time 
domain, which Fast Fourier Transform (FFT) 
converts to the THz spectrum in the frequency 
domain.  

ps Provides information on collective lattice vibrations 
(phonon modes) which are key to understanding MOF 
mechanochemical properties in different phases and in 
the presence/absence of guests.  THz-TDS is 
advantageous since conventional Fourier transform 
vibrational spectroscopies have poor resolution in the 
THz region and lack the amplitude and phase 
information of THz-TDS. 

Optical transient 
absorption 

OTA Optical-pump optical-probe technique. The 
sample is excited using an optical pump and 
then the photogenerated states are measured 
using an optical probe at different times after 
excitation.  

fs to μs Yields time-dependent optical absorption spectra. 
Provides a wealth of information regarding the 
electronic properties of transiently accessed 
photoexcited states including MOF relaxation 
dynamics and charge transfer processes.   

X-Ray transient 
absorption 

XTA Optical-pump X-ray-probe technique. Unlike 
OTA, XTA measures the X-ray absorption 
spectrum of photogenerated excited state 
species.  

fs to μs XTA provides time-resolved information regarding the 
electronic structure and chemical environment around 
metal nodes in MOFs in photoexcited states. The 
technique requires short X-ray pulses normally 
obtained using synchrotron radiation  

Time-resolved 
microwave 
conductivity 

TRMC The sample is excited using an optical pump 
pulse and time-resolved photoconductivity is 
measured by recording changes in recorded 
microwave power with respect to the time 
delay after excitation. 

ps to ns TRMC permits transient photoconductivity to be 
measured on extremely short time and length scales. 
This provides so called “intrinsic” conductivity of the 
sample. As a “non-contact” method, grain boundary 
and random orientation effects common in contact 
measurements of conductivity are avoided. 

Time-resolved 
terahertz 
spectroscopy 

TRTS Similar to TRMC, except changes in THz 
transmission through the sample are measured 
instead of microwave power.  

fs TRTS also permits transient intrinsic conductivity 
measurement, except the time resolution is superior 
to TRMC.  

Pulsed-field 
gradient nuclear 
magnetic resonance 

PFG-NMR A constant magnetic field B0 is superimposed, 
over two short time intervals 𝛿 of separation t, 
by an additional, inhomogeneous field Badd=gx 
(the field gradients). This results in the NMR 
signal being transferred into the distribution 
function of the nuclear spins under study in the 
x direction. The signal attenuation of the signal 
intensity with and without the field yields an 
expression that relates transport diffusion Dt to 
the mean square displacements <x2>. 

ns to ms Since the technique interrogates the mobile 
components of the sample, guest diffusion over ns-ms 
timescales within MOFs can be calculated from these 
measurements. There is no directly obtained spatial 
resolution in the measurement. 

Quasi-elastic 
neutron scattering 

QENS Neutrons are fired at the sample. The number 
of scattered neutrons is counted as a function 
of scattering vector q and energy transferred ℏω. The broadening of the “elastic” peak is 
caused by the dynamics of the system, so by 
fitting the shape of this peak, the diffusion 
coefficient, D, can be obtained. 

ps Like PFG-NMR, QENS also provides guest diffusivity via 
measuring average time-dependent particle 
displacements. However, QENS has superior time- and 
(indirect) spatial-resolution (ps and nm), although 
typically larger sample quantities are required and the 
measurement is slower than PFG-NMR to perform due 
to the relatively low flux of most neutron sources. 

Upper-right quadrant in Figure 1 

Combined liquid- 
and solid-state in-
situ crystallisation 
NMR 

CLASSIC 
NMR 

A type of in-situ NMR method whereby the 
solid and liquid phases are alternately 
interrogated over time, with the liquid phase 
being ‘invisible’ to the solid phase 
measurement and vice versa. Time resolution 
depends on the nuclei being studied. 

min to h This is a good method for looking at early nucleation/ 
crystal growth because one can analyse the depletion 
of solution species simultaneously with the growth of 
solid particles. 



In-situ X-ray 
diffraction 

In-situ 
XRD 

In-situ XRD encompasses both in-situ powder 
XRD (PXRD) and in-situ single-crystal XRD 
(SCXRD). These techniques yield spatially 
averaged information on macroscopic samples 
that in turns can provide averaged atomistic 
structural information.  

s to h Structural information on MOFs during crystallisation 
processes, framework structural changes and changes 
to MOFs occurring during guest/electron diffusion.  
Angular-dispersive XRD (ADXRD) can achieve time 
resolution on the order of seconds, which makes it 
very useful in the study of the kinetics of MOF 
formation.  

In-situ Spectro-
electrochemistry 

In-situ SEC In-situ spectroelectrochemistry (SEC) describes 
the combination of both spectroscopic and 
electrochemical experiments, typically by 
incorporating appropriately transparent 
windows in a thin electrochemical cell, which is 
then mounted in the spectrometer. MOF thin 
films on transparent electrodes are the most 
common approach to sample mounting. 

s The electrochemical cell initiates a redox processs 
which is then followed by spectroscopic techniques 
such as Raman/IR, electron paramagnetic resonance 
(EPR) and UV/Vis spectroscopy. This enables 
phenomena such as charge transport and ion/electron 
mobility in MOFs to be investigated as long as they can 
be mounted on the working electrode.  

Quick-scanning 
extended X-ray 
absorption fine 
structure 

QEXAFS EXAFS exploits the scattering and interference 
of electrons, excited into continuum states 
from the atomic core, off the neighbouring 
atoms and measures the interference as a 
function of energy. QEXAFS is time-resolved 
EXAFS. It enables the in-situ study of time-
dependent changes in local chemical 
environment about metal centres. 

min The ability to probe the chemical environment around 
metal centres, to yield number, type and distances of 
neighbouring atoms to those studied, with a time 
resolution of minutes is partiuclarly useful in the study 
of MOF formation. QEXAFS can be used to study the 
very earliest stages of MOF nucleation, where insights 
via X-ray approaches are inaccessible due to the small 
sizes and non-crystalline nature of the species present. 

Chrono-
amperometry 

CA In chronoamperometry, a voltage is applied to 
the sample and the resulting current response 
is measured as a function of time.  

ms to min Chronoamperometry can be used to investigated 
guest/electron diffusion in MOFs from the current 
response vs time plots.  

Electrochemical 
impedance 
spectroscopy 

EIS A MOF sample (often a pressed disc) is 
connected to electrodes and an AC potential is 
applied. The resulting current signal is 
measured, and impedance (Z) is calculated 
from an approximation of Ohm’s Law. A 
Nyquist plot of the imaginary (Z’’) vs real (Z’) 
impedance components is then fitted to an 
‘equivalent circuit’ that permits calculation of 
the proton conductivity. 

min EIS is useful for investigating ion and electron 
conductivity in MOFs. It, like many other “contact 
methods” suffer from grain boundary and random 
orientation effects due to the sample form and 
preparation. 

Quartz-crystal 
microbalance 

QCM The MOF sample is placed on a very sensitive 
quartz crystal balance. The Sauerbrey equation 
relates changes in overtone frequency of the 
quartz crystal to mass loading. Gases are 
introduced to or removed from the MOF 
sample and the resulting mass changes are 
measured.  

s The time-dependent guest-induced mass changes of 
the sample are analysed in the frame of Fickian 
diffusion whereby the normalised mass loading at time 
t is directly related to guest diffusivity. The high 
sensitivity of QCM is useful for investigating time-
dependent guest uptake/release kinetics and guest 
diffusion as well as surface barriers in MOF crystals 
and thin-films.  

Small-angle X-ray 
scattering 

SAXS SAXS measures X-ray scattering at low angles 
thus providing information on particle size and 
shape in solutions and suspensions. SAXS does 
not rely on long-range order (unlike diffraction 
methods), therefore it is sensitive to 
amorphous species.  

s to min Size and shape information on MOF particles of sizes 
1-100 nm. This is smaller than the detection limit for 
XRD, therefore it is a complementary technique to XRD 
in the study of MOF formation.  

Dynamic angle-
resolved second 
harmonic scattering 

dAR-SHS dAR-SHS is a second-order nonlinear optical 
technique that interrogates solutions and 
suspensions. Single-shot measurements of the 
second harmonic signal at multiple angles in a 
Fourier-imaging scheme allows for 
simultaneous measurement of size, shape, and 
concentration of scattering species.  

s dAR-SHS is an emerging technique and has not been 
used very extensively in the field. Where it has been 
used it has helped elucidate MOF formation 
mechanisms. dAR-SHS provides symmetry information 
for individual molecules all the way up to small 
crystallites, meaning early-stage MOF nucleation and 
growth can be monitored.  

Lower-right quadrant in Figure 1 

Infrared 
microimaging 

IRM In IRM, the primary measurement is the 
changes in the IR spectrum of a MOF crystal 
using a microscope to provide spatial 
resolution down to a few microns. 
Characteristic bands of the guest molecule 
under study can be monitored over time and 
correlated to local concentration of the guest.  

s to min Guest flux gradients in one or two spatial dimensions 
can be measured during guest uptake and release to 
provide a “real time” diffusion map in individual MOF 
crystallites. Additionally, IRM permits simultaneous 
measurement of multiple species, making it 
particularly powerful for multicomponent diffusion 
analysis.  



Interference 
microscopy 

IFM IFM is a method of monitoring the evolution of 
transient guest concentration profiles during 
uptake and/or release. IFM exploits the fact 
that the refractive index of a sample, n1, 
depends on the guest concentration. Changes 
in local concentration, c(x, y, z; t) are 
proportional to changes in refractive index of 
the sample n1(x, y, z; t) meaning the recorded 
interference patterns lead directly to plots of 
concentration integrals over the crystal. 

s to min IFM, like IRM, measures guest concentration gradients 
over a MOF sample in one or two dimensions.  
The spatial resolution of IFM, dependent on the optical 
probe wavelength, is superior to IRM, but 
simultaneous measurement of different species is not 
possible.  
 

Liquid cell 
transmission 
electron 
microscopy 

LCTEM LCTEM measures surface structure of MOF 
crystals by capturing 2D images of the surface 
using an electron beam with a scan rate that 
yields a time resolution of a few seconds. 
Unlike conventional TEM instruments, LCTEM 
can operate in solution. 

s LCTEM has primarily been used to study MOF 
formation. Since it can operate in solution and has a 
spatial resolution on the order of nanometres, 
nucleation and particle growth can be investigated.  
 

Liquid phase atomic 
force microscopy 

LPAFM LPAFM provides the nanoscale structure of a 
sample surface. An AFM tip raster scans the 
sample surface in the (xy) plane and generates 
a 3D topological surface map by measuring the 
differences in intermolecular forces in the z-
direction between the scanning tip and the 
surface atoms. LPAFM can operate in solutions 
as well as on solid samples, visualising solution 
phase surface processes in real time with 
nanometre spatial resolution.  

min Used to look at growing MOF surfaces and thin films, 
as well as looking at changes to MOF surfaces as a 
result of guest adsorption from solution. The 
technique can aid characterisation of MOF surface 
termination and defects. 

Single-molecule 
atomic-resolution 
real-time electron 
microscopy 

SMART-
EM 

SMART-EM is a TEM-based technique whereby 
real-time atomically-resolved images of a 
sample surface can be captured. The technique 
involves a process of “fish hooking” of the 
particle of interest with a suitable “fishing rod” 
(typically a small organic molecule attached to 
a carbon nanotube).  

s to min Like LCTEM, SMART EM enables real-time imaging of 
MOF formation, particularly in the early stages of 
formation such as solution phase and pre-nucleation 
dynamics.  

 

Table 1. All the techniques presented in Figure 1, along with their corresponding acronyms, basic 

working principle, typical time resolution and utility in the context of MOF dynamics. 

The studies described below represent important progress in the ongoing investigation of MOFs in 

the time domain, but such studies form just a tiny fraction of the vast existing MOF literature. Given 

the wealth of critically important information that is accessible by considering dynamic behaviours 

of MOFs, if they are to be fully exploited for their scientific and commercial potential this situation 

has to change. 

 

MOF Formation 
 

The making of a MOF begins on the nanoscale, with metal-ligand complex formation, and leads all 

the way up to macroscale particle growth and bulk material production. MOF formation relies upon 

the ultrafast bond-breaking and making processes of self-assembly and supramolecular chemistry, 

which ultimately follow through to crystal growth on timescales of seconds to days. No single 

technique can interrogate the complex manifold of species in a MOF synthesis from femtoseconds to 

days, but each process in the intricate ballet of framework construction will impact on the product 

that forms and on the properties it possesses. Synthetic method, particle size, morphology, defect 

content, surface chemistry and phase behaviour all play their part in the final material, and all stem 



from the formation process. 39-50 Understanding MOF formation is key to unlocking true function-led 

design of MOFs in the future. 

The breadth of this challenge is summarised in Figure 2. The use of in-situ, time-resolved techniques 

to study MOF formation has been reviewed extensively by others quite recently, a notable example 

being that of Van Vleet et al. in 2018.51 However, this is a fast-moving research arena and therefore 

in this section we discuss the key cutting-edge experimental techniques in the field. The most recent 

studies are discussed in the context of more established methods.  

 

Figure 2. Schematic depicting the MOF synthesis reaction and the dynamic techniques used to probe 

each stage. Spectroscopic techniques and adapted liquid-phase microscopy are ideal for studying 

early stage, solution phase phenomena such as the formation of prenucleation clusters. When 

particle size increases beyond that required to scatter light efficiently, techniques like small-angle X-

ray scattering (SAXS), wide-angle X-ray scattering (WAXS), static light scattering (SLS), dynamic light 

scattering (DLS) and dynamic angle-resolved second harmonic scattering (dAR-SHS) become useful 

probes for monitoring particle size/shape and symmetry during nucleation. As the reaction continues, 

crystalline phases capable of diffracting light form and are thus analysed by X-ray diffraction 

techniques like angular-dispersive X-ray diffraction (ADXRD) and energy-dispersive X-ray diffraction 

(EDXRD). Non-diffracting, amorphous phases can also form, and these can be instead analysed by 

light scattering and microscopic techniques.     

 X-ray scattering methods (XRD, SAXS) (timescale: seconds to hours) 

Diffraction methods provide information on late-stage MOF formation when crystallites of sufficient 

size and structural order to diffract are formed. The most common model applied to crystallisation 

data is the Gualtieri model, which describes the process using parameters of nucleation rate kn and 

crystal growth rate, kg.52 Traditionally, the faster acquisition time of energy-dispersive X-ray 

diffraction (EDXRD) resulted in it being the method of choice for early studies,53,54 but developments 

in detector technology have triggered the emergence of in-situ angular-dispersive X-ray diffraction 

(ADXRD) as well.55-57 

A prime example of the utility and impact of in-situ EDXRD was a report in 2014 by Ragan et al. on 

UiO-66(Zr) formation.58 Ragan et al. used in-situ EDXRD to study the crystallisation kinetics of UiO-



66(Zr) with a 30 s time resolution. Three key experimental observations were made: addition of 

water increases the crystallisation rate constant and yield; addition of HCl does the same but to a 

lesser extent, and use of ZrOClO2·8H2O instead of ZrCl4 as precursor slowed crystallisation but 

afforded a higher product yield. The same group subsequently reported that changing linker length 

and functionalisation had a temperature-dependent impact on the crystallisation rate of the 

analogous isoreticular frameworks as a result of differing linker solubilities in the reaction.59  

Not all frameworks form as single-phase, phase-pure materials.60-62 Cutting-edge ADXRD 

experiments at the Diamond synchrotron with data collected every 4 seconds enabled a particularly 

notable study of a complex system, reported by Yeung et al..63 They were able to describe the 

energetics of lithium tartrate MOF crystallisation, quantifying the rate constants and activation 

barriers for formation, dissolution and conversion of each component in the energy landscape. 

Crystallisation was governed by an equilibrium between intermediate species, with the inference 

being that changes in ligand conformation might play a rate-limiting role in the formation of MOFs 

with flexible linkers. In more rigid examples such as ZIF-8, studied in 2019 by the same group,64 the 

impact of metal ion concentration on nucleation and crystal growth rates was examined; the authors 

derived a model whereby prior to ZIF-8 network assembly, a pre-equilibrium exists between 

metastable intermediate clusters with varying Zn:mIM (mIM = 2-methylimidazolate) ratios and 

degrees of protonation. This pre-equilibrium is concentration dependent and determines the rate of 

crystallisation, meaning that concentration can be used as a handle to directly control particle size.  

X-ray diffraction methods are limited by the need for diffracting particles. Small-angle X-ray 

scattering (SAXS), however, can shed light on the formation and behaviour of pre-diffraction and 

amorphous species.65,66 Carraro et al. used synchrotron time-resolved SAXS with a 100 ms time 

resolution to monitor the nucleation, growth and crystallisation of ZIF-8 encapsulated with bovine 

serum albumin (BSA@ZIF-8) in a continuous flow synthesis.67 SAXS data reported on the growth of 

non-diffracting species over the first 3 minutes of the synthesis (on length scales up to 35 nm), after 

which crystalline BSA@ZIF-8 formation began to dominate, observed by the growth of the (110) 

Bragg diffraction peak and loss of the amorphous scattering. SAXS has also been used to monitor the 

homogeneous nucleation and early crystal growth events taking place during ZIF-8 formation,68 to 

investigate the kinetics of multiphase growth of NH2-MIL-53,69 and to study the entire ZIF-71 

nanocrystal formation mechanism.70 

Many MOFs have been synthesised by mechanically grinding/milling/shearing dry reagents together, 

in the absence of any solvents: this is known as mechanosynthesis, a particularly green method for 

synthesising MOFs which is on the rise.71 In-situ measurement of the mechanochemical MOF 

synthetic process is extremely challenging given the nature of the method, but X-ray and 

spectroscopic methods have been employed in a few cases that have recently been reported and 

reviewed. 72,73,74 

The examples in this section demonstrate the utility of X-ray methods for the mechanistic analysis of 

MOF formation but are ultimately limited in their scope by requiring particles large enough to 

scatter (typically 1 – 100 nm for SAXS)75 or diffract (typically >5-10 nm for powder diffraction 

patterns, >10 m for single-crystal structure solutions).76,77 Additionally, despite the atomistic 

information provided by X-ray crystallography, X-ray techniques measure spatially averaged data, 

providing bulk-average information with local structural irregularities invisible to these methods.  

 Microscopy (timescale: seconds to minutes) 

Microscopy techniques can be used to interrogate surface phenomena and local structural changes 

instead of spatially averaged structural features.78,79  



Zheng et al.62 monitored the growth of MOF-5 by taking scanning electron microscopy (SEM) images 

with a time resolution on the order of hours. They conclude that MOF-5 nucleation does not take 

place in the solution, but inside Zn5(OH)8(NO3)2·2H2O-1,4-BDC (BDC = 1,4-benzenedicarboxylate) 

particles. They identify the basic building units for the construction of MOF-5 cubes as small MOF-5 

crystallites which self-assemble into porous microcubes. These then undergo surface-

recrystallisation and reversed crystal growth to yield cubic single crystals of MOF-5. This study 

highlights how in-situ SEM can relate MOF morphology to physicochemical properties.  

A recently developed technique, single-molecule atomic-resolution real-time electron microscopic 

(SMART-EM) video imaging, was used to investigate early-stage MOF nucleation.80 Taking images at 

a rate of two frames per second, the authors identified two prenucleation clusters (PNCs) involved in 

the formation of MOF-2 and MOF-5 at 95 °C and 120 °C respectively. The shape of these PNCs 

differed in each case, suggesting that MOF-2/5 bifurcation occurs early, in the PNC stage. Prior to 

this study, MOF-2/-5 PNCs were identified only by mass spectrometry. Earlier in-situ studies using 

light scattering could only reveal small crystallites, lacking the spatial resolution to image the PNCs 

themselves.81   

Liquid-cell transmission electron microscopy (LCTEM) allows for the direct probing of MOF solution 

phase dynamics as well as solid-phase growth. With a time resolution on the order of seconds, 

Patterson et al. used in-situ LCTEM to study the nucleation and crystal growth of ZIF-8. LCTEM 

images showed that by tuning the metal:ligand ratio, crystal size can be controlled. The authors also 

show that the nucleation process is limited by local depletion of monomers, whereas growth is a 

surface-limited process.  

In-situ atomic force microscopy (AFM) was employed by Moh et al. to further probe the crystal 

growth process of ZIF-8.82 With a time resolution of minutes and a spatial resolution on the order of 

nanometres, growth was shown to occur by a “growth and spread” mechanism, eventually forming 
stable surface steps of the enclosed framework structure. A recent study by Mandemaker et al. 

studied the kinetics of both nucleation and crystal growth of HKUST-1 thin films using in-situ liquid-

phase AFM (LPAFM) with a time resolution of 15 min.83 At 25 °C, initial nucleation of rapidly growing 

HKUST-1 islands was surrounded by a continuously nucleating but slowly growing HKUST-1 carpet.  

Microscopy allows for time-resolved (seconds to minutes) and spatially-resolved (down to atomic 

resolution) data on crystal growth as well as amorphous phase growth and PNC dynamics. LCTEM 

and LPAFM are particularly powerful as they are capable of operating in solution; enabling both 

early-stage dynamics and solid-phase growth information to be obtained directly. 

 Light scattering (timescale: seconds to minutes) 

Static light scattering (SLS), which records the intensity of light scattered by the sample at a range of 

angles, and dynamic light scattering (DLS), which records the fluctuations in scattering intensity over 

time, are sensitive to scatterers of sizes ≥ 1 nm, require homogenous solutions and are a valuable 

tool for the study of early-stage solution processes.84 Van Vleet et al. have done an excellent job of 

reviewing the utility of SLS and DLS within the frame of MOF early-stage nucleation.51 Consequently, 

here we focus on a newer light-scattering technique: angle-resolved second harmonic scattering 

(AR-SHS). This is a second-order nonlinear optical technique that is capable of simultaneously 

measuring the size, shape, and concentration of scattering species.85 Additionally, polarisation-

resolved measurements enable the symmetry of the scattering species to be probed. In order to 

achieve adequate time resolution, Van Cleuvenbergen et al. developed a method of taking single-

shot measurements of the second harmonic signal at multiple angles by imaging a large portion of 

the AR-SHS pattern on an electron multiplying charge coupled device camera in a Fourier-imaging 

scheme (dynamic angle-resolved second harmonic scattering, dAR-SHS).86 dAR-SHS was used to 



monitor the formation of ZIF-8 (Td symmetry) with a time resolution of 3 s, simultaneously 

measuring size, shape, and concentrations of intermediate species. dAR-SHS provides symmetry 

information for individual molecules up to small crystallites, meaning the earliest stages of 

nucleation can be probed. The beauty of this technique is the fact that detection of the scattered 

light requires no moving parts, making measurements inherently quick and suitable for in-situ 

monitoring of MOF formation.  

QEXAFS (timescale: seconds to minutes) 

While the techniques discussed thus far allow for the study of MOF nucleation and crystal growth on 

multiple length- and time-scales, they do not provide much local chemical information in the early 

complexation stages. Quick-scanning extended X-Ray absorption fine structure (QEXAFS) does 

exactly this by directly probing changes in the coordination environment of metal centres as a 

function of time.87 Goesten et al. used QEXAFS to study ZIF-7 crystallisation with a time resolution of 

~100 s.88 When the benzimidazolate linker is added, there is a shift in equilibrium from 6-

coordinated Oh zinc to 4-coordinated Td zinc. Contrary to previous hypotheses, this increase in Td zinc 

does not represent ZIF-7 formation, which is instead initiated by addition of the diethylamine 

modulator. 

 CLASSIC NMR (timescale: minutes) 

Another relatively new technique, known as combined liquid- and solid-state in-situ crystallisation 

NMR (CLASSIC NMR), first introduced by Hughes et al., also provides time-resolved molecule-level 

information.89 CLASSIC NMR monitors both the solid-phase and liquid-phase simultaneously and can 

be carried out on a standard solid-state NMR spectrometer. In a study by Jones et al., CLASSIC NMR 

was used to study the nucleation and growth of MFM-500(Ni), particularly in the early stages of MOF 

nucleation.90 Fitting the time-resolved liquid-phase 1H data to the two-stage model of Gualtieri 

allowed for the activation energies of nucleation (61.4 ± 9.7 kJ mol-1) and growth (72.9 ± 8.6 kJ mol-1) 

to be determined. While the CLASSIC method was used, the solid-state spectra were not utilised 

because the liquid-phase data was far more interesting. This presents an opportunity to explore the 

technique further in the future. 

 In-situ vibrational spectroscopy (timescale: milliseconds to minutes) 

Like QEXAFS and CLASSIC NMR, another approach that provides chemical insight into early-stage 

dynamics of the MOF formation processes is in-situ vibrational spectroscopy. Zhao et al. studied the 

kinetics of HKUST-1 thin film growth using in-situ attenuated total reflection Fourier-transform 

infrared spectroscopy (ATR-FTIR).91 The data revealed the formation of (Zn, Cu) hydroxy double salts 

(HDSs) from ZnO thin films and conversion of HDSs to HKUST-1. Additionally, their flow-cell 

apparatus can be easily applied to other solid/liquid reaction systems. Embrechts et al. investigated 

the formation mechanism of MIL-53(Al) via simultaneous in-situ Fourier-transform infrared 

spectroscopy (FTIR) and in-situ Raman spectroscopy.92 While inelastic neutron scattering (INS) can 

give the vibrational spectrum of a material without the selection rules of Raman or IR 

spectroscopies,13 the combined use of FTIR and Raman measurements by Embrechts et al. allows all 

vibrational bands to be observed without the need for a neutron source. The authors identified a 

prenucleation building unit (PNBU) consisting of one linker and one Al atom and monitored the 

evolution of nuclei in solution through to final precipitation of the crystalline MOF phase. The same 

group investigated the mechanism of bifurcation of MIL-68(Al) and MIL-53(Al).93 In their experiments 

MIL-68(Al) was favoured over MIL-53(Al) due to the combination of a deficiency of terephthalic acid 

in solution and a slow MOF growth rate. Formic acid slowed down prenucleation and crystal growth 

by forming hydrogen bonds with the carboxyl group of the terephthalic acid linker, not by 

competitive metal coordination.  



 Concluding remarks 

MOF formation is a dynamic and complex process occurring on multiple different length-scales and 

timescales. A thorough understanding of the whole process is only achieved with a combinational 

approach whereby techniques operating in different space and time domains are used in tandem. X-

ray techniques and are key for tracking crystal growth, while microscopy is useful for understanding 

local changes and surface phenomena. Early-stage, molecular-level phenomena such as solution-

phase dynamics and prenucleation cluster formation is gained through NMR/QEXAFS/spectroscopic 

methods.  

 

Guest motion 
 

The motion of guests throughout MOFs is of crucial importance to their potential applications in gas 

storage, separation as well as in drug delivery and conductive membranes. 94-97 Herein we review 

techniques that measure the translational diffusion of guests (Figure 3), including the smallest 

possible guest: the phenomenon of proton conduction.  

 

Figure 3. Experimental techniques for the study of translational guest diffusion in MOFs. a) pulsed-

field gradient nuclear magnetic resonance (PFG-NMR) uses additional inhomogeneous gradient 

pulses to extract the mean square displacement of particles over time between pulses, t; b) quasi-

elastic neutron scattering (QENS) also gives average particle displacements over a specified time, 

permitting the calculation of diffusion coefficients; c) FTIR monitors intensity and frequency changes 

in the vibrational spectra of host and guests over time, and fitting the time-dependent changes in IR 

intensity to diffusion models (e.g. Fickian diffusion) permits calculation of relevant diffusion 

coefficients; d) quartz crystal microbalance (QCM) probes guest adsorption and desorption kinetics 

by measuring the change in mass during a guest uptake or release process; e) interference 

microscopy/infrared microimaging (IFM/IRM) measure transient guest concentration profiles across 

individual MOF crystals; f) electrochemical impedance spectroscopy (EIS) measures electrical 



impedance to generate Nyquist plots which are then used to derive sample ion and/or electron 

conductivity.  

PFG-NMR (timescale: nanoseconds to milliseconds) 

Pulsed-field gradient NMR (PFG-NMR) offers molecular translational diffusion information with 

millisecond time resolution and micrometre length scales.98-100 Multinuclear magic-angle spinning 

(MAS PFG-NMR) was employed by Chmelik et al. to study the selectivity of ZIF-8 towards an 

ethene:ethane gas mixture.101 Historically, much gas selectivity has been inferred from single-

component sorption isotherms and studies investigating mixtures are still in the minority.102 PFG-NMR 

can do this directly and gives more information. The study reports Dethene:Dethane selectivity of 5.5 

showing that ZIF-8 is an effective separation medium for a mixed-gas stream containing these gases. 

Activation barriers derived from this data showed that selectivity is guest-size dependent, almost 

independent of host-guest interactions. Considering guest-guest interactions, Freude et al. used MAS 

PFG-NMR to study propene diffusion through ZIF-8.103 Propene diffusion was independent of the 

presence of propane (up to 1:4 loading), contradicting observations in zeolites where the diffusivity of 

smaller species is impeded by the presence of larger species.104 Framework flexibility itself may also 

have enhanced guest diffusion rates. Guests are not always ‘innocent’: Forman has shown that in 

streams of methane and CO2, an increase in diffusion time led to a decrease of diffusion rate in ZIF-

11.105 This is because the guest molecules bound to the pores walls “deflect” other molecules and 

prevent entry into the pores of the framework.  

In 2018, Forse et al. used PFG-NMR to study the diffusion of CO2 in channel-containing Zn(dobpdc) 

(dobpdc = 4,4'-dioxido-3,3'-biphenyldicarboxylate) in 2 crystallographic directions.106 Surprisingly, CO2 

diffusion perpendicular to the channels was 30x less than diffusion through the channels, but not zero. 

Given the kinetic diameter of CO2 (3.3 Å) compared with the maximum pore size in the ab plane (0.6 

Å), the authors conclude that diffusion perpendicular to the channels occurs through defects, rather 

than by the framework distorting to allow CO2 passage. Work by Popp et al. showed that it is possible 

to tune the self-diffusivity of solvents linearly between the diffusivity in MOF-5 and IRMOF-3 by 

varying the solvent mole fractions.107 Intermolecular attractive forces between the MOF and guest 

played a comparatively minor role, with steric effects of pore-aperture size changes being the 

predominant factor.   

More recently Walenszus et al. employed PFG-NMR to examine the impact on guest diffusion in the 

highly flexible MOF DUT-49(Cu) caused by drastic phase changes brought on by increasing the loading 

of the guest.108 DUT-49 has two main structures, open pore (op) and closed pore (cp), with vastly 

different guest diffusion properties. By using in-situ PFG-NMR supported by molecular dynamics 

simulations, the change from op to cp was observed as a change in n-butane diffusivity as the applied 

pressure of n-butane changed from 35.7-37.4 kPa; upon saturation of all pores with n-butane the 

observed diffusivity dropped 4-fold. This change gives rise to the fascinating phenomenon of negative 

gas adsorption (NGA). The work represents an innovative method for indirectly monitoring changes in 

MOF structure without directly following the framework structure change itself (e.g. by 

crystallographic methods). 

The emergence of PFG-NMR for measuring guest diffusion has revealed an apparent dominance of 

steric effects over both host-guest or guest-guest electronic effects on the rates of guest transport in 

MOFs. Most studies have focussed on characterising the diffusion of industrially relevant gas streams 

and a challenge for the future is to investigate more chemically complex guest molecules where host-

guest and guest-guest interactions define or even control molecular diffusion. Examples characterised 

with other techniques do exist, such as those described in the QENS section below. 

In-situ FTIR (timescale: milliseconds to minutes) 



Monitoring the changes in the vibrational spectra of guests as a function of time during diffusion 

provides complementary information to that obtained by PFG-NMR measurements. The growth and 

decay of features during guest uptake/diffusion permits diffusivity calculations while analysis of 

frequency shifts provides mechanistic insight into the diffusion mechanism and guest-host 

interactions.109-113 

Sharp et al. used this technique to monitor Fickian diffusion of butane in UiO-66.114 The data showed 

the intensity of ν(MOF-OH) bands decreasing as ν(MOF-OH-alkane) hydrogen bonding bands grow. 

From this in-situ data, the preferential binding site of n-butane in UiO-66 was elucidated, diffusion 

coefficient was calculated, and the activation energy of diffusion was calculated along with a 

suggestion of the diffusion-limiting step. Benzene, toluene, and o-/m-/p-xylene diffusion in the same 

host were investigated by Grissom et al. who were interested in the entropic and steric effects on 

diffusion.115 Using in-situ FTIR, the authors found that diffusion decreased in the order benzene ~ 

toluene > p-xylene > m-xylene > o-xylene, agreeing with several studies discussed earlier that steric 

effects play a major role in diffusivity.`  

QENS (timescale: picoseconds to nanoseconds) 

QENS is a neutron scattering technique where the transfer of energy from the incident neutron to the 

analyte is small. When fitted to the appropriate Lorentzian function, QENS data yields, like PFG-NMR, 

average particle displacements however with improved spatial and temporal resolution.116,117  

Kolokolov et al. investigated the mechanism of benzene diffusion through MIL-47/-53 using 

QENS/MD.118 In the flexible MIL-53(Cr) a guest-induced transition from an op -> np state is observed 

before benzene diffusion via a 1-D hopping mechanism. Conversely, in the rigid MIL-47(V), diffusion 

occurs via a tumbling, corkscrew-like motion that is disfavoured in the flexible framework due to 

activation energy barriers. This is in contrast to work by Rosenbach et al. in which the QENS data for 

methane diffusion in the same frameworks showed greater diffusivity in MIL-47(V), proposed to be 

due to stronger guest-host interactions in the latter.119  

The use of QENS in the analysis of MOF-guest interactions is not limited to unimolecular systems. Yang 

et al. investigated the co-diffusion mechanism for a CO2/CH4 mixture through UiO-66.120 The diffusion 

was found to be different to that observed in zeolites in that inclusion of CO2 in the MOF pores actually 

increased the rate of diffusion.121 The combined QENS/molecular dynamics (MD) data showed that 

inclusion of CO2 in the MOF pores did not retard CH4 diffusion, but instead allowed for faster CH4 

diffusion by impeding the attractive CH4-host interactions. This fascinating outcome is in direct 

contrast to the behaviours observed for CH4 and CO2 in ZIF-11 as measured by PFG-NMR when the 

diffusion rate changes were ascribed to purely steric effects.122 The metal nodes in both UiO-66 and 

ZIF-11 are coordinatively saturated, so this difference in behaviour is striking. 

In 2019 QENS/MD revealed a new type of non-Fickian diffusion in MOFs: diffusion of neo-pentane in 

MIL-47(V) occurs via the uncommon phenomenon of single-file translation.123 The study authors also 

suggest that this mechanism can only be observed by QENS, leading them to speculate that the 

popular hopping mechanism described in previous studies may be single-file diffusion that was 

mischaracterised by the chosen analytical method.  

Clearly, QENS is a powerful technique that can yield key mechanistic insights into guest diffusion in 

MOFs. QENS is particularly useful in the analysis of proton conduction which we discuss at the end of 

this section.  

Microimaging (IFM/IRM) (timescale: seconds to minutes) 



Unlike QENS/PFG-NMR, microimaging by interference microscopy (IFM) or infrared microimaging 

(IRM) enables spatially-resolved visualisation of transient guest concentrations and guest fluxes, 

with time and space resolution of seconds and microns.124-127   

IFM has primarily been used to study diffusion in zeolites,128,129 however in 2007 Kortunov 

demonstrated the first use of IFM for measuring guest diffusion in MOFs.130 Since the refractive 

index of the crystal is proportional to changes in local concentration, recording interference patterns 

leads directly to guest concentration profiles. In this proof-of-concept study, it was found that 

diffusivity of methanol in a manganese formate MOF remained constant from no-loading to the 

pore-filled state.  

In IRM, changes in local guest concentration are proportional to changes in characteristic IR bands of 

absorbing guest species and while the spatial resolution of IRM is less than that of IFM, it provides 

chemical information that allows simultaneous measurement of multiple species.131-134 A growing 

number of examples have been reported of IRM used to study either gas sorption/release in MOF 

single crystals,135-137 or time-dependent drug release from MOFs.138 Bux found that for streams of 

pure gasses (CO2, CH4) in ZIF-8, the host-guest and guest-guest interactions cause an increase in 

mobility at low loadings.139 These increases disappear at high loadings or in a mixed gas stream, 

attributed to the steric effects of clustering and pore-window blocking. Contrary to the trends shown 

in methane and CO2, diffusivity of alcohols initially decreases as loading rises from zero, as a result of 

hydrogen-bonded guest cluster-formation, until a minimum is reached. Beyond this loading, 

diffusivity then increases.  

The IRM data from two related studies showed that ethane diffusion is faster than ethene in ZIF-11, 

despite ethane being smaller.140,141 It appears that ethene binds to ZIF-11 preventing linker rotation 

and restricting flexibility and pore aperture size, in an example where electronic effects and the 

consequent reduction in framework flexibility interact to increase the steric blocking of guest 

diffusion. In a related mixed-linker framework, ZIF-7-8, ethane diffusion is slower than in single-

linker framework ZIF-7 due to a smaller pore aperture.141 Notably, across a single crystal of ZIF-7-8, a 

large range of diffusivities was observed. This is to be expected in mixed linker MOFs where the 

composition can vary across a material and this result showcases the benefits of non-spatially 

averaged data attained by IRM. 

IFM and IRM provide a unique insight into guest diffusion in MOFs. In addition to the benefits 

described above, the transient concentration profiles obtained could be useful in tracking the 

formation of MOFs, where many different species are present. 

QCM (timescale: seconds) 

Changes in vibrational frequency of a piezoelectric quartz crystal under an applied AC current can be 

directly related to changes in mass on its surface. By virtue of this, quartz crystal microbalance (QCMs) 

have been used for decades as precise mass balances with nanogram sensitivity142-145 and have 

recently been employed with MOFs for high precision sensing.146  

Wöll et al. demonstrated that QCM could be used to study diffusion in MOFs in 2010.147 They have 

since used this method to investigate cyclohexane uptake and diffusion in HKUST-1,148 and ferrocene 

diffusion in MOF thin films.149,150 In the course of these studies they identified a rather elusive surface 

barrier effect which can hinder guest uptake in MOFs. They showed that surface barriers were caused 

by defects formed by exposure to air/humidity and found that these barriers can be removed by re-

immersion in the synthesis solvent.151  



QCM is a powerful technique that can elucidate guest loading, diffusion coefficients and mechanistic 

detail. The technique is underutilised in the field of MOFs and certainly deserves more recognition as 

an effective method for the study of guest motion.  

Proton Conduction  

The field of proton conducting materials is vast in its own right and the application of MOFs for these 

purposes has been extensively reviewed.152-154 As such, this section highlights just a handful of 

important cases whereby the motion of hydrogen nuclei has been revealed either via novel methods 

or where an unusual behaviour has been demonstrated. A wide variety of techniques can be 

employed to study motion of this kind, such as electrochemical Impedance Spectroscopy (EIS),155 

QENS and 2H solid state-NMR which help elucidate diffusivity and mechanistic information.156,157 

Proton conduction in MOFs usually occurs in one of two ways: a “Grotthuss” mechanism with Ea<0.4 

eV or by the vehicular mechanism where Ea>0.4 eV.158,159 A 2016 study by Pili identified an 

alternative mechanism of proton conduction in MOF MFM-500(Ni).160 QENS was used to elucidate 

the mechanism of proton motion as being “free diffusion inside a sphere”. The same mechanism was 

reported in 2019 in barium-based MOF, MFM-512.161 The framework contains free carboxylic acid 

groups which facilitate proton conduction via an extended hydrogen-bonded network with water. At 

99% relative humidity the related MFM-511 had a proton conductivity of 5.1 x 10-5 S cm-1 while the 

free acid containing MFM-512 reported a conductivity of 2.9 x 10-3 S cm-1, showing the importance 

of free-acids in mediating moisture-induced proton conduction.  

As well as needing high conduction, MOFs for applications in membrane materials for fuel cells162-164 

and supercapacitors165,166 also require some form of control. Liang demonstrated proton 

conductivity modulation using light in SSP@ZIF-8 where SSP = sulfonated spiropyran.167 The 

zwitterionic MC phase of SSP which predominates in the dark, forms a hydrogen-bond network 

throughout the structure which facilitates proton conduction (0.05 S cm-1, just 4 times smaller than 

commercial standard Nafion at 0.2 S cm-1). When exposed to visible light the SSP isomerises back to 

the neutral SP form, breaking the extended hydrogen bond network and reducing the conductivity 

by 28,000x. As well as the high on/off ratio, SSP@ZIF-8 boasts exceptional recyclability with stability 

over 100 cycles and a rapid response time of 5 seconds. Several other recent studies confirm the use 

of spiropyrans and other photoactive moieties embedded in MOFs to offer control over proton 

conductivity.167-170  

Song reports a reversible amorphous-to-crystalline structure change in a magnesium formate 

(Mg(HCO2)2) MOF that is capable of on/off conductivity switching.171 The wet material is crystalline 

and has a proton conductivity of 1 x 10-3 S cm-1 but when the material dries it becomes amorphous 

and insulating. 2H NMR was used to study dynamics of proton transfer and characterise the 

mechanism as translational jump-diffusion of H3O+ molecules which are heavily restricted by the 

high activation barrier (Ea = 0.58 eV). 

In-situ crystallographic methods were employed by Wei to directly measure proton conductance.172 

The MOF contained 2D europium-containing layers with phosphonium-based linkers connected by 

1D Me2NH2
+ chains which point along the c direction. Single crystal AC impedance found that 

protons only conduct along this c direction, along the H-bond network. Variable-temperature single 

crystal X-ray diffraction (VT-SCXRD) combined with diffuse-reflectance infrared Fourier-transform 

spectroscopy (DRIFTS) analysis showed that at high temperatures, the bound proton of Me2NH2
+ 

moves closer to the phosphonium O-. High enough temperatures caused protons to transfer from 

the Me2NH2
+ chains to the free phosphonate O- giving rise to a new crystallographic phase due to 

evaporation of Me2NH. The methods outlined in this work will greatly aid in the design and analysis 

of proton conducting MOFs in the future.  



Protons are of course the smallest cations, but ion-conduction of larger ions in MOFs is also 

developing as a closely-related field. Lithium-ion conduction is of particular interest for emerging 

battery technologies for energy storage and, in 2018, Shen et al. described the decoration of open 

metal sites in MOFs with ClO4
- ions, which afforded biomimetic lithium-ion channels with the ability 

to conduct Li+ ions.173 The highest conductivity was achieved by MIL-100(Al) which, after reacting 

with LiClO4, had a Li+ conductivity of over 1 mS cm-1, measured by EIS. In a direct comparison of 

MOFs UiO-66 and UiO-67, the latter displayed higher conductivity (0.65 vs 0.18 mS cm-1) attributed 

to larger pores facilitating efficient solvation of Li+ ions and reduced confinement effects.  

Moving to even larger ions, ionic liquid (IL) conduction in MOFs is another developing area.174,175 Of 

particular relevance to this discussion is the example reported by Kanj et al. in 2019 wherein the 

authors investigated the loading-dependent ion conduction of ionic liquid 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)amide in framework HKUST-1.176 Conventional fluids 

in nanoconfinement display their highest molecular transport rates at low loading when guest-guest 

interactions are minimal, with increased loading reducing transport rates as guest-guest interactions 

become dominant. The IL transport in HKUST-1 recorded by EIS displayed analogous behaviour with 

these two transport regimes until the highest loadings were reached when an unanticipated further 

significant drop in ion transport was observed. Molecular dynamics simulations enabled the authors 

to attribute this third transport regime to a new ‘ion bunching’ mechanism in which cations and 

anions mutually block pores and clog the conduction pathways.  

Concluding Remarks  

Several of the examples outlined above have used a combination of experiment and computation to 

understand guest diffusion, but the application of multiple experimental techniques to a single 

system is still very limited. No single technique can probe the entire timescale necessary to monitor 

non-uniform diffusion on the nano- to macro-scale, but employing multiple methods could bridge 

the gap. For example, QCM could be used to interrogate the initial sorption kinetics and possible 

surface barriers of guest uptake into a “bulk” MOF sample. The direct nature of the QCM mass 

measurement provides the necessary time resolution to monitor mass changes in seconds, but the 

slower-to-perform PFG-NMR or QENS experiments would then be a better choice to inform on fast 

guest diffusion within the body of the MOF. This is an example of how the time taken to measure a 

process is not the same as the time-dependence of the process measured, highlighting the 

difference between measuring non-equilibrium dynamic processes (gas uptake) and equilibrium 

situations (fixed loading, rapid guest diffusion on ns-ms timescales) respectively. Furthermore, it is 

important to consider the sample form. PFG-NMR, QENS, in situ FTIR and QCM typically measure 

diffusion on bulk samples, such as powders or pressed pellets, while IFM and IRM study single 

crystals. Both instances have merit and provide complementary but different information. It is 

therefore advantageous to develop methods that permit the use of a technique on bulk material and 

individual crystallites, but since this is often difficult to achieve, again we encourage the 

combinational use of techniques can that probe guest behaviours on both many-particle samples 

and individual crystals.  

We finished this section by looking at proton and ion transport. One of the major applications of 

proton-conductive materials is in proton-exchange membrane fuel cells (PEMFCs) where protons are 

used to counterbalance the flow of electrons and maintain charge neutrality. In the next section we 

therefore turn our attention to electron motion within MOFs. 

 



Electron motion 
 

Chemistry is, at the most fundamental level, described by the behaviour of electrons. In this section 

we focus on the motion of electrons in MOFs, considering specifically that which is important to 

charge-transfer processes. The vast majority of MOFs are not electrically conductive, however if the 

orbital overlap is favourable, electrons are able to flow through a framework. We review techniques 

that measure electron transfer processes within MOFs, providing insights into photoconductivity, 

excited state dynamics and charge-transfer (Figure 4). Such information underpins development of 

electroactive MOFs for use as electrocatalysts,177-180 rechargeable batteries/supercapacitors166,181-184 

and conductive membranes in fuel cells.97,185-187 Furthermore, the tuneable and often crystalline 

nature of MOFs makes them ideal media for investigating the fundamental principles governing the 

flow of charge in three-dimensional coordination space.188  

 

Figure 4. Experimental methods to probe electron motion in MOFs. a) Chronoamperometry monitors 

current response of a framework to an applied bias as a function of time; b) pump-probe techniques 

time-resolved terahertz spectroscopy (TRTS) and time-resolved microwave conductivity (TRMC) 

monitor photoconductivity on sub-picosecond timescales, and optical transient absorption/X-ray 

transient absorption/time-resolved infrared spectroscopy (OTA/XTA/TRIR) can all probe charge 

transfer and excited state dynamics; c) Spectroelectrochemistry (SEC) synchronises optical 

spectroscopic response with redox changes.   

Transient spectroscopy (timescale: femtoseconds) 

Characterising the excited states of electroactive MOFs is necessary for realising their applications in 

solar cells,189 fuel cells and artificial photosynthesis.190 Pump-probe experiments are well-established 

in the study of excited-state dynamics191,192 in gas, solution and solid-states,193-196 and typically 

proceed by exciting the system and then probing the transiently populated excited states using 

ultra-fast laser set-ups. 

Optical transient absorption (OTA) and X-ray transient absorption (XTA) are pump-probe techniques 

that differ only in the wavelength of the “probe”. Pattengale et al. explored the excited state and 



charge separation dynamics of ZIF-67 (Co2+) thin-films using both techniques.197 OTA revealed the 

relaxation dynamics of an exceptionally long-lived excited state (τ= 2.9 μs) formed after 

photoexcitation of the spin-allowed d−d transition of Co2+ ion in ZIF-67, shown by XTA to result from 

a ps-timescale Co2+ to Co+ reduction upon photoexcitation. The same group also demonstrated 

direct node-to-node communication in ZIF-67 (Co2+) partially transmetallated with either Zn2+ or Cu2+ 

ions.198 Incorporation of closed shell Zn2+ into ZIF-67 impeded the formation of the excited charge 

separated state, characterised by OTA, but incorporation of redox active Cu2+ facilitated charge 

transport from excited Co2+ to Cu2+ centres, readily characterised by XTA. Being able to directly 

probe charge transfer processes not only offers mechanistic insight necessary for photoenergy 

applications but also neatly demonstrates how to spectroscopically interrogate MOFs in a way that 

underscores the advantages of combining multiple techniques. 

These are challenging experiments. Hanna et al. tried employing the same combination of 

techniques to study photoexcitation of a ligand-to-metal charge transfer (LMCT) state in oleylamine-

stabilised nanoparticles of MIL-100(Fe).199 Scattering effects of the MOF colloidal suspension 

resulted in a weak OTA signal but XTA was able to show that the lifetime of this LMCT state was 

approximately three orders of magnitude longer than that measured by OTA for a molecular 

reference complex.  

When appropriately emissive components are present, ultrafast transient emission spectroscopy can 

also provide dynamic insight into excited-state electron-transfer processes in MOFs, especially when 

coupled with ultrafast OTA measurements. Yu et al. investigated the excited states of 

compositionally identical but topologically different pyrene-containing MOFs NU-901 and NU-

1000.200 From the solvent-dependent ps-timescale transient fluorescence spectra, low-lying polar 

excitonic states were shown to influence the excited-state population decay process in NU-1000 

more than NU-901 because of their distinct topologies. Porphyrin-based Zn-SURMOFs were studied 

by Li et al. who were able to observe subpicosecond and picosecond S2-S1 internal conversion and 

decay processes, with strong quenching of both states when compared with molecular analogue 

Zn(TPP) (TPP = tetraphenylporphyrin) in ethanol.201 This quenching was attributed to efficient energy 

transfer between adjacent chromophores in the MOF environment and is a function of the spatial 

preorganisation that the framework provides.  

By immobilising M(2,2’-bipyridine)(CO)3X moieties (where M = Re or Mn, and X = Cl or Br) within 

MOFs, Blake et al. were able to study the excited state dynamics of Re(diamine)CO3Cl complexes in 

3D coordination space using time-resolved infrared spectroscopy (TRIR).195 Such complexes have 

been widely studied in solution for their potential photocatalytic applications and typically the 

lowest-energy longest-lived excited state is the solvent-stabilised 3MLCT state.202 However, TRIR 

spectra of the pressed MOF powder sample showed that while both 3MLCT and π-π* states were 

formed by initial photoexcitation the 3MLCT bands decayed surprisingly rapidly (τ = 20 ps) and the 
3π-π* state had a much slower decay lifetime (τ= ~23 ns) before reforming the parent species. By 

isolating the photoactive Re complex in a MOF, no solvent-stabilisation effects or intermolecular π-π 

stacking were possible and thus the authors were able to directly observe interconversion of the 
3MLCT excited state into the π-π* state and reversal of the energy ordering of these states.  

In a related study, Easun et al. investigated the photoinduced charge-transfer process occurring in 

mixed metal framework, ReCu ((Cu(DMF)(H2O)[LRe(CO)3Cl])⋅DMF]∞).196 The pressed pellet TRIR 

spectrum again showed initial formation of a 3MLCT state. Temporal investigation revealed rapid 

decay to an intraligand 3π-π*state (lifetime = 102 ± 15 ps) with concurrent partial reformation of the 

ground state (lifetime = 105 ± 10 ps). However, an additional longer-range low quantum-yield 

irreversible charge-transfer process that reduced the Cu2+ nodes was also identified in the data. 



Exploiting this, the authors demonstrated spatially-resolved modification of the ReCu crystal using 

focused laser irradiation to ‘write’ on single crystals.  

 In-situ spectroelectrochemistry (in-situ SEC) (timescale: seconds) 

Continuing the spectroscopic theme, but moving to a much longer timescale, in-situ 

spectroelectrochemistry (SEC) describes the combined usage of spectroscopic and electrochemical 

techniques to follow redox processes.203 The technique requires specially designed electrochemical 

cells which permit probing of intermediate species through spectroscopic techniques like Raman, 

electron paramagnetic resonance (EPR), and ultraviolet/visible/near-infrared absorption 

spectroscopy (UV/vis/NIR). 

Using a combination of in-situ SEC techniques (UV/vis/NIR, EPR), Hua et al. identified that reduction 

of MOF [Zn2(BPPTzTz)2(tdc)2]n (BPPTzTz = 2,5-bis(4-(pyridine-4-yl)phenyl)thiazolo[5,4-d]thiazole), tdc 

= 2,5-thiophenedicarboxylate) formed a mixed-valence state with an inter-valence charge-transfer 

(IVCT) occurring over 3.80 Å between cofacial thiazolo[5,4-d]thiazole moieties.204 The very closely-

related IVCT in reduced forms of isotopological frameworks [Zn2(BDPPTzTz)2(SDC)2] and 

[Cd2(BDPPTzTz)2(SDC)2] (SDC = selenophene-2,5-dicarboxylate) were similarly investigated by Ding et 

al., who also used in-situ EPR and vis-NIR SEC.205 The electron mobility of the Cd(II) analogue was 

around 3x smaller than that of the Zn(II) MOF because the larger size of the Cd(II) ions resulted in 

poorer band overlap between ligand pairs. 

In-situ Raman SEC was used in 2018 by Usov et al. to monitor the redox-dependent and pressure-

dependent charge-transfer properties of donor-acceptor MOF [(Zn(DMF))2(TTFTC)(DPNI)] (TTFTC = 

tetrathiafulvalene tetracarboxylate, DPNI = N,N’-di(4-pyridyl)-1,4,5,8-

naphthalenetetracarboxydiimide).206 They identified the formation of a new electrochemically-

generated radical cationic complex in which charge-transfer is heterogeneously distributed 

throughout the framework. Notably, they also employed 2-point probe conductivity to study the 

bulk pressed-pellet conductivity of this particularly interesting MOF, a property that in itself is of 

rising interest in the MOF community. 

Flipping SEC on its head and using light as stimulus rather than probe, Garg et al. were able to 

demonstrate light-induced enhancement of electronic conductivity of a spiropyran-loaded UiO-67 

MOF thin-film by one order of magnitude, measured by simple DC conductivity and thermally 

reversible at room temperature.207 Other photoswitches have also been used to impart conductivity 

control in framework materials, with Yu et al. notably reporting a dithienylethene-modified covalent 

organic framework film capable of switching on and off an LED in a circuit with the film simply by 

alternating between UV and visible light irradiation.208 Light-induced changes in film conductivity 

were characterised by a combination of optical spectroscopies and conductivity measurements. The 

interrogation of sample conductivity can be challenging, and hence we discuss promising time-

dependent methods next. 

 Conductivity measurement: TRMC and TRTS (timescale: femtoseconds to nanoseconds) 

Measuring conductivity of solid samples can be done either in bulk (typically a pressed pellet) or on a 

single crystal. EIS can be used to measure conductivity,155 however the measured value is strongly 

dependent on the type of contact method (e.g., direct contact, wire-paste, in-situ press or probe-

paste methods) and can result in discrepancies of up to 2 orders of magnitude.209  

An alternative is to use non-contact methods, such as time-resolved microwave conductivity (TRMC) 

which measures conductivity as a function of time (down to ns time resolution) without electrically 

contacting the sample. Free electrons absorb microwaves so changes in the conductivity of a 



materials can be obtained by changes in transmitted microwave power. Narayen et al. used TRMC to 

measure the transient conductivity of semi-conductive MOF, Zn2(TTFTB) (TTFTB = tetrathiafulvalene 

tetrabenzoate), which was in turn used to calculate its intrinsic charge mobility (0.2 cm2 / Vs).210 

Later, Aubrey et al. used TRMC to study electron delocalisation and charge mobility as a function of 

reduction in KxFe2(BDP)3 (0 ≤x≤ 2) (BDP = 1,4-benzenedipyrazolate).211 The study showed that 

fractional reduction of the MOF increased conductivity along one direction 10,000-fold. 

A similar technique, time-resolved terahertz spectroscopy (TRTS), measures transient conductivity 

by detecting changes in THz transmittance and has increased time resolution (ps) due to its higher 

frequency and shorter response times. Dong et al. investigated the conductivity and charge 

transport mechanism of a semiconducting pi-d conjugated MOF, Fe3(THT)2(NH4)3 (THT = 

2,3,6,7,10,11-hexathioltriphenylene).212 TRTS measurements revealed the nature of charge-

transport as being Drude-type, which was subsequently corroborated by Hall-effect measurements.  

TRMC and TRTS have no grain boundary effects or random orientation effects that plague contact 

methods, and there are no anisotropy issues. The field is in need of a standardised method for 

measuring local conductivity and TRMC and TRTS may offer the solution. 

 Chronoamperometry (timescale: milliseconds) 

Electron and ion diffusion on the ms timescale can be studied by chronoamperometry, a time-

dependent electrochemical technique which measures a current vs time response. In 2020, Cai et al. 

used chronoamperometry to independently measured the ion and electron diffusivities in ferrocene-

doped MOFs of increasing pore sizes (MOF-808, NU-1000 and NU-1003), finding that electron 

diffusivity decreased while ion diffusivity increased to a greater extent.213 This meant overall charge 

diffusivity increased with increasing pore size, ultimately being limited by ion diffusion.  

 Concluding remarks 

The in-situ and time-resolved measurement of electron motion within MOFs represents a key tool 

for the elucidation of MOF electronic structure and function. Understanding charge transfer 

mechanisms, excited state dynamics and photoconductivity are essential for the design of 

electroactive MOFs for use in electrochemical applications. As with the study of MOF formation, a 

combined approach is again desirable to obtain as full a picture as possible, choosing 

complementary techniques for the specific length- and time-scales they are capable of probing. 

Technological advances mean there are numerous opportunities for new combinations of methods 

to be developed that span greater time and length scales.  

 

Framework motion 
 

 Introduction  

In this final section, we look at the various techniques that are able to directly measure motion of 

framework structural components. MOF flexibility is a hot topic in the field and has been reviewed 

by others recently, primarily from framework perspectives.7,214-216 Many of the potential applications 

of dynamic MOFs rely on understanding how framework properties change after an applied 

stimulus. There are many types of framework motion, for example gate-opening, SC-SC transitions, 

breathing, and swelling.217-220 Here we describe several time-resolved/in-situ techniques (Figure 5) 



capable of probing these phenomena after application of stimuli including changes in guest 

adsorption, temperature, pressure, and light.  

 

Figure 5. A selection of works from the literature highlighting the wealth of information gained from 

utilizing the in-situ techniques discussed in this section of the review. a) extended X-ray absorption 

fine structure (EXAFS)  data analysis showing a unique deformation in the nickel-based paddle-wheel 

node of DUT-8(Ni) before and after N2 adsorption249; b) negative-to-positive tuning of the thermal 

expansion coefficient of MOF Co-NP due as a function of CO2 uptake242; c) 2H solid-state NMR 

spectroscopy revealing the reorientation mechanisms within octacarboxylate MOF MFM-180; d) 

terahertz time-domain spectroscopy (THz-TDS) spectrum revealing collective vibrational modes 

responsible for the proton conductivity of MOF ZnTr; e) LP-AFM data showing a reversible change in 

framework surface structure from a tetragonal unit cell to rhombic as a function of guest 

concentration; f) two-dimensional infrared spectroscopy (2D IR) spectra of deuterated bridging 

hydroxyl (μ2-OD) in MIL-53(Al) loaded with BzCN at Tw = 0.5 ps and Tw = 50 ps from which information 

regarding the hydrogen bonding dynamics can be extracted; g) in-situ powder X-ray diffraction 

(PXRD) contour plot of pressure-amplifying framework DUT-49 during N2 adsorption. 

 In-situ XRD (timescale: seconds to hours) 

Since most MOFs are crystalline, time-resolved and in-situ X-ray diffraction methods are often the 

method of choice for gaining structural insight into a dynamic event such as a phase transition or 

distortion. Burtch et al. employed in-situ powder X-ray diffraction (PXRD) to study Zn2(BDC-

TM)2(DABCO) (BDC-TM = 2,3,5,6-tetramethyl-1,4-benzenedicarboxylic acid, DABCO = 1,4-

diazabicyclo[2.2.2]octane), which undergoes a reversible domino-lattice rearrangement on water 

sorption.221 The findings showed that even MOFs which retain their crystallinity and porosity upon 

moisture exposure can undergo significant molecular-level structural change due to guest-host 

interactions. Similarly, Lo et al., utilised in-situ PXRD to track a desolvation-triggered domino-lattice 

rearrangement in AlTz-53.222 Within 40 s of activation, AlTz-53 undergoes a reversible phase 

transition from a disordered, low porosity state (interconnected sql nets) to a highly crystalline one 

with high porosity (interconnected kgm nets). This transition between distinct topological states was 

shown to be reversible over 4 cycles through activation and re-immersion in polar solvents.  



Through an arsenal of experimental and computation techniques Krause et al. were able to unpick 

several factors affecting the probability of a MOF exhibiting negative gas adsorption (NGA): linker 

length, interpenetration, framework softness and mechanical stiffness.223 In-situ PXRD was used to 

analyse the micromechanical properties of the isoreticular MOFs DUT-46, DUT-48, DUT-49, DUT-50 

and DUT-151 upon adsorption of guests. The authors discovered a new pressure-amplifying 

framework in DUT-50, with even higher pore volume and pore size than DUT-49 and later reported 

that crystallite size has a pronounced effect on the NGA behaviour of DUT-49.224  

The nature of the solvent-switchable continuous breathing mechanism of structure change in SHF-61 

was investigated by Carrington et al. by means of in-situ PXRD.225 Continuous breathing differs from 

traditional breathing behaviour in that no phase transition appears to occur. In SHF-61 the 

mechanism was found to be highly guest dependent. This offers the possibility to control guest 

uptake and selectivity; they elegantly demonstrated that gated CO2 uptake could be achieved by 

partially solvating with DMF. 

Some MOFs display negative linear compressibility (NLC) whereby contraction in one direction under 

hydrostatic pressure is accompanied by elongation in one or more directions.226-228 Cai et al. 

demonstrated a temperature-induced positive correlation between NLC and positive thermal 

expansion (PTE) with the MOF [Ag(ethylenediamine)]NO3.229 Using variable-temperature and 

variable-pressure in-situ SCXRD, the mechanism for this direct coupling between NLC and PTE is 

presented as resulting from the voids “inflating” and the framework “scissors-opening” motion.  

It should be noted that in-situ measurements are not “time-resolved” if patterns are recorded at 

equilibrated pressures. There is an opportunity to gain more information by conducting true time-

resolved measurements at non-equilibrated pressures. New detector technologies, such as Hybrid 

Pixel Array detectors in use at the Diamond Light Source can improve acquisition time of XRD 

patterns, enabling truly time-resolved XRD experiments.230,231  

An inherent disadvantage of in-situ XRD for the study of framework motion is the inability to resolve 

any transient non-crystalline states traversed during a given phase transition. Developments in pair-

distribution function capabilities and analyses, like those discussed in the framework synthesis 

section above, have also been applied to framework characterisation under dynamic stimuli. This 

area has been expertly reviewed in 2020 by Platero-Prats et al..232 Returning to the limitations of 

more common and accessible X-ray diffraction methods, however, it is fair to say that XRD studies 

often parallelise their experiments with complementary spectroscopic or microscopic experiments, 

discussed in the next section.  

 In-situ optical and vibrational spectroscopies (timescale: milliseconds to minutes) 

Optical and vibrational spectroscopies enable acquisition of molecular-level information on MOF 

dynamics without requiring crystallinity.8 Mao et al. studied the stability of magnesium formate 

MOF, Mg3(HCOO)6, as a function of hydrostatic pressure using in-situ Raman and in-situ FTIR.233 They 

found that the activated framework was stable up to a pressure of 2 GPa whereupon a SC-SC 

transition occurs. When the MOF was loaded with guests such as DMF or benzene, no SC-SC 

transition occurred. Extending further into the IR when examining framework structure change, 

Ryder et al. investigated the thermally induced amorphization of ZIF-4 and subsequent 

recrystallisation to ZIF-zni via in-situ synchrotron far-infrared (FIR) spectroscopy.234 By monitoring 

the vibrational changes of the ZnN4 tetrahedra the authors could predict the likelihood of thermal-

induced amorphization of a given ZIF. 

Functionalisation of UiO-66 with a vibrationally active probe and subsequent two-dimensional 

infrared spectroscopy (2D-IR) spectroscopic analysis can yield information on ultrafast framework 



dynamics, measuring the MOF structural elasticity.235 Framework deformations with time constants 

of 7 ps and 670 ps were identified, with the MOF structural dynamics slowing substantially when 

DMF was introduced to the framework. The same group used pump-probe femtosecond FTIR and 

2D-IR to investigate local hydrogen-bonding dynamics as well as framework dynamics of MIL-53(Ni) 

loaded with benzonitrile, benzene, cyclohexane and phenyl selenocyanate.236 2D-IR allows for the 

correlation of ultrafast changes in the hydrogen-bond with (i) dynamics of the hydrogen bond itself 

(sub-ps), (ii) framework dynamics (ps) and (iii) guest motion (>ns).237  

Structural photoresponsivity in MOFs has been reviewed a number of times in past years32,238,239 so 

we provide only a few examples in this section. Azobenzene moieties are archetypal photoactive 

components and Mutruc et al. showed that a functionalised “shell” containing these molecules on 
the surface of UiO-68 permits light-gated guest diffusion.240 In-situ UV/vis diffuse reflectance 

spectroscopy showed an 86% increase in in 1-pyrenecarboxylicacid uptake when in the “open” form 
(E-azobenzene) compared to when in the “closed” form (Z-azobenzene). Later, Liu et al. showed that 

a MOF membrane with photoactive azobenzene and bis(4-pyridyl)ethylene groups directly 

incorporated into the struts allowed reversible modulation of the separation factors of gas 

mixtures.241 In-situ UV/vis spectroscopy showed that the separation factor of a H2/CO2 mixture could 

be reversibly switched between 21.3 and 43.7 due to reduced CO2 adsorption when in the E-

azobenzene state. Wang et al. have also demonstrated the ability to measure transient 

isomerisation of azobenzene within a MOF membrane using in-situ FTIR.242 Spiropyrans, another 

common photoactive component, have also been investigated in MOFs, albeit only as guests or as 

pendent groups to either nodes or linkers and not with the spiro-core as an intrinsic part of the 

bridge between nodes.4,5,207 Williams et al. showed that the photoisomerization rates of MOFs 

functionalised with coordinatively immobilised spiropyran moieties grafted onto the sides of linkers 

could be modulated as a function of the framework structure to achieve completed photoconversion 

and photoisomerization rates comparable to free spiropyrans in solution.243  

 Nuclear Magnetic Resonance (timescale: seconds to minutes) 

In-situ 129Xe NMR was used by Hoffmann et al. to investigate “gate opening” in DUT-8(Ni).244 The 

pore-opening of DUT-8(Ni) was characterised by a 129Xe NMR signal with a chemical shift in the range 

225-230 ppm, which exceeds that of liquid Xe outside the crystallites. 129Xe NMR was also used to 

study the structure transition in pressure-amplifying DUT-49.245 The transition was observed at 

around 0.15 bar at 200 K by an increase in 129Xe chemical shift from 130 to 230 ppm. This is 

indicative of increased wall-Xe interactions in the new closed-pore state. Additionally, coexistence of 

open-pore and closed-pore peaks at 0.66-0.88 bar suggests that the transition is a collective 

phenomenon taking place in larger domains/crystallites. A series of isoreticular DUT-49 MOFs were 

investigated using the same technique.246 Using the difference between the chemical shift of the 

adsorbed Xe and the chemical shift of bulk liquid Xe, the authors could estimate the mean pore size 

of these isoreticular MOFs.  

In-situ 13C NMR is frequently used to investigate framework motion induced by carbon-containing 

guests such as CO2 or hydrocarbons.247-251 Sin et al. investigated the effect of framework flexibility of 

the uptake selectivity of CO2 from a CO2/CH4 mixture.252 Selectivity factors were calculated based on 

shift ratios; DUT-8(Ni)_flex is more selective than DUT-8(Ni)_rigid suggesting flexibility-enhanced 

selectivity. 

 Neutron studies (timescale: picoseconds to minutes) 

Inelastic neutron scattering (INS) and quasi-elastic neutron scattering (QENS) are primarily used to 

study guest binding and motion within MOFs.253-255 However, cooperative effects can give insight 

into the motion of the framework surrounding the guests.256 



Zhao et al. used QENS to determine the transport- and self-diffusivity of CO2 in ZIF-7 at a loading of 

1.3 mmol g-1 at 298 K and 225 K.257 This data, in parallel with in-situ SCXRD and uptake isotherms 

showed how ZIF-7 undergoes a CO2-induced structural change due to migration of CO2 in its non-

uniform pores rather than by the typical “gate-opening” adsorption mechanism. Another key 
technique is neutron powder diffraction (NPD). A major advantage of NPD over X-ray diffraction 

techniques is that both 1H and 2H are strong scatterers of neutrons meaning their position and 

thermal motion can be more readily determined. Auckett et al. used NPD to monitor a phase 

transition occurring in two Prussian blue derivative frameworks.258 By varying the concentration of 

adsorbed CO2, the thermal expansion coefficients of both frameworks were continuously and 

reversibly tuned from negative to positive values. These temperature-dependent NPD experiments 

are not time-resolved, as the temperature is equilibrated prior to recording each pattern, but the 

information obtained can shed light on time-dependent processes.  

 Microscopy (timescale: seconds to minutes) 

As well as finding extensive use in the in-situ investigation of MOF synthesis, in-situ microscopy 

techniques have been proven to be effective time-resolved probes of framework dynamics.259 

Hosono et al. studied local surface changes in MOFs during guest absorption in real time using LP-

AFM.260 The surface was found to be highly guest-responsive, deforming on a timescale of 10 min in 

response to changes in guest concentration while the bulk crystal showed no lattice changes. This 

increased flexibility at the surface is speculated to be due to dynamic coordination binding at the 

solid-liquid interface as well as host-guest interactions, which has both practical and conceptual 

overlap with both the above-mentioned surface growth mechanisms identified by Zheng et al.62 and 

the surface defect ‘healing’ studied using QCM experiments and described by Wöll and co-

workers.151 

The moisture/temperature-induced breathing behaviour of individual MIL-53(Cr) nanocrystals was 

monitored directly by Parent et al. using environmental transmission electron microscopy (TEM) and 

computer simulations.261 The breathing transition between 1 and 25 H2O molecules is reversible by 

heating-cooling cycling. Environmental TEM (ETEM) is an effective method for studying framework-

level changes occurring in individual MOF crystallites.  

In recent years, microscopy techniques have proven themselves a valuable in-situ characterisation 

tool but their use in studying framework motion is uncommon compared to other techniques like 

XRD, NMR. The information gained from ETEM and LP-AFM is complementary to more traditional 

techniques and there is great scope for more in-depth study of framework dynamics.   

 XAS (timescale: minutes) 

Many studies have demonstrated the utility of X-ray absorption specotroscopy (XAS) to gain local-

structural information on the metal nodes in MOFs,262,263 but its use in-situ during structure changes 

is limited to a handful of examples. Kortright et al. used in-situ XAS to study the local electron 

structure around Cu2+ in Cu(dpa)2SiF6-i (dpa = dipyridyl acetylene) as a function of CO2 uptake.264 Cu 

L2,3 edge spectra show weak systematic CO2-induced effects resulting from distortions of the Cu2+ 

coordination shell.   

Bon et al. went a step further and used in-situ extended X-ray absorption fine structure (EXAFS) to 

monitor the guest-induced phase transition in DUT-8(Ni).265 By monitoring changes in the EXAFS 

spectra during N2 adsorption, node geometry changes were monitored during the closed phase -> 

open phase transition. While this study looks at the distinct closed and open states without taking 

measurements during the transition (i.e. it has low time resolution) the technique is able to 

elucidate a unique local deformation of the nickel-based paddle-wheel node occurring between the 



end states. A key area of improvement for this technique is the time resolution, which in principle 

could be increased to at least to the level of QEXAFS (100s of seconds).87,88  

 THz-TDS (timescale: picoseconds) 

A technique deserving of more attention is terahertz time-domain spectroscopy (THz-TDS) which is 

used to measure the frequency of lattice vibrations in MOFs.266-269 These collective fluctuations 

become static transitions when enough energy is supplied to the system. Typically, a frequency 

reduction is observed upon approaching a structural transition, and analysis of the changes in these 

THz modes provides insights into the transformation mechanism.270 These “soft modes” have been 
shown both in silico and through experiment to dictate many of the dynamic features of MOFs such 

as proton conduction271 and framework mechanochemical properties.272-277 This avenue of research 

is therefore of fundamental importance to the field of MOF dynamics in the future. 

 Concluding remarks 

The study of the framework motion itself is essential for the design of stimuli-responsive MOFs for 

targeted applications. As we have highlighted in this section, there are several experimental 

techniques that can achieve this. Additionally, there is no lone technique that can provide all the 

information necessary to understand the long-range crystallographic structural changes as well as 

molecular level local changes. Therefore, a combined approach whereby several different 

techniques are used in parallel is most effective.  

 

 

  

Conclusions and perspectives 
 

In this review we have summarised time-resolved techniques that have been used to study dynamic 

behaviours in and of MOFs. We have particularly focussed on the utility of these techniques in the 

context of fundamental studies. Some approaches are more common than others, such as XRD, 

TEM/SEM/AFM and NMR. However, there are a number of methods that clearly warrant more 

investigation, including QCM for studying guest behaviours, dAR-SHS and CLASSIC NMR for the study 

of MOF formation, and TRTS and TRMC for the time-resolved study of transient conductivity. 

After a busy period of framework discovery, followed by increasingly elaborate framework design, 

the past decade has seen an explosion in the number of stimuli-responsive, flexible MOFs. There 

holds much promise in these materials for future applications, but the time domain is the key to 

unlocking that promise. If these applications are to be realised, fundamental studies of time-

resolved phenomena must be explored.278 The methods briefly described above represent the 

pioneers of such exploration. 

While not directly discussed in this review, it is important that we acknowledge the critical role of 

computational chemistry methods in the future of the MOF time domain. Parallel development of 

computational methods is an integral part of the way forward and we therefore refer the reader to 

two excellent reviews by Fraux, Chibani and Coudert34,279 which summarise the state and challenges 

of modelling stimuli-responsive MOFs. An exciting new trend is the application of machine learning 

(ML) to understanding in the field. The utility of ML in predicting MOF synthesis conditions and MOF 

properties is the subject of several recent reviews.280,281 The synergistic relationship between 



computational and experimental methods is essential for the development of the field just as, for 

example, time-dependent DFT has become vital to the interpretation of time-resolved spectroscopic 

experiments that underpin much of our current understanding of the well-established field of 

photocatalysis.282,283 To that end, we recommend a recent 2021 review in which Speybroeck and 

coworkers have elegantly summed up the state-of-the-art for modelling spatiotemporal processes in 

MOFs from subnanometre to micrometer scale; their work highlights the need for a good 

understanding of realistic operating conditions and their interplay with computational modelling.284 

There is already a growing appreciation for the time-resolved investigation of MOFs, with the 

challenge having been expertly laid down by Kaskel et al. in 2020 to deliberately design so-called 

‘4D-MOFs’ with precisely engineered energy barriers between multiple states, and to significantly 

improve terminology in the field, both qualitatively and quantitatively.38 We have set out in this 

review to describe and summarise the technical methods by which the challenge can be met and the 

information those methods can already provide. Given that dynamic phenomena in MOFs happen 

on timescales from femtoseconds to hours, and on length scales from atoms to engineering rigs, no 

single method or technique is going to comprehensively solve all the questions that arise. We return 

therefore to Figure 1, noting that ‘slow and macroscopic’ phenomenological analyses (e.g. 

nucleation and crystal growth in MOF formation, gas sorption dynamics, ion conductivity) are well-

served by existing methods. The ultrafast phenomena (e.g. excited-state decay, photocatalysis, 

charge-transfer dynamics) are less thoroughly covered and remain primarily the domain of laser-

driven pump-probe experiments. Similarly, phenomena that can be interrogated with truly atomic 

spatial resolution (e.g. surface rearrangement on guest sorption, crystal growth at surfaces) are 

fewer, being largely limited to 2D or surface-only experiments. The technical challenge is therefore 

to develop combinations of analyses or bring in new techniques to the field that can bridge the time 

and space divide. Methods employed in other fields such as tip-enhanced Raman spectroscopy 

(TERS)285 offer the possibility of combining atomic resolution with vibrational spectroscopy, and 

MOFs represent an ideal platform on which to push the current limits of such methods. We are also 

particularly excited to see how time-resolved experimental data will in future be combined with 

computational methods to understand, design and generate novel MOF structures with predictable 

stimuli-responsive behaviours that lead to currently inconceivable applications. 
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