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Preface 

Metal–organic frameworks are stable porous crystalline materials whose structure consists of two 

basic types of molecular building blocks: one is metal-based, usually metal ions or (oxidic) clusters, 

and the other a polytopic organic ligand. Since they link at least two of the metal-based units, they 

are often referred to as linkers. These inorganic and organic building blocks are joined via 

coordination bonds, which are relatively strong and highly directional. This is what allows well-

defined periodic structures, often with extraordinarily large void fractions, to be formed. It is 

precisely this versatility of combining building blocks that has allowed the MOF structure library 

to grow up to tens of thousands of frameworks in roughly two decades. Among their most 

appreciated properties, tunable pore sizes and surface properties have taken the spotlight. An 

important portion of MOF research has been invested in the interaction between molecules and 

the framework, aiming for applications such as gas storage and separation,1–3 as well as 

catalysis,4,5 drug delivery,6 heat exchange,7 and water harvesting.8 

MOFs are considered soft or flexible materials, a characteristic that includes structural dynamics 

or large amplitude deformations.9–11 This flexibility is usually attributed to the framework’s 

topology and the degrees of freedom between bond angles in the organic linkers, or between the 

coordination bonds connecting them to the inorganic nodes. However, the linkers themselves may 

also have degrees of freedom allowing independent molecular dynamics, in particular in the form 

of rotation. This type of dynamics is particularly favorable in MOFs because their porous 

architectures often provide enough space for the rotation of a molecular fragment to occur. A 

striking example of the importance of rotational dynamics of linkers in MOFs is seen when guest 

molecules that are larger than the apparent pore size may still diffuse through a framework’s pore 

network. This phenomenon, confirmed to be a direct result of linker rotation, has been described 

as ‘door swinging’ or ‘gate opening’.12,13 

Rotation of MOF linkers, one of the main topics of this thesis, is a relatively unexplored area of 

MOF research. However, it has experienced increased growth in interest because of two main 

reasons: First, linker rotation influences MOF properties, not only when guest molecule 

interactions are involved, but also in optical and mechanical properties. Development of our 

knowledge on MOF linker rotation is therefore essential for a more complete understanding of 

these materials’ properties and how they may be modified to enhance a specific trait. Second, the 

exploitation of linkers’ rotational freedom could potentially lead to important technological 

advances. The latter category may be divided into two general functions: conformational rotation 

and dynamic rotation. With conformational rotation, we consider cases such as the controllable 

orientation of linkers (for example, opening or closing pores by external stimuli, or controlling 

dipolar rotor fragments to obtain ferroelectric frameworks). With dynamic rotation, we can think 

of producing useful work, such as in molecular machines. This would involve achieving 

unidirectional rotation.14,15 In Chapter 1, I present a review of the MOF linker dynamics literature, 

making a distinction between types of rotation, and including an overview of the techniques and 

applications of linker dynamics. In Chapter 2, I discuss the intricacies of linker functionalization on 
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their dynamic behavior in a family of MOFs that allows steric interactions between linkers. This 

study involved multiple experimental and computational techniques, from which we observed the 

emergence of inter-linker cooperative rotation. This is a particularly exciting discovery because 

properly designing materials for cooperative or correlated dynamics is an important milestone in 

the development of crystalline molecular machines.16,17 

Even more detailed understanding of a MOF structure, including its dynamics, could be obtained 

if large single MOF crystals are available. Several important characterization techniques then 

become applicable. Perhaps the most fundamental is single-crystal XRD, which enables us to 

obtain the average periodic structure of a framework with great resolution, as well as, in some 

cases, more local structural details such as correlated defects or other types of domains. 

There is a general tradeoff in the MOF stability scale, where more stable frameworks tend to form 

smaller crystals, and less stable ones form larger crystals. This is a natural result of the MOF 

formation reaction kinetics, and it is a problem that both I and other researchers investigating 

properties of stable MOFs have struggled with. Stable MOFs owe their stability to strong bonds 

between linker and metal, which also results in faster formation kinetics. Faster bond formation 

also implies that during synthesis, more nucleation will occur, leading to an overall smaller crystal 

size. On the other hand, less stable frameworks contain more labile bonds, which are broken more 

often during synthesis, leading to less nucleation and slower growth, both of which are essential 

for large single crystal synthesis. Chapter 3 will present a solution we found in the context of 

aluminum MOFs, which are renowned for their stability. By including an additional compound 

during synthesis that forms a relatively stable complex with unreacted aluminum cations in 

solution, we achieved a modulating effect that produced large single crystals of frameworks that 

are otherwise too small to manipulate. 

In addition to structural studies, experiments involving functional properties of MOFs become 

more accessible if large single crystals are available. For example, the investigation of optical or 

electronic anisotropic properties that would rely on the ensemble of a crystal to a circuit or other 

type analyzer requiring a precise crystallographic direction. In the last chapter of this thesis, I show 

a part of my work that demonstrates the detection of visible light transmitted anisotropically 

through the crystal; a feat that would not be possible without crystals that are visible in a regular 

optical microscope. In this study, it becomes clear that the diversity and precision of MOF 

structures makes them excellent candidates to advance already established classes of 

technological materials. In this particular case, the use of two different linkers produces a 

framework with the appropriate tetragonal symmetry, where all metal-based chromophores (Co2+ 

in this case) are aligned in the same crystallographic direction, producing a rare and captivating 

optical dichroic effect. 
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Among the numerous fascinating properties of metal–organic frameworks 
(MOFs), their rotational dynamics is perhaps one of the most intriguing, with 
clear consequences for adsorption and separation of molecules, as well as for 
optical and mechanical properties. A closer look at the rotational mobility in 
MOF linkers reveals that it is not only a considerably widespread phenomenon, 
but also a fairly diverse one. Still, the impact of these dynamics is often under-
stated. In this chapter, the various mechanisms of linker rotation reported in 
the growing collection of literature are addressed, followed by a highlight of the 
methods currently used in their study, concluding with the impacts that such 
dynamics have on existing and future applications. 

Chapter 1
Rotational dynamics of linkers in 
metal–organic frameworks

This chapter is based on the following publication: 
Adrian Gonzalez-Nelson, François-Xavier Coudert, and Monique A. van der Veen, Rotational Dy-
namics of Linkers in Metal–Organic Frameworks. Nanomaterials 9, 330 (2019)
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1.1. Introduction 

Metal–organic frameworks (MOFs) are ordered arrays of polytopic organic ligands, commonly 

called linkers, interconnecting metal-based inorganic building units via coordination bonds. The 

assembly of a large number of organic and inorganic building units is what enables a vast array of 

topologically diverse frameworks.1 In particular, the choice and design of the organic linkers is an 

equally important means of endowing these crystalline materials with specific desired capabilities. 

Often, these organic components confer some type of flexibility, including rotational mobility.2 

Rotational motion in MOFs is a contrasting characteristic with respect to other ordered 

microporous materials, such as zeolites, which contain no intrinsic rotor components and are 

especially challenging to functionalize. 

Rotor MOFs can be considered a subset of amphidynamic crystals: solids that combine high order 

with high molecular mobility.3 In conventional amphidynamic crystals, molecular rotors are 

assembled in the crystal lattice via non-covalent interactions, and they usually must contain bulky 

groups that act as spacers to create enough free volume for rotation to occur. In MOFs, however, 

these needs are overcome as a result of the porosity that is attained via highly directional 

coordination bonds.  

Rotational dynamics is bound to influence several aspects of MOF properties, perhaps most 

importantly their interaction with guest molecules. As an example, rotational mobility plays a 

central role in the fascinating behavior of the zeolitic imidazolate framework ZIF-8.4,5 The linkers 

in this framework are known to aid in the diffusion of surprisingly large guest molecules through 

the otherwise small micropores, by swinging, or partially rotating. This gate-opening, as we shall 

see, occurs in a considerable variety of different rotor MOFs. 

Additionally, the possibility to manufacture tailor-made molecular rotors in an ordered scaffold 

opens up a multitude of options for novel applications, such as sensors, stimuli-responsive 

materials,6 and crystalline molecular machines.7 

In the last years, an increasing number of papers have appeared that elucidate this type of 

flexibility in MOFs.8–12 So far, no review on rotational linker dynamics of MOFs exists. Yet, rotation 

appears to be a rather common type of dynamics in this class of materials, with clear 

consequences for adsorption and separation of molecules, optical, and mechanical properties. 

This review begins by addressing the variety of linker rotational motions and their mechanisms 

(Section 1.2), followed by a highlight of the methods currently used in their study—including 

experimental and computational (Section 1.3), and finalizing with the impacts of such dynamics 

on MOF applications (Section 1.4). 

1.2. Types of Rotational Linker Dynamics 

Michl and coworkers13 conceptualized rotational motions in molecules by defining them as rotor 

systems analogous to macroscopic machines: 

“Molecular rotor: a molecular system in which a molecule or part of a molecule rotates against 

another part of the molecule 
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Rotator: the part of the molecule or system that rotates against the rest 

Stator: the stationary part of the system with respect to which the rotator turns 

Axle: the portion of the molecule that carries the rotator and about which the rotator turns” 

For the purpose of this review, we have adapted these definitions to metal–organic frameworks 

in a manner that will allow us to cover all relevant cases to the best of our knowledge. These 

definitions were proposed for the broader context of molecular rotors, yet they can be easily 

applied to metal–organic frameworks when we consider that the inorganic building units, 

together with the functional groups coordinated thereto, form the stator. Common axles, shown 

in Scheme 1.1, can be composed of one or more bonds, for example: the nitrogen–metal 

coordination bond, the covalent bond between the benzene ring and the carboxylate, or the 

ethynyl (‒C≡C‒) group. 

 
Scheme 1.1. Common types of axles in metal–organic framework (MOF) rotor linkers. 

Within this frame, we categorized rotational dynamics of MOF linkers into four groups (also 

represented in Figure 1.1): 

A. Complete rotation 

B. Partial rotation 

C. Rotation of side groups 

D. Mechanically interlocked molecule rotation 

The first three types of rotation have a common ground in that their axles are covalent bonds. 

Type A closely resembles the typical case of molecular rotors described by Michl et al., where the 

axle crosses (approximately) the center of mass of the rotator, and connects it to two stators 

opposed to each other. We group in this category all rotors that are able to complete 360° 

torsions. 

 

Figure 1.1. Illustration of the four types of rotational linker dynamics: A. Complete rotation, B. 
Partial rotation, C. Side group rotation, D. Mechanically interlocked molecule rotation. 
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Complete rotation often occurs in steps comprising a fraction of the 360° path, which are often 

referred to as jumps, hops or flips. The nature of these jumps is determined by the torsional 

potential of the rotor.13 Figure 1.2 illustrates the torsional potential of a terephthalate rotor. It 

can be seen that minima in the potential energy are found every 180° of relative rotation between 

the para-phenylene rotator and the coordinated carboxylate stators. These minima determine the 

starting and ending position of the jumps, which must surpass an energetic barrier, Eb. 

 
Figure 1.2. Torsional potential curve of a terephthalate rotor. 

It is important to note that the jump angles will vary depending on symmetry and structural 

factors. Furthermore, when the thermal energy of the system is much higher than the energetic 

barrier, the rotor will rotate freely instead of performing discrete jumps, a scenario that is known 

as free or diffusional rotation.10 

Type B rotation involves rotational motions that do not lead to full rotations. We have separated 

these from Type A since they can be considered a special case where the rotor is greatly hindered, 

either due to intrinsic or extrinsic restrictions, and 360° rotations do not occur. We can make an 

important division within this group: 

 dynamics where the rotor performs rotational motions about a minimum in a potential 

energy well, or torsional potential minimum, which are called librations. 

 dynamics where the rotor overcomes a maximum in potential energy and reaches a second 

conformation. For the sake of clarity, they will be referred to as hops in this section.  

Librations are formally torsional vibrational modes, and as such their frequencies are largely 

determined by the shape of the potential well, while only their amplitude depends on thermal 

energy.13 It should be understood that systems that present Type A motions may also exhibit Type 

B; for example, when a rotator undergoes librations as well as complete rotation. Librations of the 

phenylene rotator are shown in Figure 1.2 as the arrow centered on a local minimum, representing 

small-angle partial rotations without exceeding the torsional barrier. Hops, in contrast, do involve 

a thermally activated transition from one local minimum to another, in the same fashion as 

already described in Type A, with the condition that they do not achieve 360° rotations. 
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Due to these fundamental differences, librational and hopping dynamics fall in entirely different 

timescales. Still, they can in principle be related to each other in a molecular rotor. The librational 

frequency of a rotor may be considered approximately equal to the attempt frequency,13 or pre-

exponential factor, in the equation describing the rate of a thermally activated rotational hop: 

rate =  𝜔0e
−𝐸b
k𝑇 , (1) 

where ω0 is the attempt frequency, Eb is the energetic barrier for rotation, k is the Boltzmann 

constant, and T is the temperature. 

It should be noted that the occurrence of rotational hopping entails the existence of librations, 

although the latter are often not detected. The inverse relation does not hold. 

Type C will involve the few reported studies of meta-rotors, or rotors within MOF linkers. The 

defining characteristic of this group is that the axle and rotator do not play a role in the 

framework’s connectivity; they are a side group on the linking struts. Therefore, the main linker 

component can be considered the stator, with the functional group attached to it via a covalent 

bond “axle”. 

Type D rotation involves systems where the rotator is a separate molecule that is mechanically 

interlocked to the axle. Here, only weak interactions—such as dispersion forces and hydrogen 

bonds—are the basis of contact between the two. 

1.2.1. Type A: Complete Rotation 

A list of rotor systems discussed in this sub-section can be found in Table 1.1, together with the 

relevant information regarding rotation mechanism and energy barriers. We will begin our review 

of Type A rotations with arguably the most common type of rotor in the MOF field: terephthalate 

(or 1,4-benzenedicarboxylate; 1,4-BDC) linkers. 

The first account of complete rotational motion of linkers in MOFs was published by Gonzalez et 

al.,14 where the dynamics of the phenylene units in the quintessential MOF-5 were examined. The 

authors transferred the use of solid-state deuterium nuclear magnetic resonance (NMR), which 

had so far been used to probe the dynamics of molecules within zeolites, microporous silica, and 

polymer backbones,15 to the direct measurement of the dynamics of the perdeuterated 

phenylene in the terephthalate linkers. It was found that the phenylene groups are static at room 

temperature (within the timescale of the experiment, i.e., slower than ~ 103 Hz), and that they 

undergo fast 180° rotations (π-flips) at 373 K. These results were later confirmed by Gould et al.,16 

who used the same two-fold exchange model to fit the 2H NMR data, and applied the Arrhenius 

relation to assign an activation energy of 47.3 ± 8.4 kJ mol-1. This experimental activation energy 

corroborated the barrier of 52 kJ mol-1 that had been predicted earlier for this framework using 

DFT (density functional theory) calculations,17 where the 90° twist of the benzene ring with respect 

to the carboxylate plane was indeed found to be the maximum in the potential energy curve. 

It should be remarked that the MOF-5 structure exerts little steric hindrance on the rotating 

phenylene rings,16 and therefore the relatively high rotational barrier can be mainly attributed to 
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electronic effects. That is, the planar conformation of the terephthalate is stabilized through π 

electron delocalization, and a 90° rotation of the phenylene implies a complete loss of π system 

delocalization between the benzene ring and the carboxylate planes.10 

The same mechanism of complete rotation has been observed in several other terephthalate-

based MOFs, including the well-known MIL-47(V), MIL-53,18–20 and UiO-668,21,22 families. The 

rotational barriers for all these systems are within 30–50 kJ mol-1, regardless of the metal centers, 

which suggests the barrier is in fact intrinsically determined by the linker, with some variations 

due to metal electronegativity and possible steric effects from the crystal lattice. 

Similar findings were reported for the terephthalate rotor in the M2(1,4-BDC)2(DABCO) pillared 

MOFs (also known as DMOF series) that consist of 2-D sheets of divalent metal ions (M = Co2+, 

Zn2+, Ni2+, and Cu2+) in the paddlewheel secondary building unit (SBU) linked by terephthalate and 

pillared by 1,4-diazabicyclo[2.2.2]octane (DABCO) to a 3D structure. With 2H NMR it was also 

shown that the phenylene groups performed π-flipping motions that were largely independent of 

which metal cations were present.23 The activation energies derived from this 2H NMR study were 

in the range of 32–36 kJ mol-1. 

Table 1.1. Type A rotor linkers and their rotational barriers. 

MOF Rotator Type T/K* Barrier / 

kJ mol-1 

ω0/Hz Method Ref. 

MOF-5 

 

π-flip 363–435 47.3 ± 

8.4 

1.60 × 1012 2H NMR 16 

MOF-5 π-flip - 51.8 - DFT 17 

MIL-53(Cr) π-flip 333–453 41 1.26 × 1011 2H NMR 18 

MIL-47(V) π-flip 373–483 45 8.80 × 1010 2H NMR 18 

MIL-53(Al) π-flip 359–492 37 ± 1 0.6 × 1010 2H NMR 19 

UiO-66(Zr) π-flip 213–403 30 ± 2 0.5 ± 0.8 × 1012 2H NMR 22 

MIL-140 π-flip - 27.4 - DFT 24 

DMOF π-flip 253–359 32–36 0.3−10 × 1011 2H NMR 23 

MFM-180 

 

4-site 223–503 26; 28 1.6 × 1011;  

3 × 107 

2H NMR 9 

MFM-181 

 

4-site 153–473 20; 34 9 × 1011; 4.6 × 

108 

2H NMR 9 

BODCA- 

MOF 

 

6-site; 

3-site; 

free  

6–12;  

12–50;  

50–292 

 

0.8 4.7 × 1010 1H T1 

relax. 

10 
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MFM-112a 

 

4-site 123–203 8.6 3 × 108; 18 × 108 2H NMR 12 

MFM-115a 

 

4-site; 

6-site 

203–315 14; 40 2 × 108; 5 × 1012 2H NMR 12 

Zn2(TCPE) 

(DEF)2 

 

π-flip 300–421 43(6) 2.2 × 1011 2H NMR 25 

CdNa(2-

stp)(pyz)0.5(

H2O) 

 

4-site 193–293 7.7 2.40 × 106 2H NMR 26 

Zn2(1,4-

ndc)2(DABC

O) 

 

4-site 193–293 53 Not reported 2H NMR 26 

UTSA-76 

 

π-flip - 8.2 - DFT 27 

NOTT-101a 

 

π-flip - 20.2 - DFT 27 

UCLA-R3 Figure 1.6 3-site - 56.5 8.7 × 1015 2H NMR - 

Cu(bbcbco) 

(H2O) 

Scheme 1.2 - - 15.5 - DFT 28 

Zn-BPEB Scheme 1.2 free 150–293 2 2.2 × 1012 1H T1 

relax. 

29 

*Temperature range in which the experiments were performed. 

Analysis of terephthalate rotors has been extended to cases where the pores are occupied with 

guest molecules. The presence of molecules in the pores is expected to have a significant effect 

on the mobility of the linkers lining the pores due to weak interactions as well as steric effects. In 

the case of MIL-53(Al), the effect of xylene loading was analyzed and found to hinder the 

phenylene π flips greatly, increasing the activation energy from 37 to above 50 kJ mol-1.19 The π-

flipping of UiO-66(Zr) was found to have a strong linear dependence on benzene loading, 

increasing from 30 kJ mol-1 in the guest-free framework, to 48 kJ mol-1 with the highest loading of 

molecules.21 Likewise, in the experimental studies of  unfunctionalized DMOF systems described 
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above, the presence of N,N-dimethylformamide inside the pores increased the activation energy 

from 32–36 to 47–55 kJ mol−1.23 

In the Zn-DMOF family, DFT calculations were also employed to model the rotational energy 

barrier for terephthalate linkers with a series of functionalizations, as well as for 1,4-

naphthalenedicarboxylate (1,4-NDC).30 Using fragment models to approximate the MOF 

structure, the potential energy surface was scanned while rotating the phenylene group. Drastic 

differences in estimated rotational barriers were found when analyzing different substituent 

groups on the benzene ring, ranging from 10 to 58 kJ mol-1. The authors attributed the decrease 

in barrier for rotation to the electrostatic repulsion between electronegative atoms as ring 

substituents and the oxygen atoms of the carboxylate groups, yet the electron 

donating/withdrawing effect of the groups was not considered. 

 
Figure 1.3. Structure of pillared DMOF with 1,4-NDC rotors. Adapted with permission from ref. 
26. Copyright Wiley-VCH, 2006. 

Only the barriers for terephthalate and 1,4-NDC (58 and 22 kJ mol-1, respectively) could be 

compared to available experimental data; the calculation of the terephthalate resulted in an 

overestimation the rotational barrier of 36 kJ mol-1 reported by Khudozhitkov et al.23, while for 

1,4-NDC the model underestimated the 53 kJ mol-1 found previously by Horike et al.26. The latter 
2H NMR study assumed four-site jumps of the 1,4-NDC rotor, based on their observation of four 

disorder positions of the rotator in the single crystal X-ray diffraction (XRD) structure (Figure 1.3).  

Regardless of the substantial underestimation of the barrier of 1,4-NDC, the computational study 

confirmed the presence of two maxima in the torsional potential of this rotor, one at 0° and the 

other at 90° with respect to the carboxylate plane. The energy wells between these maxima in a 

360° rotation correspond to the four sites that were used to model the 2H NMR spectra. 

Horike et al. also showed that rotational dynamics occur in linkers that are not dicarboxylates.26 

Initially, single crystal XRD studies indicated an equally disordered pyrazine ring over two 

positions, suggesting that this ligand completes a full 360 rotation in four steps, or jumps, around 

the N–N axis (precisely at 0°, 76.4°, 180°, and 256.4°) (Figure 1.4a). Therefore, in contrast with the 

terephthalate rotor π-flip cases, a four-site jump model was used to fit the 2H NMR spectra, and 

an activation energy of 7.7 kJ mol-1 was derived.  
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Such a striking difference in energetic barriers for rotation between this rotor and the various 

phenylene-based systems is not surprising. The fact the axle of the pyrazine rotator is a σ bond 

with no double bond character implies that this type of coordination will exert less electronic 

limitations than the terephthalate rotors, which have a certain double bond character in the C–C 

axle due to π electron delocalization. 

It is interesting to note that only one activation energy was determined, even though the two sets 

of jumps used for analysis are geometrically unequal (two short jumps and two large jumps), 

suggesting the possibility of two barriers. Therefore, it could be inferred that the jumps are either 

energetically degenerate, or that the differences are too small to be detected. 

 
 

(a) (b) 

Figure 1.1. Structure of two N-linker rotor-based MOFs. (a) CdNa(2-stp)(pyz)0.5(H2O), with an 
illustration of the two disorder positions of the linker; (b) 2D stacked framework, Zn(5-Me-
isophthalate)(bipyridine). Reproduced with permission from refs. 26 and 31. Copyright Wiley-
VCH, 2006. Copyright Wiley-VCH, 2018. 

Inukai et al. have researched dynamics of a different type of two-linker 2D stacked framework 

material, Zn(5-X-isophthalate)(bipyridine), where X stands for methyl, nitro, or methoxy 

groups.31,32 These systems were studied with 2H NMR to describe the rotational dynamics of each 

type of ligand. The 4,4’-bipyridine pillar’s dynamics were found to be fairly complex (see Figure 

1.1b), and dependent on the functional group used on the dicarboxylic linker. With the presence 

of methyl and nitro groups, one of the rings of the bipyridine was measured to be static, since the 

functional group of the isophthalate greatly hinders its rotation. The other pyridine ring, however, 

performed full rotations through a combination of π-flips and 4-site jumps. Unfortunately, no 

activation energies were reported, and thus no comparison may be made with respect to other 

N-donor ligands. 

The use of 5-methoxyisophthalate, in contrast, brought about enough steric hindrance to block 

the rotation of both pyridine rings simultaneously. The dynamics of the angled dicarboxylate linker 

are an interesting example of incomplete rotations and will be addressed in Type B. 
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Figure 1.2. Linker conformation in tetra(4-carboxy)phenylethylene-based MOF, depicting steric 
hindrance from neighboring rings (left and center). The comparative case of a free 
tetraphenylethylene molecule is shown on the right. Reproduced with permission from ref 25. 
Copyright American Chemical Society, 2012. 

Shustova et al. investigated phenylene dynamics in a tetra(4-carboxy)phenylethylene-based 

MOF,25 whose linker structure is depicted in Figure 1.2. A combined 2H solid-state NMR and DFT 

study revealed that the phenylene rotators undergo rotations via π-flips, with an activation energy 

of 43 kJ mol-1. Although such a high barrier is within the range of terephthalate rotors that we 

have discussed previously, a comparison of the computed rotational barrier in model molecules 

(including styrene, benzoic acid, and tetraphenylethylene) led the authors to conclude that, in this 

case, an important fraction of the rotational barrier is of steric origin. Since the four arms of the 

linker are tethered to metal nodes, the core is barred from deformations that would otherwise 

allow for one phenylene to rotate with less interaction with its neighbor (as was observed in the 

free tetraphenylethylene molecule; right side of Figure 1.2).  

A case of four-site jump rotation of phenylene groups was recently reported in two 

octacarboxylate frameworks, MFM-180 and MFM-181 (Figure 1.3a).9 Due to their branched 

structure, both linkers contain only one type of rotator that can undergo complete rotations: a p-

phenylene in each arm connecting the core of the linker (ethylenyl or benzene ring, respectively) 

with the benzenedicarboxylate terminal rings.  

Detailed analysis of the 2H NMR line shape evolution along a wide temperature range allowed the 

authors to conclude that the mechanism for complete rotation involved a four-site jump-exchange 

in both MOFs. The four jumps, however, are not equal, since two different rate constants could 

be derived from the NMR data. In both cases, one of the jumps involves a smaller angle partial 

rotation and is even activated at 100 K (Δφ1 jump angle indicated in Figure 1.3b with a green 

arrow), while a second, wider motion (Δφ2), was only activated at 330 K, allowing for full-rotational 

movement at these higher temperatures (see blue arrow in Figure 1.3b). Because of the 

phenylene group’s C2 symmetry, Δφ1 and Δφ2 occur twice within a complete 360° rotation. 

A closer look at each linker’s structure and the possible interactions of the rotating phenylene 

with neighboring rings revealed the likely origins of such a complex rotational behavior. On the 

one hand, the smaller barrier for Δφ1 was attributed to steric hindrance from the site marked with 

a green arrow in Figure 1.4, where the structural differences explain the large difference in Δφ1 

jump rates between both MOFs. The large barrier for Δφ2, on the other hand, which is activated 
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at approximately 330 K in both frameworks, was proposed to originate from the interactions with 

the neighbor ring in the vicinity, marked with a blue arrow in Figure 1.4, which is similar in both 

MOFs. 

a) 

 

b) 

 

 

Figure 1.3. (a) Structure of MFM-180 and MFM-
181 and their respective linkers; (b) rotational 
trajectory of the para-phenylene rotators. 
Reproduced from ref. 9.  

 

 

 

 
Figure 1.4. Rotator environment in MFM-180 and MFM-181. The colored arrows mark the closest 
steric interactions. Reproduced from ref. 9.  



Chapter 1

 

22 

Another branched linker MOF with complete rotational motions was studied in a similar fashion. 

Three different tri-branched, hexacarboxylate linkers were used to build isostructural 

frameworks.12 Two of the members of this series were found to perform full rotations (Figure 1.5, 

left and center). The third ligand’s athracenylene rotors (Figure 1.5, right), in contrast, could not 

achieve complete rotations due to its highly hindered environment, and will be discussed in Type 

B rotations. MFM-112 and MFM-115 differ in that the linker of the former has a benzene ring core, 

while the latter has a nitrogen core connecting the three dicarboxylate-terminated branches. 

These systems closely resemble the MFM-180 and -181 previously discussed in that the rotator is 

a phenylene group connecting the terminal ring to the core of the linker. Likewise, these rotors 

undergo four-site jumps to complete a 360° rotation. 

The authors determined that the p-phenylene groups in MFM-115 require significantly more 

thermal energy to rotate than in MFM-112, which should be expected due to the shorter distances 

between rotators owing to the smaller center group. Additionally, two different modes of rotation 

were observed in MFM-115: a slow rotation with a barrier of 14 kJ mol-1 below 283 K, and a faster 

motion with higher energy barrier (40 kJ mol-1) above 283 K. The authors hypothesized that the 

low temperature motion corresponds to the collective, gearlike rotation of the three phenylene 

groups. It is feasible that concerted motion would result in the diminishment of steric hindrance, 

as well as lower rates of rotation. At higher temperatures, concerted motion becomes less likely, 

thus increasing the steric hindrance from neighboring rings leading to a higher energetic barrier 

(40 kJ mol-1). 

 
Figure 1.5. Structure of rotor linkers used in MFM-112, -115, and -132. Reproduced with 
permission from ref. 12. https://pubs.acs.org/doi/10.1021/jacs.7b05453; further permissions 
should be directed to the ACS. Copyright American Chemical Society, 2017. 

Garcia-Garibay’s group reported a framework containing a triptycene rotator with triple bond 

axles in a Zn-based pillared architecture (see Figure 1.6).33 Although the triple bond axles were 

expected to lead to a free rotor system, solvent DMF (N,N-dimethylformamide) molecules present 

in the pores of the MOF were found to strongly hinder the rotation, leading to an apparent barrier 

of 56.5 kJ mol-1.  
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Figure 1.6. Crystal structure of UCLA-R3 (left); the triptycene rotator is shown in red (right). 
Adapted with permission from ref. 33. Copyright American Chemical Society, 2016. 

Aiming to achieve lower rotational energy barriers in MOF rotor systems, Garcia-Garibay’s 

research group explored a ditopic linker analogous in connectivity length to the terephthalate, 

1,4-bicyclo[2.2.2]octane dicarboxylate (BODC, see Scheme 1.2, top). BODC linkers, in contrast to 

terephthalates, present no π electron delocalization to provide a double bond character to the C–

C bond between rotator and stator (carboxylate). Additionally, the combined symmetry of the C3 

rotor (bicyclo[2.2.2]octane, BCO) and the C2 stators leads to sixfold degenerate energy potential, 

meaning that the rotor should be able to perform a full rotation in six jumps of equal activation 

energy. Altogether, it was demonstrated that the BODC rotors have much lower rotational barriers 

than terephthalates, emphasized by the fact that unrestricted diffusional rotation was observed 

down to ca. 20 K, although with increasing contributions of six-fold exchange. Below 13 K, three-

fold rotation was observed, while at 6 K the slow exchange regime was detected (frequencies 

lower than 1 kHz). Since the rotation of the BCO groups was too fast to derive appropriate rate 

constants from line shape analysis, the authors performed 2H and 1H T1 relaxation measurements, 

which yielded activation energies of 0.5–0.77 kJ mol-1. 

Another framework containing a bicyclo[2.2.2]octane rotator was constructed by Bastien et al.28 

The remarkable length of the axle (linker depicted in Scheme 1.2, center) would have meant that 

all steric interactions might have been avoided, thus achieving free rotation. However, the 

framework was found to be interpenetrated, and therefore the expected low rotational barrier 

could not be achieved. A barrier of 15.5 kJ mol-1 was estimated computationally, mostly caused 

by steric hindrance from neighboring rotators. 

A different approach to achieving free rotation in MOF linkers was presented by Bracco et al.,29 

where a p-phenylene unit was selected as rotator with a triple bond axle coordinated to Zn2+ 

centers via pyrazole groups (Scheme 1.2, bottom). Using 2H NMR, very fast π-flips were observed 

down to 150 K, such that the rate constants of rotation could not be determined through line 

shape modeling. Instead, the 1H spin-lattice relaxation times were measured and the Arrhenius 

equation was used to determine an activation energy of 2 kJ mol-1. 
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Scheme 1.2. Low-barrier rotor linkers. Rotator fragments are shown in red. 

Although the majority of cases reported in the literature involve rotation of phenylene groups in 

terephthalate linkers, several other cases illustrated here show that this type of motion is quite 

diverse. The rotational barriers associated to complete rotations in MOFs can be found in a wide 

range, from less than 1 kJ mol-1 to close to 50 kJ mol-1. 

We can observe that the great diversity in rotor systems and their mechanisms of rotation arise 

mainly from variations in the electronic configuration of the rotor and the steric environment in 

frameworks. The location of maxima and minima along the torsional potential curve determine 

the partial steps that a rotor must follow, while the height of rotational barriers is related to the 

rate of rotation. In addition, guest molecules have been shown to significantly hinder rotational 

dynamics of linkers, a property of great importance for adsorption applications which will be 

addressed in Section 1.4. 

1.2.2. Type B: Partial Rotation 

Librational motions in MOFs often fall within the THz frequency region, and are thus detectable 

with spectroscopic techniques such as inelastic neutron scattering and far-infrared spectroscopy. 

The combination of detailed 2H NMR and spin-lattice relaxation analysis, which together can probe 

an enormous range of frequencies, have established that systems that perform complete 

rotations may also present librational motions within the same molecular rotator fragment, such 

as in the case of UiO-66.8  

Soft modes attributed to libration of phenylene groups in other terephthalate-based frameworks 

have been discussed in several instances. In the case of MOF-5, this type of motion was initially 

identified using inelastic neutron scattering and ab initio calculations.17 The well-known 

“breathing” MIL-53 was suspected to obtain its intriguing bi-stable pore configuration (narrow 

pore, large pore) as a result of these twisting modes.34 

Similarly to MIL-53, the MIL-140A framework is built from inorganic 1D chains and terephthalate 

linkers. However, within the latter structure, there are two different environments for the linkers 

(A and B, see Figure 1.7). Using a combination of neutron scattering, far-infrared spectroscopy, 

and ab initio quantum chemical calculations, researchers unraveled the contributions of 

librational motions of phenylene groups in the low-frequency vibrational spectrum.24 It was found 
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that each type of linker had phenylene twisting modes at different frequencies, and that the B 

linker’s rotation required higher energies due to steric hindrance of the adjacent linkers. In fact, 

supporting single-point DFT calculations showed that complete rotation of the hindered B linker 

is likely impossible. 

 
Figure 1.7. Structure of MIL-140A, terephthalate linkers in two different positions (A and B). 
Reproduced with permission from ref. 24. Copyright American Physical Society, 2017. 

Revisiting the MFM hexacarboxylate series discussed in Type A, the third member that Yan and 

co-workers designed, MFM-132, contains a 9,10-anthracenylene moiety on each of the three arms 

(Figure 1.5, right). Their 2H NMR analysis demonstrated that these rotators were not able to 

perform full rotations even at high temperatures (ca. 573 K) due to the steric hindrance from 

adjacent groups, yet a small amplitude libration of 32° was observed.  

In some instances, the impediment to rotate is a result of a ligand coordination geometry that 

deviates from 180°. Although not as many such cases have been reported, a remarkable example 

is found in zeolitic imidazolate frameworks (ZIFs). An imidazolate ligand’s bridging coordination 

angle is approximately 145°, which means any large amplitude rotations will be strongly hampered 

by the directionality of the coordination bond (see Figure 1.8). However, ample evidence has 

shown that even small amplitude rotational motions are responsible for the remarkable capacity 

of MOFs such as ZIF-8 to admit molecules that are seemingly too large to fit through the pore 

windows.35  

 
Figure 1.8. Illustration of the torsional potential for coordinated imidazolate linkers (as in zeolitic 
imidazolate framework 8 (ZIF-8)). Large amplitude rotations are hampered by the connectivity 
angle, yet small-amplitude librations are possible. 
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The rotational dynamics of the 2-methylimidazolate linker have been studied in detail using 2H 

NMR,11,36 and multiple modes of rotation have been identified, including fast, small-angle 

librations (shaded in orange in Figure 1.9a), small-amplitude two-site hopping (blue arrows in 

Figure 1.9a), and slow, large-amplitude swinging between two sites (Figure 1.9b). In the case of 

ZIFs, the term swinging has been used to describe partial rotational motions indistinctly, even 

though they may have different characteristics (e.g., librations or hops). Strikingly different energy 

barriers have been assigned to the latter two rotational motions: 1.5 kJ mol-1 and 50–60 kJ mol-1, 

respectively. The torsional potential is thus certainly more complex than what is described in 

Figure 1.8, likely with local minima at different torsion angles. 

 
Figure 1.9. Diverse dynamics of 2-methylimidazolate linker in ZIF-8. Left: Small-amplitude two-
site hopping (34°) and fast librations (± 17°) centered on both hop positions; Right: slow, large-
amplitude swing. Adapted with permission from ref. 36.  

Structural transitions in isostructural ZIFs have been studied to understand their behavior upon 

molecule uptake, taking into consideration the effect that the choice of functional group (methyl, 

carboxaldehyde, and nitro, shown in Scheme 1.3) has on the dynamic responses.37 Researchers 

have found that, when subjected to alcohol guest molecules under high hydrostatic pressures, the 

framework responds by adopting a high-pressure conformation where the imidazolate linkers 

swing to varying degrees depending on the functional group chosen to substitute the 2- position 

of the ring. This collective swinging motion leads to changes in pore volume and pore window 

diameters, with the methyl- and aldehyde-containing linkers this leads to a larger pore window, 

while the nitro-functionalized linkers rotate in the opposite direction, leading to a smaller pore 

window. 

 
Scheme 1.3. Imidazolate linkers used in ZIF-8 isoreticular frameworks. 
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Interest in the effect of functionalization on the imidazolate linker’s rotational flexibility has 

motivated a recent study comparing the behavior of ZIF-8 with its 2-Cl and 2-Br functionalized 

isoreticular analogues.38 Using first-principles molecular dynamics, the authors found that the 2-

chloroimidazolate linkers responded to N2 adsorption by swinging in a similar manner as the 2-

methylimidazolate, while the bromo-substituted linker does not rotate, showing that the 

framework is more rigid. It was proposed that the bulkiness of the bromo group, and not its 

electronic effects on the coordination bond, is accountable for this lack of flexibility. 

Inukai and coworkers developed a MOF that combines both full rotation of pyridine rings (already 

discussed in Type A rotation) and libration of a secondary linker.31 The 5-methylisophthalate group 

resembles the previously discussed imidazolate linker in that the connectivity is not linear, but 

angular (120° in this case). Due to this, 1,3-phenylenes cannot perform complete rotations, yet 

they can still have rotational dynamics in the form of librations. 2H NMR evidence showed that the 

linker in this system indeed librates, aiding in guest molecule transport by widening the pore 

window. 

The discussed cases of partial rotational motions should provide evidence that this is a broad 

category of dynamics, encompassing low-energy vibrational rotations that are expected to occur 

in any linker with rotational degrees of freedom, and hindered, thermally activated hops along 

local minima in the torsional potential. In contrast with full rotations, partial rotations have been 

documented in frameworks with angular linkers. In particular, the importance of this type of 

dynamics in frameworks such as the prominent ZIF-8 will be highlighted in Section 1.4. 

1.2.3. Type C: Rotation of Side Groups 

A third type of rotational motion occurring in the linker consists in the rotation of a side group 

that is covalently bonded to the main structural linker. Although a large variety of cases exist 

where these motions are, in principle, possible, there are only a handful of reported cases. 

From the systems discussed in the previous sections, those involving a methyl group attached to 

the linker, methylimidazolate in ZIF-8 and 5-methylisophthalate in [Zn(5-Me-ip)(bpy)], are a clear 

example in this category. In both cases, methyl C3 rotations around the C–C bond were observed 

in the 2H NMR line shapes. Methyl rotation has a very low activation barrier estimated at 0.6–

0.8 kJ mol-1 in ZIF-8,39,40 therefore these fast motions are omnipresent in these systems in all 

covered temperature ranges,31,36 and can be detected in the THz range of the vibrational 

spectrum. 

In ZIF-8, methyl rotations are not as accountable for guest molecule transport via gate-opening as 

are the librations of the whole imidazolate linker. Yet one can imagine that the impact of 

functional group rotation would increase for bulkier or more complex groups. ZIF-90, an 

isostructural framework to ZIF-8, the rotation carboxaldehyde group about its axis on position 2 

was observed computationally to have an important effect on the angle of the imidazolate linker 

due to intra-framework interactions with neighboring linkers.41 In other words, the librational 

angle is much smaller for ZIF-90 than for ZIF-8. Hence, the authors postulated a driving mechanism 

where the functional group rotation enhances or restricts the linker swing motion, which would 

likely have an effect on the gas adsorption process. 
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IRMOF-3, the amino-functionalized version of MOF-5, was subject of investigations regarding its 

linker dynamics.42 The authors succeeded in using 1H NMR relaxation measurements to assign a 

second, lower-energy process besides the ring π-flip: the rotation of the amino group. Since the 

amino group participates in hydrogen bonding with the nearby carboxylate oxygen, a complex 

interplay between the amino group rotation and the complete rotations of the phenylene may be 

expected. 

Rotation of linker functional groups adds an additional aspect of design in MOFs. Although few 

cases have been reported so far, the further study of MOF linker dynamics should unearth more 

interesting examples in the future with potentially interesting effects on applications. 

1.2.4. Type D: Rotation of Mechanically Interlocked Molecules 

Metal–organic rotaxane frameworks (MORFs) are a relatively young class of MOF. This type of 

framework originates from the interest in endowing rotaxanes with a higher degree of order, as 

their functions had, until recently, mainly been studied in solution.43 Yaghi and Stoddart44 

highlighted MORFs as central in the exciting prospect of obtaining frameworks capable of 

dynamics that do not compromise the structural units (i.e., the linkers). Since the rotator and 

stator are not covalently bonded in this type of rotor systems, supramolecular interactions 

between the ring and the threading component, as well as between the ring and the surrounding 

environment, should determine the rotational dynamics. 

The first report of rotational dynamics of a [2]rotaxane linker in a MOF came in 2012,45 were the 

wheel component mechanically interlocked around a carboxylate functionalized axle in a Cu(II)-

based MOF was found to show a transition from a static state to a thermally activated rotational 

state at 324 K (Figure 1.10). The fact that rotation was only possible in the activated framework 

(i.e., guest molecule-free) provides evidence of the importance of MOF porosity in achieving 

dynamic MORFs. In a following study,46 a different MORF based on the same wheel component 

([24]crown-6, or 24C6 macrocycle), a solvation-induced structural transition was also found to 

provide a means to control the rotation of the wheel about the linker axle.  

  

Figure 1.10. Left: Illustration of the composition of a metal–organic rotaxane framework (MORF); 
Right: Crystal structure of the Cu(II) MORF with a [2]rotaxane. Reproduced with permission from 
ref. 45. Copyright Nature Publishing Group, 2012. 
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A comparative study that considered three different macrocyclic components of varying sizes, 

which imply different degrees of free volume allowing for ring dynamics.47 It was found that only 

the wheel components without a benzo group ([22]crown-6 and [24]crown-6) were able to 

perform rotational motions, out of which only the larger wheel could rotate completely around 

the axle. Another report suggested the variation of weak interactions between wheel and axle 

components as a rotation control parameter.48 These results have elucidated the remarkable 

degree of control that can be achieved through the rational design of rotating moieties in MORFs. 

1.3. Methods for the Study of Linker Dynamics 

1.3.1. Solid-State Nuclear Magnetic Resonance (NMR) 

The numerous examples of complex linker dynamics in MOFs covered in Section 1.2 evidences the 

fact that 2H solid-state NMR is the leading experimental technique in MOF rotational dynamics 

research. Deuterium NMR is an outstanding technique to analyze molecular dynamics in the solid 

state for several reasons. Firstly, since deuterium has a nuclear spin of 1, its NMR properties are 

largely determined by quadrupolar interactions with the electric field gradient tensor.49 The 

electric field gradient on an organic compound deuteron is determined predominantly by the 

electrons in the C–2H bond, therefore axial symmetry along this bond can be assumed.50 This 

allows for dynamics to be tracked by analyzing the orientation of individual C–2H bonds.15,51  

It should be noted that natural abundance of the deuterium isotope is too low (0.0156%),51 making 

the use of 2H-labeled rotator groups compulsory. This is often not a substantial drawback, as 

simple deuterated linker precursors are commercially available, but it may potentially deter the 

study of more complex linker architectures. An obvious benefit, however, is that 2H NMR is highly 

selective due to this labelling.15 

In most of the cases presented in this review, solid echo pulse sequences were used. In some 

instances, the use of other pulse sequences may allow to probe an extended frequency range. 

Spin alignment echo technique, for example, allowed Khudozhitkov et al. to probe rotational 

motions of p-phenylene below 1 kHz rate,20 which is the typical lower limit of conventional solid 

echo experiments. 

The spin 1 nucleus of deuterium has three Zeeman energy levels, therefore, its spectra contain 

two transitions. The splitting between these transitions is determined by the orientation of the C–
2H bond with respect to the external magnetic field. Since a powder sample contains all possible 

orientations of C–2H bonds, the static 2H solid-state NMR spectrum of a powder sample has a 

characteristic broad, mirrored shape with two horns, called Pake (or powder) pattern.15 Each half 

of the line shape is caused by one of the transitions (see Figure 1.11), in combination to all the 

possible orientations of the bonds. The maximum (the so-called horn), corresponds to the signal 

when the angle between the C–2H bond and external magnetic field is 90°. The shoulders of the 

line shape correspond to the 0° orientation, and are the least probable orientation in a powder 

sample. 
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Figure 1.11. Pake pattern, displaying the two line shapes that compose it. 

The Pake pattern can be highly sensitive to molecular motions that result in reorientation of the 

C–2H bonds. The frequency and trajectory of these variations are the main factors that will 

determine the distortions on the Pake pattern.52 As an example, the left column of Figure 1.12 

shows the evolution of the 2H NMR line shape with temperature in deuterium-labelled MIL-53(Al). 

A two-site π-flip model was used to model the spectra, based on the known symmetry and 

behavior of terephthalate rotors. The good agreement between the frequency-fitted line shapes 

(right column of Figure 1.12) and the experimental spectra confirms that the distortions of the 

Pake pattern are in fact a result of the gradual increase in frequency of π-flipping motions. This 

example demonstrates that modeling the line shape with respect to possible trajectories is an 

essential part of analyzing molecular dynamics using 2H solid-state NMR spectroscopy. 

 
Figure 1.12. Experimental (left column) and simulated (right column) 2H NMR line shapes of the 
p-phenylene rotor in MIL-53(Al) at different temperatures. Reproduced with permission from ref. 
19. Copyright American Chemical Society, 2014. 
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The frequency range of 2H NMR measurements can be conveniently divided into three dynamic 

frequency regions, corresponding to their effects on the Pake pattern: the slow motion limit 

(SML), for rates of 1 kHz or less; the intermediate motion regime (IMR), when rates are between 

103 and 107 Hz; and the fast motion limit (FML), when rates are higher than 107 Hz.47 

Molecular dynamics of C–2H bonds that fall in the SML and in the FML regions do not cause further 

changes in the Pake pattern line shape. Therefore, not much information can be gathered from 

processes occurring at these frequencies. Indeed, the SML line shape can be modeled with a single 

set of parameters. In the case of FML line shapes, the complete trajectory of motion must be 

known. 

Dynamics occurring in the IMR, in contrast, cause marked differences in the line shape depending 

on the geometry of the different deuteron sites, and on the exchange rate between them. Spectra 

are thus collected at varying temperatures along the range, and the different spectral line shapes 

must be fitted to a dynamic model. Such a model includes, among other information, the 

parameters that describe the motion’s trajectory through exchange sites, and the exchange rate.  

 
Figure 1.13. Simulated 2H NMR line shapes of the metal–organic rotaxane framework UWDM-1 
at different temperatures. The corresponding models are shown on the right-hand side. 
Reproduced with permission from ref 45. Copyright Nature Publishing Group, 2012. 



Chapter 1

 

32 

The complexity of deuterium NMR line shape analysis may increase when the studied systems 

have more degrees of freedom in the C–2H bonds, or when more than one type of deuterium bond 

is present. The work by Schurko and Loeb’s groups on rotaxane MOFs45 illustrates one such case 

(see Figure 1.13).  With the help of detailed models, several modes of motion could be identified 

at different temperatures, including the CD2 group reorientation, as well as partial and complete 

rotations of the macrocycle around the axle component. 

The work by Inukai et al.32 depicts another interesting case of complexity solved by deuterium 

NMR, where two pyridyl rings (PY1 and PY2 in Figure 1.14) behave differently depending on their 

position in the crystal lattice. Good agreement with the experimental line shape (black line on the 

left of Figure 1.14) was reached by modeling a superposition of the line shapes of the PY1 static 

ring (gray line shape), and the mobile PY2 ring performing 4-site and 2-site flips (ring shown in 

green, with the 4-site line in green and the 2-site line in red). Similar modeling was implemented 

in several other publications addressed in Section 2.12,19,26,33  

Besides deuterium NMR, some examples of 1H NMR used to study linker rotational motions in 

MOFs can be found. Morris et al.42 analyzed 1H spin-lattice relaxation (T1) data obtained from 

IRMOF-3, a framework containing aminoterephthalate linkers. Two different motions were 

identified: a low-energy motion (activation energy 5.0–7.5 kJ mol-1) and a higher energy process 

with an activation energy of 21 kJ mol-1. Based on the frequency behavior these processes, the 

authors postulated that the low-energy motion should be a libration, and the high-energy motion 

a π-flipping motion. 

 
Figure 1.14. Experimental (top spectrum) and simulated (bottom spectra) 2H NMR line shapes. 
The corresponding models for each of the three rotational situations are shown on the right-
hand side. Reproduced with permission from ref, 32. Copyright American Chemical Society, 2015. 

1H NMR spin-lattice relaxation analysis was further applied in two studies involving ultrafast 

rotation in MOFs. Bracco et al.29 carried out these measurements on the Zn-BPEB framework to 

complement 2H NMR line shape analysis that revealed dynamics belonging to the fast motion limit 

(>107 Hz). Indeed, the rotational frequency at 150 K was found to be in the order of 1011 Hz, and 

a fitting of the Kubo–Tomita relation led to an activation energy of 2 kJ mol-1.  
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Vogelsberg et al.10 measured T1 spin-lattice relaxation times down to much lower temperatures 

(2.3–80 K) in the BODCA-MOF. They found a single process in the MHz frequency range, which 

could be fitted to the Kubo–Tomita equation, yielding an activation energy of 0.77 kJ mol-1. This 

motion was confirmed to be the rotation of the BCO moiety by means of 2H NMR experiments 

previously addressed in Section 1.2. 

More recently, Damron et al.53 introduced the use of a different NMR method to study linker 

dynamics in MOFs: a separated local field (SLF) type known as DIPSHIFT (which stands for dipolar 

chemical shift correlation). This technique was applied to a series of the UiO-66 family, and 

differences in rotational motions could be inferred from the variations in 13C–1H dipolar coupling 

strength. The analysis relies on the fact that, with faster motions of the benzene ring, the 13C–1H 

dipolar coupling constant decreases. It was thus found that the dimethyl functionalization vastly 

increased the rotational mobility of the linker in the MOF, while the presence of hydroxyl groups 

on the ring had the opposite effect. 

In conclusion, solid-state NMR offers an interesting variety of approaches to study molecular 

dynamics in solids. Deuterium NMR clearly stands out in the field of MOFs due to the unparalleled 

level of detail that can be drawn from its analysis, especially when trying to discern between 

different types of rotation. The other types of NMR spectroscopy here discussed offer the 

advantage of different frequency ranges, and do not require chemical labelling. However, the 

conclusions that are derived from these techniques usually require additional care, since they can 

be significantly more ambiguous than deuterium NMR. 

1.3.2. Dielectric Spectroscopy 

Dielectric spectroscopy can provide insight into the dipole moment reorientation dynamics within 

solids.54 Typically, the dependence of the complex permittivity (Eq. 2) of a material with respect 

to frequency and temperature is studied by building a parallel plate capacitor with the dielectric 

material of interest (i.e., the MOF) enclosed. The capacitance is measured—with respect to a 

reference capacitor—along a wide range of electric field frequencies and temperatures. The 

measured capacitance can be readily converted to dielectric permittivity when the dimensions of 

the capacitor are known. 

ε∗(ω, 𝑇)  =  ε’(ω, 𝑇) –  𝑖ε’’(ω, 𝑇) (2) 

The most common analysis in MOF literature involves identifying the maxima of the imaginary 

part of the complex permittivity—also known as the dielectric loss (ε’’)—with respect to 

temperature or frequency. These are indicative of dipolar reorientations (also known as 

relaxations) in response to the applied alternating electric field.54 Since this type of motion is 

thermally activated, a characteristic temperature shift in the relaxation peaks is usually observed, 

with higher frequencies corresponding to higher temperatures. A linear relation between the 

frequency of maximal ε’’ and the inverse of temperature is often found, from which an activation 

energy and a pre-exponential factor are obtained, according to the Arrhenius equation (Eq. 3): 
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ωp =  𝜔0𝑒
−𝐸𝑎
k𝑇 , (3) 

where ωp is the frequency corresponding to the peak in ε’’, ω0 is the pre-exponential factor (or 

attempt frequency), Ea is the activation energy, k is the Boltzmann constant, and T is the 

temperature at which the ωp value is obtained. 

In the field of MOFs, dielectric spectroscopy has been used mainly to study rotational motions of 

functionalized terephthalate linkers.  Winston et al.55 compared the response of IRMOF-1 (MOF-

5) and IRMOF-2. Although they did not observe dielectric relaxations in the non-polar IRMOF-1, 

they did identify it in the bromine-substituted analog, and the signal could thus be produced by 

rotational motion of the permanent dipole present in the bromo-p-phenylene moiety. Fitting the 

spectra to an appropriate model led to an activation energy of 30.5 kJ mol-1.  

This is the case with some functionalized UiO-66(Zr) frameworks studied by Devautour et al.,56 

where the dipole moments generated by the presence of Br and NH2 functionalities on the rings 

of the terephthalate linkers produced noticeable dielectric relaxation processes visible in the 

dielectric spectra.  

Frunza et al.57 demonstrated the use of dielectric spectroscopy to characterize rotational motions 

in MOF-5. Their work suggests that, even in a non-polar framework, deformations in the structure 

possibly lead to the appearance of dipole moments related to linker rotation. The authors 

assigned a low activation energy process to bending of the SBUs of MOF-5, and a higher energy 

process (33.4–37.3 kJ mol-1) to phenylene rotational motions. 

Dielectric spectroscopy has recently been used in other non-terephthalate-based frameworks. 

Knebel et al.11 included this technique in their study of the rotational mobility of the 2-

methylimidazolate linker in ZIF-8. Using a similar analysis to those in the previously mentioned 

literature, they found a dielectric relaxation corresponding to an activation energy of 49 kJ mol-1. 

They assigned this motion to the slow linker swinging that could also be observed in 2H NMR, 

albeit with a slightly higher activation energy obtained with the latter technique.  

Balc ̌iu̅nas et al.58 reported a comprehensive dielectric study of linker dynamics in ZIF-90—an 

isoreticular analog of ZIF-8 that has a carboxaldehyde group in place of the methyl group. Their 

work shows the effect that different gas molecules present in the pores have on the linker’s ability 

to perform partial rotations. The linker rotation in the evacuated ZIF-90 has an activation energy 

of 22 kJ mol-1, which increases to 34.7 and 35.7 kJ mol-1 in the presence of N2 and CO2, respectively. 

It is important to note that dielectric spectroscopy cannot provide the same level of detail as 

deuterium NMR experiments regarding the nature and trajectory of molecular motions. As 

observed in the cited articles, no specific conclusions are made as to whether the rotators perform 

full 360° rotations, or their rotational amplitude in the case of the partial rotations. Nevertheless, 

dielectric spectroscopy is clearly growing in popularity in the MOF field as it is a powerful and 

sensitive method to probe dynamics of MOFs with the added benefit of not requiring chemical 

labelling. Furthermore, it is much more inexpensive than NMR equipment. 
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1.3.3. Terahertz Spectroscopy 

Very recently, far-infrared (FIR) spectroscopy in the terahertz range has been applied successfully 

to study MOF linker dynamics. This vibrational spectroscopy technique is used to study low-energy 

vibrational modes in solid materials, which tend to be related to structural flexibility.59 As 

discussed in Section 1.2, librations are a prevalent form of partial rotational motion in MOF linkers, 

whose frequencies have been observed in the THz range. This is indeed the range where you 

expect rotational motions about a minimum in a potential energy. Dynamics of Type A—i.e., 

involving hopping over an energetic barrier—are thus not detectable by this method.  

 
Figure 1.15. Illustration of low-energy vibration mode in ZIF-7, causing pore opening and closing. 
Reproduced with permission from ref 60. Copyright American Physical Society, 2014. 

High-quality quantum chemical calculations are usually required in order to interpret the spectra 

associated to THz spectroscopy. In such a manner, the vibrational modes belonging to linker 

rotation can be isolated from the various other types of collective modes. 

Ryder et al.60 undertook a detailed study of lattice dynamics in three ZIF materials (ZIF-4, ZIF-7, 

and ZIF-8) using far-infrared spectroscopy. Specifically, they focused on the frequency region 

below 21 THz, down to 0.6 THz, using synchrotron radiation. Although their report identifies a 

large array of low-frequency lattice vibrations, the relevant modes for linker rotation were found 

close to the lower limit of the probed range. Gate-opening modes were found in ZIF-4, ZIF-7, and 

ZIF-8 at 1, 1.47 and 1 THz, respectively. In all three cases, the modes involve librations of at least 

some of the imidazolate linkers that form one of the windows of the pore (example of ZIF-7 shown 

in Figure 1.15). In a similar manner, but using terahertz time-domain spectroscopy (THz-TDS), Tan 

et al.61 identified vibrational modes involving rotational motion of the linkers in ZIF-8 and ZIF-90 

in the same frequency range. 

In a subsequent article, Ryder et al.24 applied THz spectroscopy to identify the differences in the 

librational rotation of two types of terephthalate linkers—one significantly more hindered than 

the other—that form the MIL-140A framework (addressed in Section 1.2). 
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Additionally, Li et al.39 used THz-TDS to detect the rotation of the methyl group in ZIF-8—one of 

the few examples of Type C rotors found in MOF literature. 

Terahertz spectroscopy is likely at the start of its application in the field of linker rotation, yet the 

work discussed here demonstrates its great potential, when coupled with appropriate 

computational chemistry methods, to expand our understanding of partial rotational dynamics in 

MOFs. 

1.3.4. Computational Methodologies 

The seminal works of Zhou et al. in 2006,17 Kuc et al. in 2007,62 and Winston et al. in 200855 were 

the first to address the issue of linker rotation in metal–organic frameworks from a computational 

perspective. Zhou et al. studied the rotation of the para-phenylene units in MOF-5 using density 

functional theory (DFT) single-point calculations (see Figure 1.16). Their method involved the 

rotation of only one linker out of the six present in the primitive unit cell, with two-degree steps, 

from 0° to 180°. The rotational barrier found at 90° is 51.8 kJ mol-1. Kuc et al. studied the properties 

of over 30 MOF structures, at the semi-empirical level with Density functional based tight-binding 

(DFTB) calculations. As part of this larger study, they calculated a rotation barrier for the organic 

linker in IRMOF-1 (= MOF-5) of 34 kJ mol-1, a value significantly lower than that calculated by Zhou, 

and which can be attributed to the lower-accuracy level of theory chosen. Kuc et al. also stated 

that they observed “nearly free rotation of the linker” at 300 K using DFTB-based molecular 

dynamics, which is not in agreement with the later experimental findings through 2H NMR showing 

that at 300 K the flipping rate is below 1 kHz.16 

 
Figure 1.16. Energy profile for the rotation of a single para-phenylene unit in MOF-5 using density 
functional theory (DFT) single-point calculations. Reproduced with permission from ref 17. 
Copyright American Physical Society, 2006. 

Winston’s study focused more specifically on the rotation dynamics of the bromo-p-phenylene 

organic linkers— called “dipolar molecular rotors”—in IRMOF-2, by combining experimental and 

computational methods. In particular, the authors calculated rotational energy barriers by a series 

of energy calculations with 10° angle increments, at two levels of theory: density functional theory 

(DFT) using the B3LYP functional, and the post-Hartree–Fock Møller–Plesset (MP2) theory. 
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However, these studies were performed not on the periodic crystalline structures, but on model 

clusters composed of a single linker and two metal nodes. The rotation barrier ranges between 20 

and 31 kJ mol-1 depending on the computational method, which is in good agreement with the 

experimental value of 30.5 kJ mol-1 determined by the same authors using dielectric spectroscopy. 

This methodology is the simplest way to computationally characterize the rotation of a given 

linker. The computational cost is relatively low, because it corresponds to a series of single-point 

energy calculations with rotated configurations of the linker (in some studies, the other 

coordinates are relaxed, but not always). This has been used in several other studies, and can be 

performed with periodic DFT to take into account the full crystal structure, as has been done for 

example by Kolokolov et al.63 in their comparison of the dynamics of MIL-53(Cr) and MIL-47(V), 

two materials with the same diamond-shaped micropores. They used periodic DFT calculations to 

study the nature of the low-frequency vibration modes of the two materials, identifying the linker 

rotation modes as well as the corresponding rotational barriers—in agreement with 2H NMR 

experimental data. The methodology can also be extended to a full calculation of the rotation 

energy profile, calculating the potential energy surface E(ɸ) by rotating a linker by an angle ɸ—

usually in series of calculations constraining the dihedral angle ɸ. Shustova et al.25 studied in this 

way the phenyl ring dynamics in a tetraphenylethylene-bridged MOF. In another recent example, 

Hobday et al.37 looked at the tuning of the swing motion of various functionalized imidazolate 

linkers in ZIFs. Ryder et al.24 determined the rotational energy profiles for various MIL–140A 

vibration modes, using DFT calculations, to show that experimentally observed low-energy 

vibrations in THz spectroscopy originate from the hindered rotations of organic linkers. 

However, the rotation of MOF linkers also involves entropic contributions—which are not taken 

into account in the potential energy surface scans—and can be expected to be significant, given 

that the soft vibration motions often have low frequency. These effects can be studied with 

molecular dynamics (MD) simulations at finite temperature T, where the free dynamics of the 

ligand will be sampled over time. Burtch et al.64 investigated the framework dynamics of pillared 

zinc-based MOFs, relying on a classical molecular dynamics approach where an empirical force 

field is used to describe the various intra- and intermolecular terms of the energy. They also used 

this approach to study the influence of framework dynamics on water adsorption in these 

materials, and showed that the dynamics of the linker (DABCO, 1,4-diazabicyclo[2.2.2]octane) is 

strongly impacted by the presence of water guest molecules. However, the impact of the flexibility 

itself on total water uptake was found to be negligible.65 

In a recent paper, Namsani and Yazaydin66 performed MD simulations of halogen-functionalized 

IRMOF-1 and IRMOF-7 under the influence of an external electric field. Their study shows that the 

rotation angle of dipolar linkers may be controlled externally to enhance the diffusion of methane 

molecules in a specific direction, depending on the orientation of the electrical field. 

We note here that several other studies have analyzed the impact of linker rotation on properties 

such as adsorption of gas or liquid molecules. This can be done either with a full description of the 

material’s flexibility (through MD simulations), or even at a lower level by a cursory look at the 

geometric impact of the rotation of the linker on the properties—without a full description of the 

energetics of the rotation itself. The Sholl group has published several studies on the impact of 



Chapter 1

 

38 

flexibility in ZIF-8 on adsorption, for example of methane, carbon dioxide,67 and noble gases.68 

Elsaidi et al.69 described the impact of ring rotation upon gas adsorption in the nanoporous spaces 

of SIFSIX-3 pillared square grid networks. 

  

Figure 1.17. Left: Depiction of the “out of plane” swinging motion of the methylimidazolate 
linkers in the 6-ring window of ZIF-8 material, with sodalite topology; Right: distribution of swing 

angle due to thermal motion at 300 K, in the evacuated material and in presence of N2 adsorbate 

molecules. Reproduced with permission from 35. Copyright Wiley-VCH, 2017. 

While classical MD has a relatively low computational cost which allows the sampling of large time 

and length scales, its accuracy is limited by that of the intra- and intermolecular interaction 

potentials of its underlying force field. This accuracy can be particularly limited for soft vibration 

modes—which are of critical importance in soft porous crystals—and large dihedral rotation 

angles, as Burtch showed in their study.64 Therefore, there is a need for molecular dynamics 

simulations based on quantum chemistry calculations of the interatomic forces, a method called 

ab initio molecular dynamics (AIMD). Recent studies have shown that the use of AIMD can shed 

light into the linker dynamics in MOFs, investigating the nature of the large-amplitude “swinging” 

motion of the imidazolate linkers that give rise to the flexibility of ZIF-8 (depicted in Figure 1.17a). 

This showed in particular that the deformation upon adsorption is continuous upon pore loading 

with nitrogen (see Figure 1.17b),35 and highlighted the influence of the linker functionalization and 

the impact of this delicate balance of microscopic interactions on the framework’s overall 

flexibility.38 

Finally, direct sampling of the organic linker rotation through MD is suitable for low-barrier 

rotations that occur spontaneously within the timescale of MD simulations (from ps to ns). It will 

not be suitable to describe activated rotation events corresponding to high barriers, where free 

energy methods such as metadynamics will be necessary to sample the free energy profile F(ɸ).70 

Such methods have been used extensively in the literature on the conformations of organic 

molecules and biological systems,71 but their use in the MOF field has been so far relatively rare. 

Haigis et al.72 used metadynamics in conjunction with AIMD to probe the water-assisted breaking 

of the linker–metal bond that occurs during hydrothermal breakdown of MIL-53(Ga). 
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1.4. Implications of Rotational Dynamics on Applications of 
MOFs 

1.4.1. Diffusion and Adsorption 

There are ample studies where guest adsorption leads to a rotational conformational change.59,73–

76 These studies do not directly investigate the dynamics of linker rotation, but the 

aforementioned observation implies that linker rotation is energetically possible. As discussed in 

Section 1.2, the presence of guest molecules inside the pores generally decreases the rate of 

rotational dynamics of the linkers. A clear example of this is reported by Bracco et al.29 (first 

discussed in Section 1.2.1, linker structure shown in Scheme 1.2, bottom) where the 180 flip 

motion of the 1,4-bis(1H-pyrazol-4-ylethynyl)benzene linker coordinated to Zn2+ decreases from 

1011 Hz to 105 Hz, along with an increase in the activation energy from 2 to 19 kJ mol-1 upon 

complete pore filling with CO2 at 150 K. At partial filling of CO2, intermittent rotational frequencies 

due to a combination of static and mobile linker were found. Interestingly, when CO2 guest 

molecules are present, the librational motion alongside the flips has a larger amplitude ( 32–41) 

with respect to the libration of the guest-free structure (amplitude of 20). This is an example of 

the influence of guest molecules of the rotational dynamics. Yet, the question we pose here is: 

what is the influence of linker rotational dynamics on guest diffusion and adsorption? 

An often addressed phenomenon that arises from the interaction between a mobile linker and 

the guest molecules is the so-called gate-opening effect. It is usually observed as an inflection 

point, a step, or hysteresis in an adsorption isotherm, as a result of a structural transition in the 

MOF.77–79 This structural transition can be due for example to the breathing effect.80 Here we 

discuss the gate-opening effect with regard to structural transitions with a change in rotational 

conformation of the linkers. 

The gate-opening can affect guest diffusion. Often the pore size expected based from XRD does 

not correspond with the size of the molecules that can be adsorbed: molecules larger than 

expected are able to diffuse into the pores. Two typical examples are ZIF-7 and ZIF-8. This is due 

to the librational movement of the imidazolate linker (see Section 1.2.2). Energetically the pore 

opening can easily be enlarged due to the librational motion of the linker, as shown schematically 

in Figure 1.18. 

 
Figure 1.18. Illustration of the gate-opening effect. Reproduced with permission from ref. 81. 
Copyright Wiley-VCH, 2016. 
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More specifically, in ZIF-8 the 6-membered rings that provide entrance to the cages have a free 

diameter of ca. 3.0 Å. Many molecules with a kinetic diameter larger than that can penetrate into 

the pores, e.g. O2, N2, CH4.81 This was first described by Moggach et al.,4 in a study where ZIF-8 

crystals were submitted to a pressure up to 1.47 GPa via a 4:1 (methanol:ethanol) hydrostatic 

mixture. This resulted in a single-crystal to single-crystal phase transition to a previously 

unobserved phase. This phase transition involves the rotation of the methylimidazolate linker, 

which leads to an increase in the diameter of the 6-membered rings from 3.0 to 3.6 Å, allowing 

more methanol and ethanol molecules to enter the pores. Later Fairen-Jimenez et al.5 showed 

that this same phase transition also takes place upon gas adsorption at lower pressures. For 

example, for N2 at 77 K it occurs at ∼0.02 bar.82 Similar gate-opening effects have been reported 

for ZIF-7, which also presents imidazolate linkers with rotational freedom forming 6-membered 

rings as pore windows.83,84 

Recently, Hobday et al.37 compared ZIF-8 and its carboxaldehyde and nitro functionalized 

analogues (ZIF-90 and ZIF-65, respectively) also under high hydrostatic pressure of a 4:1 

methanol:ethanol mixture. At high pressures, the linker in ZIF-90 undergoes a similar rotation as 

in ZIF-8, which leads to a larger pore opening. In contrast, the linker in ZIF-65 rotates in the 

opposite direction, leading to a smaller pore opening. This suggests a difference in interaction 

energies of the –NO2 groups between each other and with the alcohol molecules, with respect to 

what occurs with the –CH3 and –CHO groups. The rotational dynamics of the nitro-functionalized 

ligand might still be different for other guest molecules. 

For a framework constructed from Mn2+ and isonicotinate, the one-dimensional pores are lined 

with the isonicotinate linkers, which, in the guest-free conformation of the MOF, are orientated 

into a closed pore configuration that is too narrow for diffusion of small molecules such as CO2. 

However, adsorption of guest molecules such as CO2 and propane is associated with rotation of 

these linkers about their coordination axis into an open pore configuration. This leads to a steep 

rise in the adsorption curve at the gate-opening pressure. The gate-opening pressure is dependent 

on the adsorption energy and hence adsorbate dependent.85 

An intriguing example of a material that is capable of transforming between a gate-closed to gate-

open configuration via linker rotation was reported by Kitagawa et al.86 The structure is based on 

2-D sheets that are pillared by a ligand with a 180 coordination geometry and an ethylene glycol 

functionalization (see Figure 1.19). These side chains act as a molecular gate, that can be unlocked 

by guest interactions. The hydrogen bonds of the ethylene glycol side chain are vital in the 

mechanism. In the guest-free framework, the side chains form hydrogen bonds with each other 

that lead to an effectively closed pore configuration: N2 and O2 cannot be adsorbed. In contrast, 

water and methanol can be adsorbed and lead to a gate-opening of the pores. The hydrogen 

bonds between the ethylene glycol groups are broken as H-bonds with the guest molecules are 

formed. This leads to a rotation of the linker around its coordination axis leading to a large pore 

opening (see Figure 1.19). At the vapor pressure upon which this occurs the sorption isotherm 

shows a step that is typical of a gate-opening effect. For CO2, due to its much smaller tendency to 

form H-bonds with the ethylene glycol groups this happens at a much higher vapor pressure. 
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Figure 1.19. Left: Illustration of gate-opening effect in 2-D sheet framework with glycol 
functionalization; Right: Schematic structure of linker. Reproduced with permission from ref. 84. 
Copyright American Chemical Society, 2009. 

In a MOF based on Cu2+ and 5-diethyl-1,2,4-triazole, the ethyl groups are capable of momentarily 

moving out of the way to permit the diffusion of guest molecules that are normally too large to 

fit, such as acetylene and CO2.87 The structure of the framework is hardly changed upon guest 

inclusion. This is a clear example of linker molecules, or part thereof, only temporarily moving out 

of the way. 

Zhang et al.88 studied a framework based on Cu2+, which is pillared by hexafluorogermanate or 

hexafluoroniobate as well as a ligand containing two pyridyl rings, 4,4’-dipyridylacetylene or 4,4’-

azopyridine more specifically. In the guest-free state one of the pyridyl rings is rotated such as to 

optimize a favorable C–H···F hydrogen bond. When solvent molecules are occluded, both pyridyl 

rings have a close to planar conformation, which leads to a larger pore size. The difference is the 

largest for the 4,4’-azopyridine ligand, with a difference of 30 in rotational conformation for one 

pyridyl ring in the guest-free state. The result is that the solvated MOF has larger pore sizes: 4.2 Å 

instead of 3 Å. This larger pore size of 4.2 Å should allow for butadiene to diffuse through, while 

the butene isomers that have a larger cross section cannot. Indeed, the authors report both 

plausible gate-opening in the adsorption isotherm of butadiene, and a good separation between 

butadiene and butene isomers. Often, MOFs do not perform as well in breakthrough adsorption 

experiments as expected from the single gas adsorption experiments.89–91 However, in this case a 

very good selectivity was retained in the breakthrough experiments. 

 
Figure 1.20. NP and LP conformations of ZJU-198 framework. Reproduced with permission from 
ref. 90. Copyright Wiley-VCH, 2018. 
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For ZJU-198, shown in Figure 1.20 as ZJU-198-NP (NP = narrow pore), it has been shown 

experimentally that this structure can separate CO2 from N2, acetylene from methane, and, 

moderately, acetylene from ethylene.92 This was initially rationalized via the static ZJU-198-NP 

structure. Yet, many of the adsorbate molecules in fact do not fit into the ZJU-198-NP pores. Via 

Monte Carlo simulations through grand canonical assemblies and molecular dynamics, Calero et 

al.93 showed that the structure actually undergoes a phase transition upon guest adsorption, via 

a linker rotation that leads to large pore cavities. This structure is shown as ZJU-198-LP (LP = large 

pore) in Figure 1.20. This breathing effect leads to preferential adsorption of molecules that favor 

the large-pore configuration. In fact, the authors could far better reproduce the experimental 

adsorption isotherms and selectivity by including this framework flexibility than by assuming a 

static ZJU-198-NP structure.  

So far, we discussed the rotation-induced gate-opening effect that leads to larger effective pore 

windows than predicted from XRD crystal structures. This can happen if the linkers in the 

equilibrium guest-filled structure have a different orientational conformation with larger pore 

size. It can also happen due to transitory linker rotation that allows diffusion of guest molecules, 

while the equilibrium conformation is very alike that in the guest-free structure. The result of this 

effect is that molecules larger than expected from the refined guest-free structure can diffuse 

through the MOF. 

Another way in which rotational dynamics can lead to different adsorbate/adsorbent interactions 

is when a conformational transition of the MOF affords a better packing of the adsorbate 

molecules, or when it leads to more favorable adsorbate/adsorbent interactions.  

The above-discussed gate-opening effect is in fact more intricate than initially thought. A gradual 

deformation of the ZIF-8 structure takes place during adsorption. In the case of small molecules—

such as N2, Ar, O2 or CO—at low temperature, this deformation can lead to stepped isotherms due 

to packing effects. More specifically, a step occurs when a more favorable packing arrangement 

of guest molecules becomes possible in the deformed structure. As such, the polarizability and 

molecular size and shape of the gases play a significant role in the adsorption behavior.35,94 

Recently Coudert et al.,38 via a combination of N2 sorption and first principles thermodynamics, 

showed that the isoreticular ZIF-8-Cl (ZIF-8 with the –CH3 group substituted by –Cl) has similar 

steps in the low temperature N2 adsorption. Here too, it is convincingly shown that this is 

governed by an increasing rotational linker deformation and guest packing effects. In contrast, the 

isoreticular ZIF-8-Br was shown to be stiff and displays a characteristic type Ia adsorption 

isotherm.  
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Scheme 1.4. Two rotor linkers used in (a) UTSA-76 and (b) NOTT-101. 

In two metal–organic framework based on Cu2+-paddle wheels, that contain the linkers shown in 

Scheme 1.4, a difference in rotational dynamics between these linkers leads to distinct differences 

in the adsorption of methane.27 At high loading, the pyrimidine-containing linker has a much 

higher methane uptake. At low methane pressures, both frameworks show a very similar uptake. 

DFT calculations show similar adsorption energies for both MOFs. With quasi-elastic neutron 

scattering, the authors of this study found that the pyrimidine containing linker is far more 

dynamic, and hence the authors postulated that the central pyrimidine rings can be more easily 

adjusted and oriented to optimize the methane packing in the MOF at high pressure than that this 

can happen for the central benzene rings in the other MOF. 

In another series of MOFs investigated for methane storage (discussed in Section 1.2.1, see Figure 

1.5), a difference in rotational dynamics for the different ligands occurs. However, it is less clear 

in these structures what the precise effect of rotational dynamics is on the interplay of flexibility, 

pore shape, and adsorption energies that leads to the observed differences in methane loading. 

SIFSIX-3-Ni consists of a network based on square grids of Ni2+ and pyrazine, which are pillared by 

SiF6
2-. This structure shows a distinct inflection point in the Xe adsorption isotherm that is absent 

for Kr, N2, and CO2. The pore diameters based on the refined structure are 3.5–3.8 Å, which is 

close to the kinetic diameter of 4 Å of Xe. Whether the structure is present in vacuum, or fully 

loaded with He or Xe, the pyrazine rings within the framework have a similar orientation, where 

each ring is rotated approximately 16° with respect to the square grid plane orientation.69 Two 

different orientations (−16° and 16°) are possible. The transition that occurs around the inflection 

point is hence subtler. Aided by DFT calculations, the authors concluded that a disorder-to-order 

structural transition in the organization of the pyrazine rings takes place, which leads to an 

organized pattern of aligned +16° and −16° pyrazine configurations that can better accommodate 

Xe guest molecules. In this case, it is not so much a packing effect, but rather a reorganization of 

the linker conformations to allow for optimal adsorbate/adsorbent interactions. 

For an isoreticular structure based on Zn2+ and Ni2+ it has also been shown that the rotational 

dynamics of the pyrazine rings play a role in the adsorption of CO2.95 Here, intriguingly, a higher 

uptake of CO2 is observed at 298 K than at 195 K. 
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Gee and Sholl96 applied molecular dynamics simulation to better grasp what the role of rotational 

flexibility of MIL-47 and MOF-48 might be on the adsorption selectivity for different pairs of C8 

aromatics. These MOFs with one-dimensional pores are based on V4+ coordinated by oxygen and 

terephthalic acid (MIL-47) or dimethyl terephthalic acid (MOF-48). They compared static Grand 

Canonical Monte Carlo simulations with GCMC simulations on a series of snapshots taken from 

flexible molecular dynamics simulations that pertain to a wide set of dihedral angles of the 

terephthalate linkers. When rotational flexibility was included, the computational results matched 

the experimentally observed selectivity far better. For these host/guest systems, the simulated 

selectivity decreased when flexibility was included. 

As is clear, the rotational dynamics of linker molecules in MOFs can have a profound effect on the 

adsorption properties of MOFs. The gate-opening effect shows that the effective pore size that 

should be considered to predict selectivity based on a molecular sieving effect, is in this case 

generally larger than the pore size determined from the guest-free refined structure. In addition, 

the potential for structural transitions based on rotational linker dynamics, can lead to a better 

packing of guest molecules at high loadings. This is especially the case for small molecules at low 

temperatures these packing effects may be pronounced. 

The examples we discussed show that in fact rotational dynamics has the potential to increase or 

decrease the adsorption selectivity, depending on the specific interplay between the MOF 

structure, its flexibility and the guest molecules. In any case, in order to understand the adsorptive 

properties of MOFs, the rotational dynamics need to be considered.  

1.4.2. Optical Properties 

Rotational dynamics can influence several optical properties of MOFs. One area where this 

happens is inspired by the recently discovered phenomenon of aggregation-induced emission 

(AID).97 Chromophores that have this property are far more fluorescent as aggregates than when 

they are present in dilute solutions. In these chromophores, orbitals that are involved in the 

luminescence decay pathway are present on groups that are rapidly rotating in solution, hence 

quenching the fluorescence. When aggregated, this rotation is hindered, hence fluorescence is 

switched on.98 A typical example is the molecule tetraphenylethylene (TPE), for which fast rotation 

of phenyl groups and twisting of the C=C group occur in solution, but not upon aggregation.99 

Dinca et al.100 showed that a tight packing of the chromophores is actually not necessary, since 

simply restraining the mobility via incorporation the chromophore in a matrix can suffice for 

fluorescence to occur. More specifically, a tetrakis(4-carboxyphenyl)ethylene (TCPE) ligand was 

built as linker into metal–organic frameworks via either Zn2+  (see Figure 1.21) or Cd2+ ions. Despite 

the distance between the TPE motifs being significantly larger in the MOF than in the aggregate, 

and rotation/flipping of the phenyl rings being feasible, the MOFs exhibit fluorescence, both in 

the solvated and unsolvated state. 
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Figure 1.21. Crystal structure of the fluorescent Zn2(TCPE) framework. Reproduced with 
permission from ref. 25. Copyright American Chemical Society, 2012. 

The same group investigated the effect for the MOF built up with Zn2+ paddle wheels in greater 

detail via 2H NMR and DFT modeling of the energy barrier for rotation on a cluster model. With 

respect to free TPE in the gas phase, the linker in the MOF has twice the energy barrier for ring 

rotation: 50 kJ/mol versus 25 kJ/mol. This is due to the geometrical constraint the MOF topology 

poses on the linker which leads to steric hindrance upon ring rotation that is absent from the free 

TPE.100 Apparently, these decreased phenyl rotations suffice to retain the fluorescence of the 

materials. The authors predict that if the MOF topology could be chosen such that the rotational 

energy barrier could be lowered significantly, they could be interesting sensors. They postulate 

that in such cases the guest-free MOF should hardly fluoresce, while upon guest inclusion the 

fluorescence should be switched on.25  

Correspondingly, Du et al.101 recently hypothesized that the fluorescence enhancement of MIL-53 

related MOFs with Au particles attached in the presence of glutathione, is related to a restriction 

of the rotational dynamics of the terephthalate linkers. 

Serra-Crespo et al.102 showed that modulation of linker dynamics can also act as the switch to turn 

on the non-linear optical (NLO) response of NH2-MIL-53(Al). NH2-MIL-53 is capable of generating 

second-order NLO light, which is only allowed for non-centrosymmetric structures, in the closed 

pore configuration where the linkers experience significant steric hindrance to rotation. When 

guest molecules were introduced, the structure transformed to an open pore configuration that 

allowed for linker rotation. This, in turn, lead to a randomization of the linker orientation that 

switched off the NLO response. 

In short, linker dynamics can have a pronounced effect on optical properties such as fluorescence 

and non-linear optical light generation, such that on–off transitions may be realized based on the 

drastic changes in linker dynamics upon guest adsorption/desorption.  

1.4.3. Mechanical Properties 

Metal–organic frameworks can show intriguing mechanical properties, such as negative thermal 

expansion or gigantic positive thermal expansion.103–108 This prompts the question: in what ways 

does the flexibility that many MOFs have play a role in these phenomena? Within the frame of 
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this review, what role may rotational linker dynamics play? A few papers have addressed this 

explicitly. 

For MOF-5, which shows negative thermal expansion between at least 80 K and 500 K, it has been 

shown in an experimental103 and a computational study106 that its unit cell contraction with 

increasing temperature is due to a concerted transverse movement of the linkers and the twisting 

and vibrations of the carboxylate groups specifically. Yet, the librations of the terephthalate linkers 

hardly play a role in the phenomenon. 

 
Figure 1.22. Structure of the FJI-H11-R framework and its rotor linker. Adapted with permission 
from ref. 109. Copyright Wiley-VCH, 2016. 

The FJI-H11-R MOFs—which consist of Cu2 paddle wheels and the rather elaborate linkers 

depicted in Figure 1.22—show a significant positive thermal expansion,107 with a slight contraction 

of 0.6 % of the a-axis between 100 K and 293 K, but a large positive thermal expansion of 9.4 % 

along the c-axis, leading to a pore volume increase of 8.0 %. The authors showed that this is 

related to rotation of the of p-phenylene groups in the linker, and deformation of the linker. 

1.5. Conclusions 

In this review we categorized rotational linker dynamics in MOFs into four types (A–D), based on 

geometric and energetic considerations. Type A occurs in linkers with straight axles and low 

enough rotational barriers, such that they are capable of completing 360° rotations. Type B 

consists of partial rotations, such as librations (oscillations about a minimum) and hops in 

energetically constrained rotors. Types C and D are topologically different from the first two, and 

far fewer examples are reported in literature. In Type C, the rotor is a side functional group that 

is not involved in the connectivity, while in Type D the rotor is formed by a macrocyclic molecule 

that is mechanically interlocked around the main linker strut. In general, rotational motions are 

commonplace in MOFs, with a rich diversity of mechanisms of rotation, as well as complex 

interplays between the rotor framework and guest molecules. 

Given the diverse examples found in the literature, it is evident that electronic configuration of 

the rotor and the steric environment inside the framework are the two main factors determining 

the torsional potential. Hence, they are essential parameters in the design of framework rotor 

systems. For instance, high rotational barriers can be obtained using linkers that feature π-
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electron delocalization systems. By contrast, axles with pure single-bond character—or with triple 

bond moieties—should be chosen in order to reach free rotational motion. Additionally, the 

coordination geometry of a linker may exclude the possibility of 360° rotations in certain types of 

MOFs. Steric hindrance on the rotors, arising from the framework itself or from guest molecules 

in the pores, will lead to increased rotational barriers. 

With regard to the set of tools that can be used to study rotational dynamics of linkers, 2H NMR is 

evidently the most important in the field. This is due to its specificity and ease of interpretation. 

It has been used successfully to determine rotation steps, rates, and barriers of numerous and 

often diverse MOFs. Other methods, such as 1H NMR spin-lattice relaxation, dielectric 

spectroscopy, and THz spectroscopy, are becoming more commonplace, but may need further 

development and/or combination with supporting techniques to avoid ambiguity. Molecular 

modeling techniques can also be used to provide information on the dynamic nature of the 

frameworks. Relatively low-cost DFT calculations can be used to characterize the low-energy 

vibration modes of the materials, as well as the energy profile for linker rotation. More advanced 

methods, including ab initio molecular dynamics and free energy methods (such as 

metadynamics), are starting to appear in the study of rotational linker dynamics in MOFs, although 

their computational cost is significantly higher. 

In addition to their prevalence in MOFs, these motions can have a drastic impact on their 

properties and on their performance in several applications. With regard to adsorption and 

separation, molecules larger than the pore size expected from the XRD refined structure might 

adsorb. Furthermore, the rotational dynamics allow the frameworks to access different 

conformational structures that allow better packing and/or more favorable adsorbate/adsorbent 

interactions for specific molecules. As such, the adsorption selectivity and capacity can be heavily 

influenced by the rotational dynamics. Still, the majority of adsorption simulations in MOFs treat 

the adsorbing materials as rigid, which may not capture the actual behavior of the MOF. As the 

rotational dynamics of the linkers are generally restricted by guest inclusion, it provides a pathway 

for reversible guest-dependent optical properties, such as switching on of fluorescence and 

switching-off second-harmonic generation upon guest inclusion. 

Even though rotational dynamics are fairly prevalent in MOFs, their impact is often understated 

or entirely ignored. Traditional microporous materials, such as zeolites and activated carbon 

cannot display similar rotational dynamics. Yet, other emerging families of microporous materials, 

like porous organic frameworks (POFs) and porous organic cages should be expected to exhibit 

similar behavior. So far, research has primarily analyzed the properties that derive from rotation, 

but we expect growth in the exploitation of rotation as a valuable design factor in functional 

nanomaterials. In particular, more explicit cases of modulation of gas adsorption based on tunable 

rotational dynamics can be forecast, as the interplay between these two phenomena is becoming 

more understood. An especially exciting prospect is the attainment of coherent motion within 

MOFs, which might enable these ordered microporous materials to behave as artificial 

nanomachine platforms able to perform useful work. 
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The organic components in metal-organic frameworks (MOFs) enjoy a unique 
situation: they are embedded in a crystalline lattice, yet, as they are separated 
from each other by tunable free space, a large variety of dynamic behavior can 
emerge. These rotational dynamics of the organic linkers are especially import-
ant due to their influence over properties such as gas adsorption and kinetics 
of guest release. In order to fully exploit linker rotation, it is necessary to en-
gineer correlated linker dynamics to achieve their cooperative functional mo-
tion. This chapter shows that for MIL-53, a topology with closely spaced rotors, 
the phenylene functionalization allows to tune the rotors’ steric environment, 
shifting linker rotation from completely static to rapid motions at frequencies 
above 100 MHz. For steric interactions that start to inhibit independent rotor 
motion, the emergence of correlated rotation modes in linker dynamics is ob-
served. These findings pave the way for function-specific engineering of gearlike 
cooperative motion in MOFs. 

Chapter 2
Emergence of cooperative rotor 
dynamics in metal–organic frameworks 
via tuned steric interactions

This chapter is based on the following (submitted) publication: 
Adrian Gonzalez-Nelson, Srinidhi Mula, Mantas Šimėnas, Sergejus Balčiūnas, Adam R. Altenhof, 
Cameron S. Vojvodin, Jūras Banys, Robert W. Schurko, François-Xavier Coudert, and Monique A. 
van der Veen, Emergence of cooperative rotor dynamics in metal–organic frameworks via tuned 
steric interactions, in review for Journal of the American Chemical Society, 2021
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2.1. Introduction 

The hybrid nature of metal–organic frameworks (MOFs) goes hand in hand with diverse and often 

complex behavior. The dynamic traits of these materials are increasingly capturing the curiosity 

of researchers in the field: MOFs show the potential of displaying intricate dynamics, similar to 

that observed in other materials built from closely interacting molecules, such as crowded 

movement of proteins in lipid bilayers1,2 or concerted molecular motion in liquid crystals.3 The 

organic components in MOFs are embedded in a crystalline lattice, yet, in contrast to traditional 

molecular crystals, they are separated from each other by modifiable free space, providing a 

handle to tune dynamic behavior in an ordered and stable supramolecular arrangement.4–6  

A decade ago, Yaghi and Stoddart proposed that ‘robust dynamics’ could be achieved by 

mechanically interlocking organic components onto the linkers, such that they have the necessary 

freedom of mobility without compromising the MOF structure.7 Since then, it has become evident 

that stable frameworks that display inherent rotational motion are in fact ubiquitous.8,9 However, 

not all such frameworks are usable in practice, and the performance of a MOF in specific 

applications is highly dependent on its dynamic properties, a prime example being adsorption 

behavior in flexible MOFs.10–15 Furthermore, MOF-based crystalline molecular machines will 

require external control of linker motion, making the engineering of correlated dynamics a 

necessary step to achieve cooperative functional mobility.5,6,16,17 

Recent achievements in rotor-MOFs include engineering ultrafast rotation by decreasing the 

rotation energy barrier via molecular design,18,19 reaching rates as high as those in gas or liquid 

phases. Additionally, the first example of unidirectional rotation in MOF linkers by the Feringa 

group20 represents a crucial step towards attaining nanomotors embedded in a crystalline lattice 

that can produce useful work.21 A recent study on rotor-MOFs presented evidence of steric 

interactions between rotating phenylene units within a single linker.22 Yet, the understanding, let 

alone the engineering, of correlated dynamics based on steric interactions between linkers 

remains extremely limited.  

The growing field of rotor-MOFs may benefit from inspiration drawn from the more developed 

field of crystalline molecular rotors. In many such systems, it has been found that in structures 

where rotor–rotor distances are small enough, the resulting steric interactions force the rotational 

dynamics to adopt correlated gearlike mechanisms.23–26 This chapter demonstrates how 

correlated motions emerge in linker dynamics as the steric environment of the rotors is gradually 

modified. Linker functionalization is applied in the MIL-53 family of materials to tune both the 

pore dimensions and the rotor–rotor interactions. The MIL-53 topology proves to be an excellent 

choice due to its functionalization-dependent pore size configurations, i.e., the metastability of 

two phases, large pore and narrow pore. Moreover, terephthalate-based organic linkers are very 

common among MOFs. 

2.2. Results and discussion 

To start, the intramolecular effects of linker functionalization on rotational motion will be 

addressed. As explained in Chapter 1, the benzene rings of terephthalate linkers can rotate with 
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respect to the carboxyl groups, which are fixed due to their coordination to the metal nodes. The 

maximum energy corresponds to a conformation where the benzene rings form a 90° angle with 

both carboxyl groups,27–29 as the overlap between the p orbitals in the ring and in the carboxyl 

groups is minimized.  

Density functional theory (DFT) calculations were used to model the intrinsic rotational energy 

barriers (∆Erot) of different functionalized terephthalic acids with different functional groups as 

the relative energy between the transition state and a planar conformer (Table 2.1 and 

Scheme 2.1). With respect to the unsubstituted terephthalic acid, most substituent groups 

decrease the ∆Erot barrier. In these cases, steric repulsion between the substituent group and the 

closest carboxyl oxygen likely destabilizes the planar configuration,25,30 decreasing the energy 

difference between the transition state and the ground state. This effect is particularly significant 

in the nitro-substituted molecule (Figure A2.8), where the rotation barrier is the lowest at ∆Erot = 

17.1 kJ mol-1, i.e., less than 7 kBT at room temperature. 

Only electron donating substituents, namely amino and hydroxy groups, cause an increase in ∆Erot. 

This is in fact mostly due to stabilization via a hydrogen bond with the adjacent carboxyl oxygen 

(1.93 Å for NH···O and 1.75 Å OH···O, see Figure A2.9). Indeed, simply breaking the H-bond by 

rotating the hydroxy group by 180° results in an energy penalty of 31 kJ mol-1. Conversely, the 

electron-donating methoxy substituent without H-bond formation shows a slight decrease in 

∆Erot.  

 

Scheme 2.1 

Table 2.1. Calculated barriers for 180° rotation on 
terephthalic acid and its derivatives. 

R group ∆Erot / kJ mol-1 † 

- 47.7 

hydroxy 64.2 

amino 53.7 

methoxy 42.1 

cyano 34.5 

fluoro 35.9 

chloro 25.0 

bromo 25.1 

nitro 17.1 

†The maximum energy state for each molecule (E90) is obtained 

from constrained geometry optimizations, setting the dihedral 

angles between carboxylic groups and ring to 90°.  Relative 

values were obtained with respect to a planar conformation 

energy, see Appendix section A2.3.1 for details. 

Experimental work on MIL-5331–33 has established that its p-phenylene groups undergo rotation 

in the form of π-flips, exhibiting similar behavior to several other terephthalate-based MOFs.29,34–

36 The large-pore conformation of MIL-53 suggests that the rotating rings should not be subject to 
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significant steric effects. The rotator’s closest interactions are between contiguous linkers in the 

same row (or pore wall): their closest ring-to-ring (-CH···HC-) distance possible is 2.3 Å, which 

means their van der Waals radii barely overlap. This spacing is limited yet sufficient for 

unfunctionalized terephthalate rotors to perform full rotations in the form of 180° rotations (π-

flips), as evidenced experimentally.32 

This spacing between the linkers in MIL-53 family is still relatively small, in contrast to other MOFs 

such as IRMOF and UiO-66 families. This suggests that ring substituents are likely to influence the 

dynamics of rotors. Based on the DFT calculations of the free linkers, two contrasting groups—

nitro and amino—were selected to assess the impact of linker functionalization in the complete 

framework, a “crowded” environment. Moreover, for MIL-53 materials, functionalization has an 

important impact on the flexible crystalline conformation: guest-free NO2-MIL-53(Al) and MIL-

53(Al) are present in the large-pore form at ambient conditions, 37,38 while guest-free NH2-MIL-

53(Al) is present in the denser narrow-pore form (Figure 2.1).37,39,40 Table 2.2 presents the 

characteristic distances between rotors in each form of the framework, showing how the 

difference in pore opening impacts row-to-row distance, but not rotor spacing within a row. The 

row-to-row distance of the narrow-pore amino-MOF indicates likely inter-row steric effects 

prohibiting full rotation of rings. For both functionalized frameworks, steric repulsion between 

neighboring linkers within the same row is expected.  

 
Figure 2.1. Structure of three members of the MIL-53 family viewed along the pore direction. a, 
MIL-53(Al), b, NO2-MIL-53(Al), and c, NH2-MIL-53(Al). This topology is characterized by four 
distinct rows of linkers per unit cell forming rhombic pores. Closest row distances for each MOF 
are marked in magenta. For complete unit cell parameters see Table A2.1. 
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Table 2.2. Unit cell geometry influence on rotor spacing in MIL-53 frameworks. 

MOF 

Rotor spacing 

within row / Å* 

Pore rhombus 

angle / ° 

Row-to-row 

distance / Å† 

MIL-53(Al) 6.6 75.0 6.4 

NO2-MIL-53(Al) 6.7 79.5 6.8 

NH2-MIL-53(Al) 6.6 43.8 3.8 

* Defined as distance between neighboring C–C rotation axes, see Appendix section A2.3.2. 

† For definition see Appendix section A2.3.2. 

Each crystallographic unit cell contains four linkers. To explore the energy associated with linker 

rotation, rotation steps of ca. 30° on one linker were performed, starting from the global minimum 

conformation, followed by partial geometry optimization at each step. The rotational space of a 

nitroterephthalate linker is defined in Figure 2.2b (for aminoterephthalate see Figure A2.10). The 

obtained potential energy curves (or energy profiles as a function of rotation) are shown in 

Figure 2.2c. The energy profile of NH2-MIL-53 shows a very steep increase upon linker rotation, 

far larger in magnitude than the barrier calculated for the free linker (54 kJ mol-1). This is the result 

of row-to-row steric hindrance in the tightly packed narrow-pore phase (see Figure A2.11), 

indicating that large amplitude rotations are unlikely to occur in this MOF. For NO2-MIL-53(Al), 

energy minima are found at ±30° and ±150°, with expected maxima at ±90°, and local maxima at 

0° and 180° due to steric effects experienced by the linker in the planar conformation 

(intramolecular, vide supra, and overlap between nitro and a hydrogen atom of the closest 

adjacent ring). The potential energy maxima of ~40 kJ mol-1 is in the range of aromatic ring π-flips 

found in other MOFs,31,34,35,41,42 which indicates the feasibility of linker rotation.  

Nevertheless, these periodic single unit cell calculations force the nitro linkers in a row along [100] 

to rotate together, as they are periodic images of each other. Such an ordered motion limits other 

possible interactions between neighboring linkers in the same row. To consider non-synchronous 

rotation, the energy profile for the rotation of one linker in a 2x1x1 supercell was calculated 

(Figure 2.2c), where the same-row neighbor linker is not constrained and can move 

independently. Out of several combinations of nitro positions on the pair of rings, the one where 

nitro groups are located on identical carbon positions for each of the two cells was considered. 

This represents the scenario with most impactful steric effects between two rotors. 

Here again, both possible directions of rotation were analyzed, and in most of the rotation space, 

similar values to those of the single cell calculations were found. However, negative rotation 

beyond −120°, where the two nitro groups of same-row neighbors come into close proximity, 

shows a very steep energy increase due to head-to-head NO2 interactions that inhibit the 

rotational mobility (Figure 2.2d and Figure A2.12). Alternatively, when this part of the rotational 

space is reached via positive rotation beyond +180°, the same-row neighbor linker is pushed out 

of the way in a cooperative fashion (Figure A2.13), meaning that the simultaneous rotation of the 

neighbor linker makes the rotational event energetically feasible. Rotation in this direction could 

be described as gearlike: both linkers’ nitro groups are in contact and they are both required to 

rotate simultaneously in order to allow movement. 
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Figure 2.2. Effect of linker rotation on the potential energy as studied by DFT. a, Unit cell of NO2-MIL-53(Al) 
with central linker in 0° rotation with respect to (011) plane (pink); hydrogens omitted for clarity. b, Rotation 
angle is defined as the angle between benzene ring plane and (011) plane, taking 0° as the conformation with 
the functional group pointing in the positive [100] direction. The sign of the angle is assigned based on the 
direction normal of the reference plane. c, Potential energy profiles for NH2-MIL-53(Al) and NO2-MIL-53(Al) 
single and 2x1x1 supercell. The direction of rotation is indicated by the direction of the marker. d, Unfavorable 
head-to-head nitro group encounter in adjacent linkers in a supercell at –145° rotation. 

In the alternative case where nitro groups are not in equivalent carbon positions in the two cells, 

profiles with significantly lower energies are obtained at angles where the nitro groups approach 

head-to-head (see Figures A2.14 and A2.15). These results indicate that, in contrast to the case of 

identical pairs, independent rotation of alternatively positioned nitrophenylene neighbors should 

not be ruled out. Hence, in a real system with disordered nitro positions, varying degrees of 

rotational mobility may be expected. Due to the size and positioning of its linkers, NO2-MIL-53 is 

a framework in which full rotations are energetically feasible, yet are unlikely to occur 

independently and in certain cases will require cooperativity between the motion of same-row 

linkers.23,24,26  

Broadband dielectric spectroscopy (BDS) has proven particularly useful for probing the motion of 

MOF linkers containing polar functional groups.43–45 The imaginary part (ɛ″) of the complex 

dielectric permittivity (ɛ* = ɛ′ – iɛ″) contains information about the dynamic relaxation processes 
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of dipolar moieties in the dielectric material.46,47 The temperature and frequency dependences of 

ɛ″ for MIL-53(Al), NH2-MIL-53(Al) and NO2-MIL-53(Al) are presented in Figure 2.3 and Figure A2.17. 

Peaks in ɛ″ correspond to dielectric losses due to dipolar motion, with the frequency of the 

maximum of ɛ″ corresponding to the mean relaxation time of the dipolar motion at that 

temperature. 

NO2-MIL-53(Al) shows a strong relaxation process with peaks dispersed in terms of both frequency 

and temperature (Figure 2.3a and b), a feature typical of dipolar linker relaxations in MOFs.44,45,48 

In contrast, NH2-MIL-53(Al) shows no relaxation process (Figure 2.c), confirming a strongly 

hindered environment of the rotors, in correspondence with our DFT results. MIL-53(Al) 

(Figure 2.3d) exhibits a very weak dielectric relaxation, even though the mobile p-phenylene units 

do not have a permanent dipole. This may be due to small deformations of the linkers that lead 

to spontaneous dipole moments, or due to the presence of polar impurities.47 

 
Figure 2.3. Dielectric spectra of the three systems. a,b, Imaginary part (ɛ”) of ɛ* for NO2-MIL-53(Al) with respect 
temperature to (a) and frequency (b). The latter includes the fitted Cole-Cole model as continuous lines. c,d, 
Temperature dependence of ɛ″ for NH2-MIL-53(Al) (c) and MIL-53(Al) (d). 

As expected, the dispersion frequency of the nitro linker relaxation increases with temperature, 

more specifically, from 2.6 kHz at 180 K to 1 MHz at 250 K. The frequency dependence of ɛ* at 

different temperatures was fitted using the Cole-Cole equation (Figure 2.3b and Figure A2.16). 

The best fits indicate a gradual increase of the dispersion broadness parameter (α) as temperature 

is decreased, from 0.3 at 250 K to 0.55 at 180 K (Figure A2.18). The broadening of the relaxation 

suggests a larger fraction of interacting dipoles exists when less thermal energy is available. It 
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should be noted, however, that BDS will not detect linkers whose dynamics fall outside the probed 

frequency range, in particular static linkers, meaning that potential rotation-impeding interactions 

such as the one illustrated in the DFT curve may not be covered in the dielectric spectra. Fitting 

the temperature dependence of the mean relaxation times to the Arrhenius equation delivers an 

activation energy Ea of 32.3 ± 1.3 kJ mol-1 and a pre-exponential factor τ0 of 3.4 × 10−14 s (Figure 

A2.19). This activation energy is in between the DFT-estimated barriers for a single unit cell of this 

framework, i.e., the smaller barrier at 0° and the larger barrier at ca. 90°. The obtained τ0 value, 

equivalent to 2.9 × 1013 Hz, is larger than the expected attempt frequency based on estimations 

for p-phenylene rotators (usually on the order of 1012 Hz).25 This type of result is not uncommon 

for functionalized p-phenylene rotors,30,45,49 and it may be interpreted as an indication of a small 

linear dependence of the rotational barrier with temperature (see Appendix section A2.3.5 for 

further discussion).50 In NO2-MIL-53(Al), this could hint towards the progressive effect that 

thermal energy has on the rotor’s environment due to increased conformational motions and 

nitro group rotations.51 

To obtain specific information about the angular and frequency ranges of the nitro-functionalized 

linker dynamics, variable-temperature solid-state deuterium NMR (2H SSNMR) spectroscopy was 

employed. Spatial information about the deuteron exchange sites can be extracted from the NMR 

spectra by using relatively simple geometric models.52,53 In addition, this technique is sensitive to 

all deuterium-labelled rings, and not only to the mobile ones. This enables us to obtain 

experimental information to complement the BDS data, especially for the nitro-functionalized 

framework, for which dynamics above 250 K could not be probed due to the high frequency limit. 

The results for ring-labelled MIL-53(Al)-d4 (Figure A2.20) and NH2-MIL-53(Al)-d3 (Figure A2.21) are 

in line with literature42,54,55 as well as our expectations based on the DFT and BDS analyses. The 
2H SSNMR data for MIL-53(Al)-d4 indicate that the phenylene rings undergo an increased rate of 

180° reorientations (“π-flips”) at increased temperatures in the intermediate motion regime (IMR, 

1 kHz < k < 100 MHz, where k is the rate constant for the exchange between deuterium sites). For 

NH2-MIL-53(Al)-d3, only static phenylene ring signals are observed in the slow motion limit (SML, 

k < 1 kHz), evidenced by the Pake doublet (Figure A2.21), in line with linker rotation not being 

possible for this framework. 

The variable-temperature 2H SSNMR spectra for NO2-MIL-53(Al)-d3 are remarkably different from 

the aforementioned situations (Figure 2.4a). At the lowest temperature, the 2H spectrum indicates 

a stationary phenylene ring in the SML, whereas the spectra acquired at 409 K and higher indicate 

dynamics only in the fast motion limit (FML, k > 100 MHz). The spectra in the range of 254 to 387 

K display a superposition of the SML and FML powder patterns, with progressive increase in 

integrated intensity of the FML pattern with respect to the SML pattern with increasing 

temperature. No pattern corresponding to the IMR was detected in the entire temperature range, 

differing from earlier 2H SSNMR studies on MOFs with p-phenylene rotators;31,34,35 this is likely 

due to diminished intensity of IMR spectra when the rates of motion are on the order of the 2H 

pattern breadths.56–59 Furthermore, the fact that contributions from both SML and FML patterns 

are observed across the entire temperature range indicates the presence of a distribution of 

correlation times for the dynamics, which further obscures signals arising from IMR motions.36,52,60 

Such broad distributions of rotation rates are rarely found in terephthalate MOFs,8,30,31,34–36 
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though they are more often observed for p-phenylene moieties in polymeric systems,61–63 where 

structural heterogeneity among the rotors is often cited as the cause of a wide variety of rotation 

barriers, and consequently, rotation rates. This observation is further supported by the BDS 

results: there is a very broad distribution of detected frequencies for each temperature in the BDS 

spectra for NO2-MIL-53(Al) (Figure 2.3b). As suggested by the DFT calculations, these broad 

distributions of rotational rates are a consequence of the varied degree of inter-linker steric 

interactions, which are unique to the nitro-functionalized MOF among the three frameworks. 

 

Figure 2.4. Solid-state 2H NMR studies of  NO2-MIL-53(Al)-d3. a, Experimental (black) and simulated (red) 
variable-temperature 2H SSNMR spectra of NO2-MIL-53(Al)-d3. b, The spectra are comprised of overlapping 
patterns representing SML (< 103 Hz) and FML (> 107–108 Hz) motions, with relative integrated intensities 
indicated to the right of the simulated spectra.  c, Cartesian frame of reference for the rotation model. d, 
Representation of 2H exchange sites and angles used in the model; deuterons are shown in light blue. 

Although 2H NMR signals corresponding to motions in the IMR are not observed due to their low 

intensities and broad frequency distributions, it is possible to model motions in the FML and 

obtain simulations that agree well with experimental data.64 Single rotational angle models (e.g., 

60°, 120°, or 180°) do not adequately fit the line shape (Figure A2.22), suggesting a more complex 

mechanism. A four-site model based on energy minima separated by two distinct jumps of 60° 

and 120° (as predicted by DFT calculations, Figure 2.4c and d) was successful. The simulated 2H 

FML shape was found to be sensitive to small deviations in these angles (Figure A2.23). The 

complete simulated spectra are shown in Figure 2.4a. For the overlapped spectra at 254–387 K, 

the appropriate ratios of weighted integrated signal intensities for static and mobile components 

were selected (i.e., s:f, corresponding to the SML and FML patterns, Fig 4b) and are included in 

Figure 2.4a. It should be noted that similar four-site rotations have been observed in p-phenylene 

rotators within branched linkers that cause intra-linker steric interactions.22,65  
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To summarize the NO2-MIL-53(Al) experimental results, our BDS and 2H SSNMR experiments 

detect dynamics corresponding to complementary portions of the frequency spectrum. BDS only 

includes the mobile fraction of linkers up to 1 MHz, which is the mean frequency of motion at ca. 

250 K. 2H SSNMR detects all linkers undergoing slow dynamics below 1 kHz as well as all with fast 

dynamics above ~100 MHz, which go largely unobserved in BDS due to its lower and upper 

frequency limits. Effectively, the only overlap between the two spectroscopic analyses (i.e., where 

both methods detect signals) is at 230–250 K. At 250 K, the 2H SSNMR model indicates that a large 

majority of the linkers are static, which means the BDS peak at 1 MHz omits information on a 

significant population of linkers. For this reason, the estimated activation energy should be taken 

as valid only for this fraction of rotors. In the high-temperature region of the 2H SSNMR spectra, 

no signal from the SML is observed, and that all rotational motion likely exists within the FML. 

Both sets of data provide clear evidence that the rotational motions in NO2-MIL-53(Al) are spread 

along a very broad frequency range, which is a rare phenomenon that can be attributed to the 

addition of the bulky nitro substituent. 

To understand the observed frequency broadening and the effect of temperature on how 

neighboring linkers influence rotational motion in NO2-MIL-53(Al), ab initio molecular dynamics 

(MD) simulations were carried out at 300, 450, 700, and 1200 K. The higher temperatures are not 

directly relevant to the physical situation (NO2-MIL-53(Al) combusts at ca. 700 K), yet they allow 

for more rotation events to be observed during shorter simulation times.66,67 In periodic MD 

simulations involving a single unit cell (Figure A2.24), clear preferential conformations are 

observed, consistent with the potential energy minima observed in zero-Kelvin calculations. At 

lower temperatures (e.g., 300 K), the linkers undergo discrete 60° rotations between 30° to −30°, 

whose frequency increases with temperature. At higher temperatures, the occurrence of 120° 

jumps between ±30° and ±150° is also observed. Both motions are consistent with the 2H SSNMR 

data and the DFT-predicted energy barriers. 

 
Figure 2.5. Cooperative rotation in NO2-MIL-53(Al). a, Rotation angle traces of two neighboring rings in a 2x1x1 
cell MD simulation at 700 K. Correlated motion is observed, with simultaneous angle changes in opposite 
directions (i,ii,iii), when nitro groups are in proximity (N‧‧‧N distance ca. 4 Å). b, Selected snapshots (i-iv) of 
linker pair conformation during a cooperative rotation. As ring A rotates in the positive direction, ring B 
reaches the space originally occupied by ring A. 

A similar trend in angular mobility ranges is observed for 2x1x1 supercell simulations. At 300 K, 

only small angle librations ca. 20° are observed (Figure A2.25). In the mid-temperature range (450-



Emergence of cooperative rotor dynamics in metal–organic frameworks via tuned steric 

interactions

 

65 

700 K), two sets of rotational jumps appear, in addition to librations (Figures A2.26–A2.27). At the 

highest temperature simulated (1200 K), the linkers’ motion becomes so fast and extensive that 

even rotation beyond 180° occurs (Figure A2.28).  

Interestingly, barring the 1200 K simulations, the time traces of rotation angles feature repeated 

occurrences of apparent correlated fluctuations in both librations and jumps of adjacent linker 

pairs. This is less evident in the 300 K simulations, where rings did not undergo any large-angle 

jumps. To analyze the relation between this apparent correlated motion and the steric effect of 

linkers within a row, a comparison of the distance between nitro groups of each pair of 

neighboring linkers may be insightful. This is defined as the distance between the two nitrogen 

atoms (see Appendix section A2.3.8). These distances are shown along with the angle traces at 

450 K and 700 K in Figure 2.5a and Figures A2.30–A2.33. Indeed, the rings at these temperatures 

perform mirrored small angle (~ 50°) fluctuations when the distance between their nitro groups 

is small (Figure 2.5b). In the portions of the simulations where the nitro distances are large enough 

as to not cause steric effects, the mirrored correlated motion is not present, and faster, shorter 

fluctuations are observed. 

Although large-angle jumps are relatively rare in the supercell simulations, Figures 2.5, A2.31, and 

A2.33 show examples of correlated large-angle motions that occur when nitro groups are in each 

other’s proximity. A closer analysis of the molecular conformations during a simulation provides 

a clear example of these cooperative dynamics, presented in Figure 2.5. The snapshot sequence 

presented in Figure 2.5b illustrates how the limited space of the rotors requires cooperative 

motion to allow the change in angles from i to iv. In this case, ring A could be seen as rotating 

cooperatively in the positive direction (most noticeable in snapshots ii to iii) allowing ring B to 

rotate in the negative direction (i–iv), resulting in the pair performing a gearlike rotation. This 

correlated motion is facilitated by the neighbors’ close arrangement, which implies that, in order 

to achieve certain conformations, cooperative rotation between neighbors is required.  

It can be proposed that this type of complex dynamics is in fact what causes NO2-MIL-53(Al) to 

display the intriguing behavior determined by BDS and 2H SSNMR analysis. The vast array of 

possible dynamics observed in this MOF—evidenced by the coexistence of both static and rapidly 

rotating rings at most temperatures—is a result of functionalizing the phenylene rotators with a 

substituent that i) drastically decreases the intrinsic rotation barrier and ii) facilitates intra-row 

steric interactions. Both DFT and ab initio MD methods support the hypothesis that intra-row 

steric effects lead to cooperative motion for a population of neighboring linkers, while the static 

rings are the inevitable result of energetically disfavored non-cooperative rotation.  

2.3. Conclusions 

To conclude, the MIL-53 topology, where the distance between the rotational axes of phenylene 

rings along the pore direction is only ~ 6.6 Å, has proven to be an excellent example of a framework 

whose rotational mobility can be tuned to different dynamic regimes. At the two extremes, there 

are (i) unfunctionalized phenylene units that can rotate independently, with specific temperature-

dependent rates, and (ii) amino-functionalized phenylene units that cannot rotate at all, due to 

hydrogen bonding and increased steric hindrance from the narrow-pore configuration. Between 
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these extremes, for nitrophenylene linkers, complex rotational dynamics that evolve with 

temperature are observe, spanning a broad frequency range. Among these, the emergence of 

cooperative rotational dynamics between neighboring linkers in MOFs was identified. This 

discovery paves the way to engineering gearlike functional motion in MOFs, if linker dynamics can 

also be controlled externally, e.g. by electric fields.  

2.4. Code availability 

The Python code used to analyze the ring rotation angles from MD simulation data is available 

online at https://github.com/srinidhimula/supplementary-data. A detailed description of the 

code’s functionality is provided in Appendix section A2.3.9. 
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A2.1. Methods 

A2.1.1. MOF synthesis 

MIL-53(Al): AlCl3·6H2O (1.97 g, 8.2 mmol) was added to 30 mL demineralized water inside a 45 mL 

Teflon liner. The solution was homogenized by stirring. Terephthalic acid (1.36 g, 8.2 mmol) was 

added to the solution, and the mixture was stirred again (terephthalic acid does not completely 

dissolve in these conditions). The liner was sealed inside a steel autoclave and placed in an oven 

at 220 °C for 72 h. 

To remove unreacted terephthalic acid from the pores, solvent exchange with DMF was 

performed at 120 °C overnight, followed by exchange with MeOH at 80 °C for 5 h. The residual 

solvent is removed by heating in an oven at 120 °C for 3 h. MOF characterization is shown in 

Figures A2.1–A2.3. 

NO2-MIL-53(Al): Al(NO3)3∙9H2O (1.49 g, 3.97 mmol) was dissolved in 50 mL demineralized water 

inside a 125 mL Teflon liner. 2-Nitroterephthalic acid (0.92 g, 4.36 mmol) was added to the 

solution. The liner was sealed inside a steel autoclave and placed in an oven at 170 °C for 12 h.  

After cooling to room temperature, the white product was collected by filtration and placed in 60 

mL MeOH to 80 °C for 20 h. This solvent exchange was performed twice. The product was then 

dried in an oven at 100 °C for 3 h. MOF characterization is shown in Figures A2.1–A2.3. 

NH2-MIL-53(Al): AlCl3∙6H2O (2.9 g, 12.0 mmol) was dissolved in 30 mL demineralized water inside 

a 45 mL Teflon liner. 2-Aminoterephthalic acid (2.2 g, 12.1 mmol) was added to the solution. The 

liner was sealed inside a steel autoclave and placed in an oven at 150 °C for 10 h. After cooling, 

the yellow solids were filtered and washed with DMF (30 mL), and then transferred to the 

autoclave together with 20 mL DMF, and kept at 130 °C for 16 h. The DMF was subsequently 

exchanged by methanol at 80 °C for 5 h. After filtration the residual solvent is removed by heating 

the sample in the vacuum oven at 150 °C overnight. MOF characterization is shown in Figures 

A2.1–A2.3. 

 
Figure A2.1. Powder X-ray diffraction patterns of normal and deuterated MIL-53(Al) (a), NO2-MIL-53(Al) (b), 
NH2-MIL-53(Al) (c). 
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Figure A2.2. Thermogravimetric traces of normal and deuterated MIL-53(Al) (a), NO2-MIL-53(Al) (b), NH2-MIL-
53(Al) (c). 

 
Figure A2.3. a, N2 sorption isotherms at 77 K of normal and deuterated MIL-53(Al); b,c, CO2 sorption isotherms 
at 273 K of NO2-MIL-53(Al) (b) and NH2-MIL-53(Al) (c). 

A2.1.2. Deuterium-labeled MOF synthesis 

MIL-53(Al)-d4: Al(NO3)3∙9H2O (0.44 g, 1.17 mmol) was added to 20 mL demineralized water inside 

a 45 mL Teflon liner. The solution was homogenized by stirring.) Terephthalic acid-d4 (0.349 g, 

2.05 mmol, 98%, Eurisotop) was added to the solution, and the mixture was stirred again. The 

liner was sealed inside a steel autoclave and placed in an oven at 220 °C for 72 h. 

To remove unreacted terephthalic acid from the pores, we performed solvent exchange with DMF 

at 120 °C for 16 h, followed by exchange with methanol at 80 °C for 13 h. The residual solvent is 

removed by heating in an oven at 120 °C for 3 h. The product was finally activated in a vacuum 

oven at 100 °C for 4 h. Final yield 0.187 g (0.88 mmol, 75%). MOF characterization is shown in 

Figures A2.1–A2.3. 

NO2-MIL-53(Al)-d3: Nitration of dimethyl terephthalate-d4 (1.258 g, 6.35 mmol; ABCR, 95%) in 3.1 

mL conc. H2SO4. The mixture was stirred until completely dissolved, cooled to 0 °C in an ice bath, 

and a mixture of 0.87 mL 65% HNO3 and 0.62 mL 98% H2SO4 was added dropwise while stirring. 

The reaction was then allowed to reach room temperature gradually. After 2.5 h, the solution was 

poured into 200 mL ice-water mixture and filtered over a Nylon membrane (0.45 µm). Yield: 

quantitative. 

Dimethyl nitroterephthalate-d3 (1.53 g, 6.3 mmol) was dissolved by stirring in 24 mL methanol. 

NaOH solution (6.6 ml of 2 M, 528 mg, 13 mmol NaOH) was added, producing an intense yellow 

color and some precipitation. The mixture was heated to 60 °C for 16 h. An additional 6.6 ml of 
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NaOH 2 M solution was added to the mixture and the reaction was continued for 5 h. Heating was 

stopped and the solvent was removed by vacuum evaporation. The solids were dissolved in 3 mL 

water, neutralized with conc. HCl, and cooled. The precipitated 2-nitroterephthalic acid-d3 was 

collected by vacuum filtration, washed with ice water, and dried in a vacuum oven at 90 °C for one 

hour. Yield: 0.933 g (4.36 mmol; overall 69%). The 1H and 13C NMR spectra of 2-nitroterephthalic 

acid-d3 are shown in Figures A2.4 and A2.5. 

 
Figure A2.4. Proton NMR spectrum of the deuterium-labelled nitroterephthalic acid-d3. 

 
Figure A2.5. 13C NMR spectrum of the deuterium-labelled nitroterephthalic acid-d3. 

Al(NO3)3∙9H2O (0.896 g, 2.4 mmol) was dissolved in 30 mL demineralized water inside a 45 mL 

Teflon liner. 2-Nitroterephthalic acid-d3 (0.91 g, 4.2 mmol) was added to the solution. The liner 

was sealed inside a steel autoclave and placed in an oven at 170 °C for 12 h. After cooling to room 

temperature, the white product was collected by filtration and placed in 60 mL MeOH to 80 °C for 
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20 h. This solvent exchange was performed twice. The product was then dried in an oven at 100 

°C for 5 h. Yield: 254 mg (1 mmol; 24%). MOF characterization is shown in Figures A2.1–A2.3. 

NH2-MIL-53(Al)-d3: 2-aminoterephthalic acid-d3 was prepared by reduction of dimethyl 

nitroterephthalate-d3 (synthesized as described above). Dimethyl nitroterephthalate-d3 (1.26 g, 

5.2 mmol) was dissolved by stirring in 14 mL ethanol at 45 °C, while nitrogen was bubbled through 

the solution. SnCl2·H2O (4.93 g, 26 mmol) was added, turning the solution to an opaque yellow 

mixture. The reaction became clear after reaching to reflux temperature, and was left for 16 h 

under nitrogen flow.  

The solution was cooled down and poured into 50 mL ethyl acetate. A 5% NaHCO3 aqueous 

solution was added dropwise while swirling to neutralize pH, which brought the formation a gel 

in the aqueous phase. The organic phase was kept. The aqueous phase (gel) was separated and 

filtered over Celite, washing four times with 20 mL ethyl acetate.  The organic fractions were 

combined, dried over MgSO4, and evaporated. The solids were purified by silica column to remove 

remaining Sn-based impurities, using ethyl acetate as solvent. Yield: 0.926 g (4.36 mmol; 84%). 

Hydrolysis of dimethyl aminoterephthalate-d3. Dimethyl aminoterephthalate-d3 (913 mg, 4.3 

mmol) was added to a mixture of 32 mL MeOH and 13 mL H2O. NaOH (1.68 g) was added. The 

solution was stirred at room temperature for 16 h. The solvent was removed by evaporation, 

solids were dissolved in minimal water (8.8 ml). Added 2 M HCl (20 mL, dropwise), until pH starts 

to decrease. At pH between 4 and 5 a yellow precipitate is formed. Continued adding drops of 

acid until no more precipitated was formed. The precipitate was recovered by vacuum filtration. 

The procedure was repeated on the filtrate, washing the solids several times with ice-cold water 

to remove all salts. The combined solids were dried in a vacuum oven at 100 °C for 5 h. Final yield: 

676.2 mg, 3.67 mmol, 85%. The 1H and 13C NMR spectra of 2-aminoterephthalic acid-d3 are shown 

in Figures A2.6 and A2.7. 

AlCl3∙6H2O (857 mg, 3.5 mmol) was dissolved in 10 mL deuterium oxide inside a 45 mL Teflon liner. 

2‐Aminoterephthalic acid‐d3 (632 mg, 3.4 mmol) was added to the solution. The liner was sealed 

inside a steel autoclave and placed in an oven at 150 °C for 10 h. After cooling, the yellow solids 

were filtered and washed with DMF (30 mL), and then transferred to the autoclave together with 

25 mL DMF, and kept at 120 °C for 15 h. The DMF was subsequently exchanged by methanol (20 

mL) at 80 °C for 4 h. After filtration the residual solvent is removed by heating the sample in the 

vacuum oven at 150 °C overnight. MOF characterization is shown in Figures A2.1–A2.3. 
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Figure A2.6. Proton NMR spectrum of the deuterium-labelled aminoterephthalic acid-d3. 

 
Figure A2.7. 13C NMR spectrum of the deuterium-labelled aminoterephthalic acid-d3. 

A2.1.3. Routine characterization 

Powder X-ray diffraction was acquired in Bragg–Brentano geometry using a Bruker-AXS D5005 

equipped with a Co Kα source operating at 35 kV and 40 mA; a variable divergence slit was used. 

Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/SDTA 851e under 

100 mL min-1 air flow, from 30 to 700 °C with a heating rate of 5 °C min-1. Adsorption/desorption 

isotherms were measured volumetrically in a Tristar II 3020 Micromeritics instrument. N2 sorption 

was performed at 77 K and CO2 at 273 K. The samples were degassed before measurements under 

N2 flow at 433 K for 16 h. The pore volume values were obtained from the N2 sorption data at 
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P/P0=0.95. 1H and 13C NMR spectra were acquired in DMSO-d6 using an Agilent 400-MR DD2 

equipped with a 5 mm ONE probe. 

A2.1.4. Broadband dielectric spectroscopy 

Dielectric measurements of MIL-53(Al), NH2-MIL-53(Al) and NO2-MIL-53(Al) powders were 

performed using a HP 4284A precision LCR meter in 85–425 K temperature and 102–106 Hz 

frequency ranges. The powder was pressed (35 kPa) between two round brass electrodes 

(diameter = 1 cm) in a custom-made cryostat. Temperature was measured using a Keithley 2700 

multimeter with a T-type thermocouple. The samples in the measurement cell were kept under 

constant dry N2 flow. All heating and cooling cycles were done at 1 K min-1. Low temperatures 

were achieved using liquid N2. The dielectric permittivity data were acquired during heating at 1 

K min-1, preceded by a full activation cycle (heating to ca. 450 K and cooling down to starting 

temperature ca. 100 K). 

A2.1.5. Solid-state 2H NMR spectroscopy 

2H NMR spectra were acquired using a Bruker Avance III HD console and a 9.4 T Oxford wide-bore 

magnet at a resonance frequency of υ0(2H) = 61.422 MHz. A Revolution 5 mm double-resonance 

(HX) ultra-low-temperature (ULT) probe was used for 2H NMR experiments. All data were collected 

under static conditions (i.e., stationary samples). Spectra were acquired with continuous-wave 

(CW) 1H decoupling with RF fields ranging between 40 and 50 kHz.  

RF pulse powers and the chemical-shift reference frequency were calibrated using neat D2O (l) 

with δiso = 4.8 ppm. Recycle delays used for each sample at each temperature are listed in Tables 

A2.2–A2.4. Temperatures of the VT unit and probe were calibrated using the temperature-

dependent chemical shift of Pb(NO3)2.1,2 The quadrupolar-echo pulse sequence (π/2 – τ1 – τ2 – π/2 

– τ2 – acquire) was used to acquire the full echo, with a π/2 pulse length = 2.5 μs, echo delays τ1 = 

198.75 or 298.75 μs, ringdown delay of τ2 = 30 μs, and 400 or 600 μs echo lengths.3 The entire 

echo is acquired and is processed in MATLAB by multiplication with a Gaussian function for line 

broadening, then Fourier transformation and magnitude calculation. The quadrupolar parameters 

of the SML spectra were determined with simulations using SOLA in Topspin 3.6.1. Simulations of 

the IMR and FML spectra were conducted using EXPRESS.4 All simulations utilized standard 2H 

quadrupolar parameters for a C–D bond in an aromatic ring: CQ = 180 kHz, ηQ = 0.0. 

A2.2. Computational methods 

A2.2.1. Density functional theory calculations 

All density function theory (DFT) calculations were performed using the ab initio CRYSTAL17 code,5 

at the generalized gradient approximation (GGA) level of theory with the PBE exchange–

correlation functional.6 Grimme “D3” dispersion corrections were used.7,8 Peintinger–Oliveira–

Bredow (POB) triple-ζ valence plus polarization basis sets9 were used for all atoms. 

For molecular systems, full geometry optimizations were performed to obtain the global energy 

minimum Emin. The rotary transition state energy (E90) was obtained from constrained geometry 
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optimizations, setting the dihedral angles between carboxylic groups and ring (O-Ccarboxylic-Cring-

Cring) to 90°. In the case of non-planar ground state conformations, a forced coplanar carboxyl 

reference energy (Eanchor) was calculated starting from a planar molecule, performed a geometry 

optimization while applying constraints to the four oxygens to remain coplanar. The reported Erot 

barriers are relative to Emin or Eanchor (if applicable). 

For periodic MOF systems, experimentally determined unit cell parameters of the guest-free 

frameworks were used for NH2-MIL-53(Al) and NO2-MIL-53(Al) (Table A2.1).10 The cell parameters 

were kept constant in all calculations. Global minimum structures of both MOFs were obtained by 

geometry optimization of the atomic positions without any symmetry constraints (P1 space 

group). Starting from the minimized structure, one linker in the unit cell was rotated in steps of 

15° (for amino) and 30° (for nitro) in either direction (as defined in the main article) using the 

CrystalMaker software. At each step, the rotating ring was fixed within the unit cell by freezing 

the four off-axis carbons. A geometry optimization was then performed, relaxing all other atomic 

positions. Each successive rotation step was started from the geometry of the previous step. The 

relative energy for each step is reported with respect to the global minimum energy.  

A2.2.2. Ab initio molecular dynamics simulations 

The dynamics of linkers of NO2-MIL-53(Al) was simulated at different temperatures by DFT-based 

molecular dynamics (MD) using the Quickstep module11 of the CP2K code package. The geometry-

optimized DFT structure with lattice parameters from ref. 12 was used as starting structure for all 

MD simulations. Simulations were performed in the (N,V,T) ensemble with fixed size and shape of 

the unit cell. A timestep of 0.5 fs was used in the MD runs and temperature was controlled by a 

canonical sampling through velocity rescaling (CSVR) thermostat.13 MD simulations had an 

equilibration period of 5 ps and a production period of 35 ps for all temperatures (300 K, 450 K, 

700 K and 1200 K). Valence and core electrons were represented by double-ζ polarized basis sets 

and Goedecker–Teter–Hutter (GTH)14 pseudopotentials for all atoms (C, H, O, N, Al). The exchange 

correlation energy was evaluated in Perdew–Burke–Ernzerhof (PBE)6 approximation and 

dispersion interactions were treated at DFT-D38 level. Plane wave cutoff energy was set to 900 Ry 

based on the energy convergence to 10–4 Ha and relative cutoff energy was set to 60 Ry. 

Representative structures and input files for calculations are available online at 

https://github.com/fxcoudert/citable-data. 

A2.3. Supplementary information 

A2.3.1. DFT structural details 

A terephthalate rotor can be divided into three constituent parts: the para-phenylene moiety acts 

as the rotator, the carboxylic groups act as stators, and the two C–C single bonds function as the 

axle. In free terephthalate rotors, a 180° rotation (π-flip) can be seen as a transition between two 

potential energy minima (i.e., two conformers). 

Nitroterephthalic acid presents a strong case of non-coplanarity, as can be seen in the optimized 

structure (Figure A2.8, left). Chloro- and bromoterephtalic acids behave similarly (not shown). A 

partial optimization with carboxyl groups in coplanar conformation better represents the 
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anchoring effect that the MOF lattice imposes on the linker (Figure A2.8, right). To allow for an 

adequate comparison between different functional groups, we use this type of constraint for all 

molecules that deviate from planarity in full geometry optimizations. In the nitro case, the latter 

structure has an energy penalty of 10 kJ mol-1 with respect to the former, mainly attributed to the 

loss of nitro group π electron delocalization. 

  
Figure A2.8. Nitroterephthalic acid optimized geometries: full optimization (left) and coplanar 
carboxyl partial optimization (right). 

 
Figure A2.9. Geometry-optimized structures of amino- and hydroxyterephthalic acids (left and center) showing 
H-bonding distance. Right: Non-H-bonding structure of hydroxyterephthalic acid. 

Free molecule model validation 

This simple model estimates a barrier of 48 kJ mol-1 for the unsubstituted terephthalic acid, which 

matches the experimentally obtained activation energy of terephthalate linkers in MOF-5 (47.3 ± 

8.4 kJ mol-1).15 This result is not surprising as MOF-5 has a characteristic cubic network with ample 

free volume surrounding each linker, which prevents inter-linker steric hindrance. Similarly, 

bromine functionalization yields Erot of 25.1 kJ mol-1, a reasonable approximation to the 

experimental value of 30.5 ± 0.4  kJ mol-1 determined for unhindered IRMOF-2 (bromine-

substituted version of MOF-5).16  

The two functionalizations that increase the barrier with respect to the unfunctionalized linker are 

amine and hydroxyl (53.7 and 64.2 kJ mol-1, respectively). Experimental evidence has shown 
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similar trends, for example in UiO-66, where an activation energy for linker rotation of 

30 kJ mol-1,17 increased to 51.9 kJ mol-1 upon amine functionalization.18 In addition to both these 

groups being electron donating—which could potentially increase the double bond character of 

the rotation axis bonds via π electron delocalization—their planar conformations also enable 

hydrogen bond donation to the adjacent carboxyl oxygen (Figure A2.9). 

A2.3.2. Periodic DFT details 

The unit cell parameters of activated frameworks used in DFT calculations are shown in Table A2.1. 

The rotor spacing (i.e., the distance between the rotation axes of two adjacent linkers in a row) in 

LP frameworks is defined by the cell parameter a. For NP conformation, parameter c defines the 

spacing. The closest row-to-row distances (presented in Table 2.2 of the main text) for the LP 

frameworks can be defined as half the cell parameter c or half of b for NH2-MIL-53.  

Table A2.1. Experimental unit cell parameters used in periodic DFT calculations 

MOF a b c α β γ 

NO2-MIL-53(Al)† 6.666 16.254 13.521 90 90 90 

NH2-MIL-53(Al)‡ 19.722 7.692 6.578 90 105.1 90 

† Cell parameters from diffraction collected for this work (vide infra). ‡Cell parameters reported in ref. 10. 

NO2-MIL-53(Al) PXRD indexing 

The PXRD of activated NO2-MIL-53(Al) was collected using an Anton–Paar sample cell and heating 

under N2 flow. The diffractogram acquired at 220 °C was indexed using DASH.19 The obtained cell 

parameters are shown in Table A2.1. 

A2.3.3. Rotation angle definitions 

NO2-MIL-53(Al). The reported rotation angles correspond to the angle between two planes: the 

best-fitting plane to the benzene ring and the (011) or (0-11) crystallographic plane. The choice 

between the two crystallographic planes depends on the row to which the rotating linker belongs 

to. The (011) or (0-11) planes are absolute reference planes as they do not change during 

geometry optimization or MD simulation. For simplicity, we define the full rotation space around 

the linker’s rotation axis in two halves: 0° to 180° and 0° to −180°. The positive part of this space 

corresponds to the orientations pointing in the direction of the normal of the reference plane (see 

Fig 2a and 2b of the main text), and the negative portion corresponds to those pointing in the 

opposite direction of the reference plane normal. 0° is defined based on the [100] direction; i.e., 

the functional group is pointing approximately in the [100] direction of the unit cell.  

NH2-MIL-53(Al). The axis of rotation of linkers in NH2-MIL-53 does not correspond to any 

crystallographic plane. Therefore, we define a reference plane for the rotating linker as the best-

fitting plane for its four oxygen atoms in the global minimum structure (see Figure A2.10). The 

rotation angle is the angle between the best-fitting plane of the rotating ring and the reference 
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plane. The sign is defined as positive if the functional group points in the general direction of the 

normal to the reference plane (dashed arrow in Figure A2.10). 

 
Figure A2.10. Reference plane for rotation angle in NH2-MIL-53 DFT calculations. Dashed arrow 
represents the normal vector of the plane, denoting positive angles. 

Due to its narrow-pore structure, NH2-MIL-53(Al) suffers from strong steric limitations even at 

small amplitude rotations. An example is shown in Figure A2.11. 

 

Figure A2.11. The linker rotated to ca. −30° in NH2-MIL-53(Al) collides with its neighbor in the 
closest row. 

A2.3.4. NO2-MIL-53 2x1x1 supercell DFT calculations 
DFT structure sequence during neighbor “crash” 

With the rotating linker (left of the cell) at −91°, the neighbor is not affected and finds a minimum 

conformation at ca. −12° (Figure A2.12). Upon approaching −150°, the nitro group of the rotating 

linker begins to overlap with the nitro group of the free neighbor. From the progression seen from 

−145° to −180°, it is clear that the combination of direction of approach of rotating linker and 

starting conformation of the neighbor (right linker) did not allow for the latter ring to reduce this 

repulsive interaction by rotating away. This is because this free neighbor is being pushed towards 

the 0° position, and this represents an increase in energy (note the local maximum at 0°) before a 

more energetically favored conformation can is reached. Instead, at −180° we see the nitro group 
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of the forced rotated ring is bent to an unfeasible configuration, and the neighbor does not cross 

the 0° barrier. This leads to the vertical energy increase below −145° seen in Figure 2c. 
 

 
Figure A2.12. DFT converged structure sequence for steps from ca. −90° to −180° (left to right), which resemble 
a head-to-head crash between the neighboring rings. The rotating linker is on the left side of each cell. 

DFT structure sequence during neighbor “push” 

Rotation in the opposite direction to reach the same −150° position is different in that the 

interaction with the free ring resembles a gear; the “push” from the rotating nitro ring causes the 

free ring to adapt by rotating from its initial −15° conformation to a larger negative value (ca. 

−56°), as shown in Figure A2.13. Once the rotating ring has cleared the shared space between the 

pair, the neighbor returned to its minimum (−12°). We note that the structure at −115° for this 

direction of rotation is still a maximum in the potential energy curve, yet feasible in comparison 

to the previous rotation direction. This result further illustrates the importance of cooperative 

motion between neighbor linkers. 

 
Figure A2.13. DFT converged structure sequence for steps from ca. +145° to −85° (left to right), which resemble 
a head-to-head push between the neighboring rings. The free neighbor ring cooperates by swinging out of the 
rotating linker’s trajectory. The rotating linker is on the left side of each cell. 

Alternative nitro group positions 

Even when considering only the pair participating in forced rotation, there are four possible nitro 

positions for each ring. This results in 16 possible combinations in the 2x1x1 supercell calculations, 



Emergence of cooperative rotor dynamics in metal–organic frameworks via tuned steric 

interactions

 

83 

and although some of them may result in similar energy curves, none of them is equal (due to the 

effect of the remaining linker’s nitro positions). Although a great number of combinations are 

likely present in a real system, the case we show in the main text was chosen due to it being the 

most impacted by steric effects between rotors. In addition to the original set of DFT calculations 

(case 1), we performed calculations using alternative nitro positions: case 2 and case 3, as shown 

in Figure A2.14.  
 

 
Figure A2.14. The three studied cases in 2x1x1 NO2-MIL-53 supercell. The rotating ring is on the left for each 
pair. 

These additional calculations focus on the portion of the rotational space most relevant to nitro-

nitro interactions. Case 2 and 3 resulted in significantly lower energies at angles where nitro-nitro 

interactions in case 1 were highly disfavored (see Figure A2.15). Importantly, the unfeasible 

energy increase observed when rotating below −115° in case 1 was absent in the two alternative 

cases, for which a maximum of 50–60 kJ mol-1 was found. These results indicate that, in contrast 

to case 1, independent rotation of alternatively positioned nitrophenylene neighbors should not 

be ruled out. 

 
Figure A2.15.  Potential energy profiles of the three studied cases in 2x1x1 NO2-MIL-53 supercell. 

The marked difference between the first case and the latter two suggests that a large variability 

can be expected from a real population of disordered linkers, ranging from linkers whose 
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neighbors impede rotations (causing slow or no motion) and linkers whose neighbors cooperate 

(whether by correlated motion or by favorable arrangement) allowing for relatively fast rotation. 

A2.3.5. Supplementary BDS data 

We performed BDS measurements on activated powder samples of MIL-53(Al), NO2-MIL-53(Al), 

and NH2-MIL-53(Al) under dry N2 flow. The Cole–Cole equation (Eq. 1) was used to fit the NO2-

MIL-53(Al) dielectric relaxation. Both ɛ’ and ɛ’’ parts of the complex dielectric permittivity ɛ* were 

fitted simultaneously. 

𝜀∗ = 𝜀∞ +
∆𝜀

1+(𝑖𝜏𝜔)1−𝛼
    (1)  

where ɛ∞ is the high frequency limit of the dielectric permittivity, ∆ɛ is the relaxation strength, ω 

denotes the angular frequency, τ is the mean relaxation time, and parameter α describes the 

width of the relaxation. For α = 0, Eq. (1) reduces to the Debye relaxation of non-interacting 

electric dipoles in a uniform environment. The obtained α values are presented in Figure A2.18. 

The relaxation strength remained roughly 1.4 in the whole investigated temperature range.  

 
Figure A2.16. Real part (ɛ’) of NO2-MIL-53(Al) with respect to (a) temperature and (b) frequency. The latter 
includes the fitted Cole-Cole model (eq. 1) as continuous lines.  

 
Figure A2.17. Temperature domain of ɛ’ for (a) NH2-MIL-53(Al) and (b) MIL-53(Al). 
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Figure A2.18. The α parameters from the Cole-Cole fit for NO2-MIL-53(Al) relaxation at different 
temperatures.  

The Arrhenius equation (2) was used to fit the determined mean relaxation times τ. 

    𝜏 = 𝜏0𝑒𝐸𝑎 𝑘𝑏𝑇⁄     (2) 

where Ea is the activation energy of the process, τ0 denotes the attempt time, and kb is the 

Boltzmann constant. The best fit and determined values of the fit parameters are shown in Figure 

A2.19. 

 
Figure A2.19. Fit of the Arrhenius equation (eq. 2) to the mean relaxation times of NO2-MIL-53(Al) 
obtained from the Cole-Cole fit. The confidence interval corresponds to the standard deviation 
of the fit. 

The obtained pre-exponential factor is equivalent to 2.9 X 1013 Hz. As explained in the main text, 

a rotator of the dimensions of nitro-p-phenylene is expected to present an attempt or libration 

frequency in the order of 1012 Hz, based on a simple assessment of its rotational inertia.20 
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However, it is not uncommon to find pre-exponential factors that deviate from the theoretical 

expectation to higher values, particularly in studies of more complex rotors, such as functionalized 

p-phenylene rotators.18,20–22  

This deviation to higher attempt frequencies has been interpreted as an indication of a 

temperature dependence of the rotational energy barrier.20 The reasoning is that the observable 

Ea and pre-exponential factor should be taken as effective values, and by fixing the “true” pre-

exponential factor as the expected attempt frequency (estimated at 1012 Hz), the “true” barriers 

at each temperature can be derived. After applying this analysis to our data, we found the slope 

of the barrier to be -0.028 kJ mol-1 K-1, which is in between of the two slopes reported by Horansky 

et al. for their molecular crystal rotors.20,21 Phenomena that could be accountable of this effective 

decrease in rotation barrier with temperature are indeed expected in a framework where linkers 

influence each other during rotational motion, similar to some that have been reported for other 

complex solid-state rotor systems.23–25 

A2.3.6. Supplementary solid-state 2H NMR spectroscopy data 
 
Table A2.2. Experimental Parameters for 2H NMR Experiments of MIL-53(Al)-d4. 

Temperature (K) Recycle Delay (s) Number of Scans 

453 1 4096 

431 2 512 

387 5 3072 

319 60 256 

298 140 50 

277 200 32 

 

Table A2.3. Experimental Parameters for 2H NMR Experiments of NH2-MIL-53(Al)-d3. 

Temperature (K) Recycle Delay (s) Number of Scans 

453 20 625 

431 20 600 

387 40 256 

298 60 80 

 

Table A2.4. Experimental Parameters for 2H NMR Experiments of NO2-MIL-53(Al)-d3. 

Temperature (K) Recycle Delay (s) Number of Scans 

453 1 512 

431 2 512 

409 4 512 
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387 6 512 

365 7 512 

342 8 512 

320 10 512 

297 10 1024 

276 10 1600 

254 20 1080 

231 20 768 

Our data for this system (Figure A2.20Figure A2.a) mirror those of Kolokolov et al.,26 where the 

phenylene rings are observed to undergo an increased rate of 180° reorientations (“π-flips”) at 

increased temperatures. The modeled rates fitted to an Arrhenius equation yielded an activation 

energy of 35 kJ mol-1 (Figure A2.20b). It is noted that the fast motion limit (FML, i.e., k > 100 MHz) 

is not reached, even at temperatures as high as ca. 453 K. 

 
Figure A2.20. a, Variable-temperature 2H NMR spectra of MIL-53(Al)-d4 acquired (left column) at 
9.4 T and simulated (right column) with the 180°-flip exchange model described in the text, using 
different exchange rates, k. b, Arrhenius fit of the obtained exchange rates. 

ND2-MIL-53(Al) (a deuterated amine version of the MOF) was investigated by Gascon et al.,27 who 

found that the aromatic rings remain stationary across a temperature range from 298 to 423 K. 

Our experiments on ring-labelled NH2-MIL-53(Al)-d3 (Figure A2.21) reveal similar spectra and 

static behavior of the phenylene rings. This is evidenced by a constant Pake doublet up to 453 K 

that matches a slow motion limit (SML, i.e., < 1 kHz) C–2H bond model. 
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Figure A2.21. Variable-temperature 2H NMR spectra of NH2-MIL-53(Al)-d3 acquired (left column) at 9.4T and 
simulated (right column) with no exchange/low exchange rates (i.e., slow-motion limit spectra). In each case, 
exchange rate, k, has an upper limit of 1 kHz. 

  
Figure A2.22. 2H NMR spectra of NO2-MIL-53(Al)-d3 acquired at 453 K (top) and simulated (below) 
using a two-site exchange model with a single reorientation of the ring described by the angle γ. 
The red spectrum is simulated with the four-site exchange model described in the main text and 
is used in Figure 2.4a (main chapter). 
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Figure A2.23. 2H NMR spectra of NO2-MIL-53(Al)-d3 acquired at 453 K (top spectrum) and 
simulated (below) using a four-site exchange model described in the main article. In each case, 
the two relative orientations of the phenyl ring planes vary according to the angles γ and γ′. The 
simulated spectrum in red is in best agreement with the experimental spectrum and is used in 
Figure 2.4a (main chapter). 
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A2.3.7. Ab initio molecular dynamics simulations 

Using the MD trajectory structures, rotation angles of all p-phenylene rings (Figures A2.24–A2.28) 

were obtained using a simple Python code described in Appendix section A2.3.9 and available 

online at https://github.com/srinidhimula/supplementary-data.  

 
Figure A2.24. a-d, Rotation angle traces vs. simulation time for all linkers in a unit cell at different 
temperatures. 
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Figure A2.25. a-d, Rotation angle traces vs. simulation time for same-row pairs in a 2x1x1 simulation at 300 K.  

 
Figure A2.26. a-d, Rotation angle traces vs. simulation time for same-row pairs in a 2x1x1 simulation at 450 K. 
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Figure A2.27. a-d, Rotation angle traces vs. simulation time for same-row pairs in a 2x1x1 simulation at 700 K. 

 
Figure A2.28. a-d, Rotation angle traces vs. simulation time for same-row pairs in 2x1x1 simulation at 1200 K. 
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A2.3.8. Correlated motion between pairs of linkers 

We present the rotation angle traces of all four same row pairs from the 2x1x1 supercell 

simulations at 450 K and 700 K along with the corresponding N‧‧‧N distances between their nitro 

groups (Figures A2.30–A2.33). The minimum N‧‧‧N distance seen in the data is approximately 4 Å, 

as seen in the distributions at all temperatures (Figure A2.29a). Figure A2.b shows that this N‧‧‧N 

distance is a reasonable approximation to the closest O‧‧‧O contact of ca. 3 Å. When N‧‧‧N 

distances approach this value, it can be inferred that steric effects between nitro groups start to 

play a significant role. We highlighted such regions of interest in Figures A2.30–A2.33. In these 

regions we see that inversely correlated small-angle oscillations occur, such that one trace seems 

to roughly mirror the other. However, outside these windows, where N‧‧‧N distance is larger, this 

correlation is absent, and in fact the frequency of the oscillations is visibly higher (e.g., at 450 K, 

pair 4 shows correlated fluctuations with lower frequency, while pairs 2 and 3 do not).  

Additionally, although rarely observed large-angle jumps occasionally show correlation between 

same-row pairs when the N‧‧‧N distance is close to 4 Å. The clearest examples of this are seen at 

700 K for pair 2 at ca. 20 ps and pair 4 at ca. 22 ps. 

a

 

b

 
Figure A2.29. a, Distribution of N‧‧‧N distances in 2x1x1 simulations. b, Comparison between N‧‧‧N and shortest 
O‧‧‧O distances; N‧‧‧N represents well enough the steric interactions between nitro groups of neighbor pairs 
of linkers. 

 
Figure A2.30. Rotation angle and N‧‧‧N distance traces for linker pair 1. 
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Figure A2.31. Rotation angle and N‧‧‧N distance traces for linker pair 2. 

 
Figure A2.32. Rotation angle and N‧‧‧N distance traces for linker pair 3. 

 
Figure A2.33. Rotation angle and N‧‧‧N distance traces for linker pair 4. 
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A2.3.9. Rotation angle pseudocode 

A Python code was used to obtain the rotation angles of all benzene rings in the MD simulation 

structures. This section includes a detailed description of the code’s functionality. The code is 

available online at https://github.com/srinidhimula/supplementary-data. 

#pseudocode 

start= Initial timestep at which rotation angle calculation starts from 

end= Final timestep at which rotation angle calculation has to be ended 

Function load_data_fromxyz: 

        Takes the path where MD trajectory file is located as input 

        returns filename and path 

Function get_num_steps: 

        Filename from load_data_fromxyz is given as input 

        for timesteps in (start, end) 

              Lines where timestep is specified in the file is read and stored into an array 

        returns timesteps array 

Function ring(a)_rotation: 

       Filename from load_data_fromxyz is given as input 

       ring_carbon = Contains the 6 carbon labels of that specific benzene ring 

       ref_plane = Normal vector (Nref) of reference crystallographic plane based on which row the 

rotating linker belongs to. 

       for timesteps in (start, end) 

            Read cartesian coordinates of the specified ring labels from the MD trajectory file 

                    Cell parameters are added for specific cases to correct for periodicity. 

            Call angle_calculate function with inputs : cartesian coordinates of 6 carbons, Nref and 

cartesian coordinates of 3 specific carbons (a, b, c)  

           # Last input(a, b, c) is to have consistent ring normal direction and sign for the rotation angle 

based on notation in Figure 2 of article 

        returns rotation angle array 

 

Function angle_calculate: 

        Inputs: ring carbon cartesian coordinates at each time step, Nref, cartesian coordinates of 3 

specific carbons (a, b, c) 

        Normal vector (N) of best fitting plane of benzene carbons is calculated from singular value 

decomposition 

            Ring plane normal vector direction is made consistent by taking  cross product C1=(a  b) 

a, b inputs depends on the benzene ring.  

        Direction corrected normal vector Nfinal= C1N 

        Rotation angle= cos−1(NfinalNref)  
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        Sign for the angle based on notation in Figure 2 is corrected by sign of  ((Nfinal× Nref) Coord of 

c)  

        returns rotation angle 
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A modulated synthesis approach based on the chelating properties of oxalic acid 
(H2C2O4) is presented as a robust and versatile method to achieve highly crys-
talline Al-based metal–organic frameworks. A comparative study on this method 
and the already established modulation by hydrofluoric acid was conducted us-
ing MIL-53 as test system. The superior performance of oxalic acid modulation in 
terms of crystallinity and absence of undesired impurities is explained by assess-
ing the coordination modes of the two modulators and the structural features 
of the product. The validity of our approach was confirmed for a diverse set of 
Al-MOFs, namely X-MIL-53 (X = OH, CH3O, Br, NO2), CAU-10, MIL-69, and Al(OH)
ndc (ndc = 1,4-naphtalenedicarboxylate), highlighting the potential benefits of 
extending the use of this modulator to the synthesis of other coordination ma-
terials.

Chapter 3
Overcoming crystallinity limitations of 
aluminum metal–organic frameworks 
by oxalic acid modulated synthesis

This chapter is based on the following publication: 
Stefano Canossa,‡ Adrian Gonzalez-Nelson,‡ Leonid Shupletsov, Maria del Carmen Martin,  and 
Monique A. Van der Veen, Overcoming Crystallinity Limitations of Aluminium Metal–Organic 
Frameworks by Oxalic Acid Modulated Synthesis, Chem. Eur. J. 26, 3564 –3570 (2020). (‡ Equal 
contribution to this publication: experimental design, synthesis, characterization, and analysis).
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3.1. Introduction 

Among porous materials, metal–organic frameworks (MOFs) stand out for the extraordinary 

diversity of their applications. Such versatility arises from the combined use of a virtually endless 

variety of inorganic and organic building units (known as IBUs and linkers, respectively). Although 

this hybrid structure can endow MOFs with an outstanding number of functionalities, it also limits 

their chemical and thermal stabilities, which are substantially lower compared to already 

established porous inorganic materials such as zeolites1–3 and  porous metal oxides.4 For this 

reason, the research of stable MOFs is of utmost importance to guarantee long-term unaltered 

performance, especially for applications involving non-standard conditions such as catalysis or gas 

separation. In this regard, Al-MOFs are of special interest as they combine high operating 

temperatures,5 convenient syntheses in aqueous media,6–8 and high natural abundance of the 

metal sources. Moreover, their exceptional chemical stability9,10 in both aqueous and organic 

media make this class of materials ideal for applications that are unsuitable for most MOFs, such 

as moisture harvesting,11,12 adsorption-driven heat exchange,13–15 and water remediation.16 

Unfortunately, the synthesis of highly crystalline Al-MOFs is a long-standing challenge as most of 

these can only be obtained as nanocrystalline powders17–19 and such limitations are known to have 

detrimental effects on MOFs’ porosity and sorption capacity.20–22 Importantly, increasing the 

achievable crystal size of MOFs enables the detailed description of their structural features by 

single-crystal X-ray diffraction (SCXRD) and the investigation of functional properties of interest, 

such as mechanical response23–26 and electronic behavior.27–29  

A synthetic strategy that has been successful in modifying the average size of MOF crystals is 

known as coordination modulation. This method often relies on the addition of a monotopic ligand 

with the same coordination group as the linker, which act as capping reagents impeding the 

coordination between metal cations and linkers, effectively slowing down the reaction rate.30 

Although this method of kinetic control has shown positive results in increasing crystal size of 

some MOFs,31,32 it carries the potentially undesired effect of producing large amounts of missing 

linker defects.33 This is a direct result of the modulator ligand substituting linkers in the final 

product. Moreover, the addition of monocarboxylic acids to Al-MOF syntheses has not been found 

to increase crystal size as significantly as in other systems.34 To date, the only effective approach 

that has been reported for the synthesis of highly crystalline Al-MOFs is based on the use of 

hydrofluoric acid (HF),35–38 borrowing from its well-documented use as mineralizer to improve the 

crystallinity of microporous inorganic materials.39 Its widespread use, however, raises concerns 

both on safety and on the possible fluoride inclusion into the framework’s structure.  

In this context, this chapter presents a versatile and efficient modulated synthesis approach able 

to improve substantially the crystallinity of Al-MOFs while maintaining their structure and 

composition unaltered. This method is based on the use of a natural and abundant molecule: 

oxalic acid (chemical formula: H2C2O4; Scheme 3.1). The high stability of this molecule’s hetero- 

and homoleptic aluminum complexes has long been known in environmental and geological 

sciences,40,41 yet its potential as synthesis modulator has never been studied. The formation of 

aluminum complexes in solution may provide a similar beneficial effect on MOF formation as HF. 

The coordination of fluoride to the metal cations is thought to reduce the rate of MOF formation 

by limiting the availability of metal cations.42 This action differs from the capping effect attributed 
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to monocarboxylic modulators. In a similar way, the formation of strong complexes with oxalate 

is expected to reduce the effective concentration of Al3+, therefore resulting in slower nucleation 

and growth, producing a smaller number of single crystals. 

 

Scheme 3.1. The possible hetero- and homoleptic complexes formed in water by Al3+ and oxalic 
acid. 

3.2. Results and discussion 

First, the effects of this molecule in the synthesis of the widely researched MIL-53(Al)43 (chemical 

formula Al(OH)bdc; bdc = 1,4-benzendicarboxylate) were compared, under equal synthetic 

conditions, with those of other modulators, namely HCl, HF, NH4F, and sodium oxalate. This choice 

allows the decoupling of the effects of acidity and coordination modulation, and the evaluation of 

the advantages of this approach over the already established use of HF. Whereas the increase of 

H3O+ concentration has positive effects on the crystallinity in general, the ~10 μm average crystal 

size observed by using HCl increases 4-fold with HF and 8-fold with oxalic acid (Figure 3.1a, Figures 

A3.3–A3.8), suggesting that the anion’s coordinative capabilities have the most significant 

influence. However, in the case of fluoride modulation, the crystal size was not the only observed 

change as powder X-ray diffraction (PXRD) patterns show the presence of a secondary phase 

(Figure 3.1a). This is supported by the appearance of a secondary combustion process in the 

thermogravimetric profiles (Figure A3.37). These differences agree with the formation of a 

fluorine-substituted form of MIL-53, Al(F)bdc, whose properties differ significantly from those of 

the fluorine-free material, especially concerning its renowned breathing behaviour.44 

This compound, first reported by Liu et al,45 has also been observed as impurity in a recent paper 

on the use of HF to increase the crystallinity of MIL-53.36 Energy dispersive X-ray spectroscopy 

(EDX) analysis on rinsed product obtained by HF-modulated synthesis shows that all the observed 

crystals are contaminated with fluoride inclusions (Figures 3.1b and A3.36). This evidence 

indicates that Al(F)bdc is present as crystalline domains within MIL-53 crystals rather than as a 

pure phase. This is further corroborated by the absence of structured diffuse scattering in high-



Chapter 3

 

102 

resolution SCXRD data from contaminated crystals (Figures A3.53 and A3.54).46,47 Additionally, a 

minor fraction of the crystals exhibit a higher density of aluminum and fluorine, in line with the 

previously reported presence of undesired AlF3 (Figure 3.1b, Figure A3.36, and Table A3.3).37 

Considering all the evidence, it can be concluded that the use of fluoride modulation in MIL-53 

synthesis yields crystals with inclusions of Al(F)bdc, and AlF3 as by-product.  

The oxalate-modulated syntheses, on the other hand, yielded pure MIL-53 crystals as evidenced 

by PXRD analysis (Figure 3.1a). Their thermogravimetric profiles show no sign of oxalate species 

in the framework or missing linker defects (Figure A3.37). Moreover, nitrogen sorption 

measurements show no substantial difference, in terms of BET area and pore volume, between 

the unmodulated and the oxalic acid-modulated products. By comparison, the products obtained 

by using HF show instead a loss of BET area and pore volume of approximately 10%. Since this 

difference is mainly attributable to the presence of impurities of non-porous AlF3 in the sample (~ 

4.5% w/w calculated from the TGA profile), it is not possible to assess with precision the effects 

of the fluoride inclusions in the MIL-53 framework based on the sorption behavior. Nevertheless, 

these results further demonstrate the detrimental effects of fluoride-based synthesis modulation 

and the capability of oxalic acid to increase the MOF’s crystallinity without causing compositional 

modifications. In other words, oxalic acid offers the kinetic control over nucleation and growth, 

similar to HF, by decreasing the availability of metal cations, without undesired structural changes 

in the framework. 

The main reason for these effects can be found in the characteristic κ2 chelation mode of oxalic 

acid and the high stability of the resulting five-membered ring (Scheme 3.2a), which results in the 

kinetic control of nucleation and crystal growth during synthesis. The participation of oxalate in 

the framework would require it either to adopt a poorly stable μ2-1,3 coordination using only one 

of its carboxylate groups or to bridge the aluminum centers using both groups (i.e., μ2-1,4 

bridging), which is incompatible with the MIL-53 structure both in terms of charge and IBU 

coordination geometry. This is further supported by the absence of both types of oxalate–

aluminum coordination geometries in the CSD database (see Appendix section A3.6).48  

On the contrary, fluoride coordination to aluminum is fully compatible with the substitution of 

hydroxy groups in the framework since both anions are monodentate, have similar size, and 

feature the same charge and number of valence electron pairs (Scheme 3.2b). For similar reasons, 

the use of short-chain monocarboxylic acids as synthesis modulators should be considered only in 

cases where inducing linker-replacement defects is pursued, as evidenced by previous studies.49,50 
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Figure 3.1. Comparison of 
oxalic acid as modulator of 
MIL-53(Al) versus other 
modulators. a, SEM 
micrographs of MIL-53 
crystals obtained by normal 
and modulated syntheses 
(scale bar = 10 μm). b, c, 
PXRD and EDX analysis (c) 
show the presence of 
Al(F)bdc (marked *) and 
AlF3 when a fluoride-based 
modulator is used. (d) N2 
adsorption (open symbols) 
and desorption (closed 
symbols) isotherms showing 
a decrease of BET area and 
micropore volume for HF-
modulated MIL-53. 
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Scheme 3.2. The reaction formulas for MIL-53 synthesis modulated by oxalic acid (a) and 
hydrofluoric acid (b). 

The benefits of oxalic acid modulation are not limited to MIL-53, as they were also observed for 

its analogues with OH-, CH3O-, Br-, and NO2-functionalised linkers. These MOFs were synthesized 

using 0.5, 1, and 1.5 oxalic acid:Al ratios to study how the amount of modulator affects the 

crystallinity of the products. In all the studied systems, oxalic acid leads to an increased crystal 

size with respect to the unmodulated synthesis (Figure 3.2, Figures A3.9–A3.23). In contrast to 

studies using other modulators,34,51,52 which have found an effect on the crystal shape of the 

product, there are no drastic differences when using oxalic acid as modulator beyond slightly more 

elongated morphology. Interestingly, a higher modulator-to-Al ratio does not always result in 

improved crystallinity. Indeed, in the cases of OH- and CH3O-MIL-53, an excessive amount of 

modulator leads to the stabilization of a specific size or the absence of solid products, respectively. 

This behavior can be attributed to the electron-donor character of OH and CH3O groups,53 which 

lowers the acidity of terephthalic acid by destabilizing its conjugated base.54 Additionally, the pH 

decrease due to the MOF synthesis and to the formation of aluminum oxalate complexes further 

disfavors the deprotonation of the linkers, thus diminishing their reactivity. Our results show that 

the combination of these effects can allow for the tuning of the product’s size distribution, in 

addition to its crystallinity. However, to achieve such control several aspects should be 

considered, in particular the modulator concentration, the species formed during the synthesis, 

and the chemical properties of the linker. Therefore, the adequate conditions to stabilize a specific 

size must be optimized for every system.  
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A peculiar behavior is observed for NO2-MIL-53, whose crystal size and quality (i.e., single crystals) 

increases progressively with the use of 0.5 and 1 modulator:Al molar ratios, but drops significantly 

when a ratio of 1.5 is used (Figure 3.2 and Figures A3.20–A3.23). Using the highest ratio, irregular 

crystals with rough surfaces were obtained, suggesting a large amount of intergrowth. The PXRD 

patterns of all NO2-MIL-53 products (Figure A3.48) show broad diffuse reflections, also observed 

by SCXRD (Figure A3.55). These signals are attributable to a local ordering of the NO2 groups, 

which can be found disordered in four equivalent positions for every linker after the MOF 

assembly. The effect of the modulator in slowing the crystal growth can favor this ordering and 

allow the formation of larger ordered domains, which could grow clustered in polycrystalline 

aggregates like those observed by SEM for the products obtained with the highest modulator 

concentration. Further experiments to confirm this hypothesis and determine the ordering of the 

NO2 groups will be the focus of our future research.  

Having confirmed the effectiveness of oxalic acid in the synthesis of functionalized MIL-53, we 

extended its use to additional Al-MOFs with varying linker molecules and IBUs, namely CAU-10,55 

MIL-69,56 and Al(OH)ndc57 (ndc = 1,4-naphthalenedicarboxylate). These three materials were 

obtained as nanocrystalline powders by conventional synthesis, whereas the introduction of oxalic 

acid modulation afforded crystals up to 5 μm for CAU-10, 20 μm for MIL-69, and 70 μm for 

Al(OH)ndc (Figure 3.2, Figures A3.24–A3.35). Although the performance of the modulator 

depends strongly on the type of material, the oxalic acid modulation method proved its validity 

on these systems despite their different structure and assembly. Even in the case of the notably 

different linker geometry and IBU structure of CAU-10, the kinetic control introduced by oxalate 

coordination to the metals improves the crystallinity while limiting the occurrence of intergrown 

domains.  

3.3. Conclusions 

In conclusion, the use of oxalic acid as synthesis modulator for various Al-MOFs affords products 

with an unprecedented crystallinity without affecting the materials’ structure and composition. 

Although the outcome of this approach is highly dependent on the framework’s structure as well 

as on the synthetic conditions, its efficacy has been confirmed for all the examined systems 

regardless of linker functionalization or type of material. In the most successful cases, single 

crystal size were found to have increased up to tenfold. We attribute the remarkable versatility of 

oxalic acid as crystal size modulator to the synergistic action in both binding the metals and 

protonating the linkers, which introduce a substantial kinetic control over the MOF nucleation and 

crystal growth. Furthermore, the strong differences between its characteristic five-membered ring 

chelation and the linker’s coordination mode in the studied materials allow a crystallization 

modulating function without causing substitutional defects. These advantages do not apply in the 

case of modulators whose coordination capabilities are compatible with those found in the IBUs, 

such as fluoride or monocarboxylate species. Further applications of oxalic acid modulation to 

other Al-MOFs, as well as frameworks based on different metals, will be crucial to assess more 

thoroughly its validity and highlight additional MOF-specific particularities and advantages 

associated with its use.  
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Figure 3.2. SEM micrographs of functionalized MIL-53, CAU-10, MIL-69, and Al(OH)ndc crystals synthesized 

without oxalic acid modulator and with different modulator concentrations (scale bar = 10 µm). 
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A3.1. Experimental details 

A3.1.1. Synthesis details 

Reagents and solvents 

All solvents and reagents, except for 2-methoxyterephthalic acid and sodium oxalate anhydrous, 

were purchased by commercial suppliers and used as-received. 

Synthesis of 2-methoxyterephthalic acid 

2-Methoxyterephthalic acid was synthesized according to a reported method.1 A mixture of 2,5-

dimethylanisole (7.76 g, 57 mmol), KMnO4 (25.0 g, 158 mmol), and NaOH (3.10 g, 77.5 mmol) in 

water (500 mL) was heated to 60 °C. After 5h, an additional amount of KMnO4 (25.0 g, 158 mmol) 

was added, and refluxed for 1 h. The mixture was cooled to room temperature and filtered over 

paper. The filtrate was acidified with conc. HCl (37%), and the resulting white precipitate was 

collected by filtration and dried under vacuum at 60 °C for 12 h. Yield: 4.5 g, 40%. 1H NMR (400 

MHz, DMSO-d6) δ 13.12 (br. s, 2H, COOH), 7.68 (d, J = 7.8 Hz, 1H, CArH), 7.57 (d, J = 1.4 Hz, 1H, 

CArH), 7.55 (dd, J = 7.8, 1.4 Hz, 1H, CArH), 3.87 (s, 3H, CH3), Figure A3.1. 

Synthesis of anhydrous sodium oxalate 

Oxalic acid dihydrate (5 g, 39.7 mmol) was dissolved in 60 mL H2O by stirring. NaOH (3.17 g, 79.3 

mmol) was dissolved in 50 mL H2O, and slowly added to the first solution while stirring. The 

resulting mixture was left to evaporate overnight at 80 °C, and then dried in an oven at 260 °C for 

5 h. Thermogravimetric analysis of the product (Figure A3.2) agrees with anhydrous sodium 

oxalate decomposition step at ca. 560 °C (exp. 21.0%, calc. 20.9%), yielding an equimolar amount 

of Na2CO3.2 Diffuse reflectance FTIR spectroscopy: 3101, 3053, 2929, 2764, 2484, 1882, 1761, 

1651, 1622, 1572, 1416, 1335, 1311, 1250, 771, 617, 517 cm-1. 

Synthesis of MIL-53 

AlCl3·6H2O (966 mg, 4 mmol) was added to 30 ml demineralized H2O inside a 45 mL Teflon liner. 

For modulated syntheses, 4 mmol of modulator was added (Table A3.1) and the solution was 

homogenized by stirring. Terephthalic acid (665 mg, 4 mmol) was added to the solution, and the 

mixture was stirred again (terephthalic acid is not completely dissolved in these conditions). The 

liner was sealed inside a steel autoclave and placed in an oven at 220 °C for 72 h.  

Table A3.1. Amount of modulator used for the syntheses of MIL-53. 

Modulator Amount 

HCl 37% 0.33 mL 

NH4F anhydrous 148 mg 

HF 40% 0.17 mL 

Na2C2O4 anhydrous 536 mg 

H2C2O4 · 2H2O 504 mg 
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Synthesis of X-MIL-53 (X = CH3O, OH, Br, NO2) 

All reagent amounts and reaction temperatures are given in Table A3.2. A synthesis-specific 

amount of AlCl3·6H2O was added to 30 ml demineralized H2O inside a 45 mL Teflon liner. Oxalic 

acid dihydrate was added in a specific stoichiometric amount and the solution was homogenized 

by stirring. An amount of linker in molar ratio 1:1 to AlCl3·6H2O was added and the solution was 

stirred again. The liner was sealed inside a steel autoclave and placed in an oven at a given 

temperature for 72 h.  

Synthesis of CAU-10 

Four different syntheses were performed using a general procedure adapted from the one 

reported by  Reinsch et al.3 by using different amounts of oxalic acid: 0 mmol, 0.6 mmol (53 mg), 

1.2 mmol (105 mg), and 1.8 mmol (158 mg). The general procedure is reported as follows. 

Al2(SO4)3·18H2O (802 mg, 1.2 mmol) was dissolved in 10 ml of a 1:4 DMF–H2O mixture in a 45 mL 

Teflon liner. A certain stoichiometric amount of oxalic acid dihydrate was added and the solution 

was homogenized by stirring. Isophthalic acid (199 mg, 1.2 mmol) was added and the solution was 

stirred again. The liner was sealed inside a steel autoclave and placed in an oven at 135 °C for 24 

h. 

Synthesis of MIL-69 

Four different syntheses were performed using a general procedure adapted from the one 

reported by  Loiseau et al.4 by using different amounts of oxalic acid: 0 mmol, 1.75 mmol (221 

mg), 3.5 mmol (441 mg), and 5.25 mmol (662 mg). The general procedure is reported as follows. 

Al(NO3)3·9H2O (1313 mg, 3.5 mmol) was added to 5 ml H2O inside a 45 mL Teflon liner.  A certain 

stoichiometric amount of oxalic acid dihydrate was added and the solution was homogenised by 

stirring. 2,6-Naphthalenedicarboxylic acid (378 mg, 1.75 mmol) and KOH (236 mg , 4.2 mmol) were 

added and the solution was stirred again (the linker is not completely dissolved in these 

conditions). The liner was sealed inside a steel autoclave and placed in an oven at 210 °C for 16 h. 

Synthesis of Al(OH)ndc 

Four different syntheses were performed using a general procedure adapted from the one 

reported by Comotti et al.5 by using different amounts of oxalic acid: 0 mmol, 0.5 mmol (63 mg), 

1.0 mmol (126 mg) and 1.5 mmol (189 mg). The general procedure is reported as follows. 

Al(NO3)3·9H2O (375 mg, 1 mmol) was added to 10 ml H2O inside a 45 mL Teflon liner.  A certain 

stoichiometric amount of oxalic acid dihydrate was added and the solution was homogenized by 

stirring. 1,4-Naphthalenedicarboxylic acid (108 mg, 0.5 mmol) was added and the solution was 

stirred again (the linker is not completely dissolved in these conditions). The liner was sealed 

inside a steel autoclave and placed in an oven at 180 °C for 24 h. 

Post-synthesis treatment 

After every MOF synthesis, the same treatment was applied to the products. The autoclave was 

cooled down slowly to room temperature and the solids were removed from the mother liquor 

by centrifugation. The products were subsequently rinsed three times: with 10mL of DMF, with 
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10 mL demineralized water, and with 10 mL ethanol. The washed solids were placed in a glass vial 

and dried in a vacuum oven at 40 °C for 12 h. 

A3.1.2. Analytical techniques 

SEM analyses were performed using a JEOL JSM-6010LA InTouchScope scanning electron 

microscope. Morphological micrographs were obtained using a secondary electron detector and 

an acceleration voltage of 5 kV. X-ray microanalyses were obtained by energy-dispersive X-ray 

(EDX) spectra acquired with an acceleration voltage of 20 kV. All samples underwent a gold-

coating preparation prior to the analysis. SEM micrographs and EDX spectra were processed using 

the InTouchScope software Version 1.12.  

Thermogravimetric analyses (TGA) were performed using a Mettler Toledo TGA/SDTA 851e under 

100 mL/min air flow from 30 to 700 °C with a heating rate of 5 °C/min. The data were processed 

using the STARe SW 14.00 software.  

Nitrogen adsorption/desorption isotherms were measured volumetrically in a Tristar II 3020 

Micromeritics instrument at 77 K. The samples were activated by thermal treatment at 603 K for 

72 h and degassed before the measurement at 433 K under N2 flow for 16 h. The pore volume 

values were obtained from the data at P/P0=0.95. 

X-ray powder diffractograms of the products were collected in Bragg-Brentano geometry using a 

Bruker-AXS D5005 equipped with a Co Kα source operating at 35 kV and 40 mA. Data collections 

were performed using a variable divergence slit and a step size of 0.02° in 2θ. Single-crystal XRD 

experiments on MIL-53 and NO2-MIL-53 were performed at the XRD1 beamline of the Elettra 

Synchrotron facility (CNR Trieste, Basovizza, Italy).6 Diffraction data were collected using a 

monochromatic 0.61 Å wavelength at 250 K (MIL-53) and 100 K (NO2-MIL-53), using a cold 

nitrogen stream produced with an Oxford Cryostream 700 (Oxford Cryosystems Ltd., Oxford, 

United Kingdom). Diffraction datasets have been processed using the Rigaku CrysAlisPro version 

1.171.38.43 software (Rigaku Corporation, Oxford, United Kingdom), which was also used for the 

reconstruction of the reciprocal space and precession images. 
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Figure A3.1. 1H NMR spectrum of synthesized 2-methoxyterephthalic acid. 

 

Figure A3.2. Thermogravimetric curve of the prepared sodium oxalate. 
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Table A3.2. Parameters for the synthesis of X-MIL-53 (X = CH3O, OH, Br, NO2). 

Product 
Modulator : 

Al ratio 
AlCl3 · 6H2O amount linker amount T (°C) Modulator amount 

CH3O-

MIL-53 

0.0 2 mmol (483 mg) 2 mmol (392 mg) 160 0 mmol (0 mg) 

0.5 2 mmol (483 mg) 2 mmol (392 mg) 160 1 mmol (126 mg) 

1.0 2 mmol (483 mg) 2 mmol (392 mg) 160 2 mmol (252 mg) 

1.5 2 mmol (483 mg) 2 mmol (392 mg) 160 3 mmol (378 mg) 

OH-

MIL-53 

0.0 2 mmol (483 mg) 2 mmol (364 mg) 170 0 mmol (0 mg) 

0.5 2 mmol (483 mg) 2 mmol (364 mg) 170 1 mmol (126 mg) 

1.0 2 mmol (483 mg) 2 mmol (364 mg) 170 2 mmol (252 mg) 

1.5 2 mmol (483 mg) 2 mmol (364 mg) 170 3 mmol (378 mg) 

Br-MIL-

53 

0.0 4 mmol (966 mg) 4 mmol (980 mg) 210 0 mmol (0 mg) 

0.5 4 mmol (966 mg) 4 mmol (980 mg) 210 2 mmol (252 mg) 

1.0 4 mmol (966 mg) 4 mmol (980 mg) 210 4 mmol (504 mg) 

1.5 4 mmol (966 mg) 4 mmol (980 mg) 210 6 mmol (756 mg) 

NO2-

MIL-53 

0.0 4 mmol (966 mg) 4 mmol (845 mg) 170 0 mmol (0 mg) 

0.5 4 mmol (966 mg) 4 mmol (845 mg) 170 2 mmol (252 mg) 

1.0 4 mmol (966 mg) 4 mmol (845 mg) 170 4 mmol (504 mg) 

1.5 4 mmol (966 mg) 4 mmol (845 mg) 170 6 mmol (756 mg) 

 

A3.2. SEM micrographs 

A3.2.1. MIL-53 

 
Figure A3.3. SEM micrographs of MIL-53 crystals obtained without synthesis modulator. 
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Figure A3.4. SEM micrographs of MIL-53 crystals obtained by using HCl as synthesis modulator. 

 
Figure A3.5. SEM micrographs of MIL-53 crystals obtained by using NH4F as synthesis modulator. 

 
Figure A3.6. SEM micrographs of MIL-53 crystals obtained by using HF as synthesis modulator. 
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Figure A3.7. SEM micrographs of MIL-53 crystals obtained by using Na2C2O4 as synthesis modulator. 

 
Figure A3.8. SEM micrographs of MIL-53 crystals obtained by using H2C2O4 as synthesis modulator. 

A3.2.2. X-MIL-53 (X = CH3O, OH, Br, NO2) 

 
Figure A3.9. SEM micrographs of CH3O-MIL-53 crystals obtained by unmodulated synthesis. 
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Figure A3.10. SEM micrographs of CH3O-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 0.5. 

 
Figure A3.11. SEM micrographs of CH3O-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 1.0. 

 
Figure A3.12. SEM micrographs of OH-MIL-53 crystals obtained by unmodulated synthesis. 
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Figure A3.13. SEM micrographs of OH-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 0.5. 

 
Figure A3.14. SEM micrographs of OH-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 1.0. 

 
Figure A3.15. SEM micrographs of OH-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 1.5. 
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Figure A3.16. SEM micrographs of Br-MIL-53 crystals obtained by unmodulated synthesis. 

 
Figure A3.17. SEM micrographs of Br-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 
0.5. 

 
Figure A3.18. SEM micrographs of Br-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 
1.0. 
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Figure A3.19. SEM micrographs of Br-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 1.5. 

 
Figure A3.20. SEM micrographs of NO2-MIL-53 crystals obtained by unmodulated synthesis. 

 
Figure A3.21. SEM micrographs of NO2-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 0.5. 
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Figure A3.22. SEM micrographs of NO2-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 1.0. 

 
Figure A3.23. SEM micrographs of NO2-MIL-53 crystals obtained by using an oxalic acid:Al ratio of 1.5. 

A3.2.3. CAU-10 

 
Figure A3.24. SEM micrographs of CAU-10 crystals obtained by unmodulated synthesis. 
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Figure A3.25. SEM micrographs of CAU-10 crystals obtained by using an oxalic acid:Al ratio of 0.5. 

 
Figure A3.26. SEM micrographs of CAU-10 crystals obtained by using an oxalic acid:Al ratio of 1.0. 

 
Figure A3.27. SEM micrographs of CAU-10 crystals obtained by using an oxalic acid:Al ratio of 1.5. 
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A3.2.4. MIL-69 

 
Figure A3.28. SEM micrographs of MIL-69 crystals obtained by unmodulated synthesis. 

 
Figure A3.29. SEM micrographs of MIL-69 crystals obtained by using an oxalic acid:Al ratio of 0.5. 

 
Figure A3.30. SEM micrographs of MIL-69 crystals obtained by using an oxalic acid:Al ratio of 1.0. 
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Figure A3.31. SEM micrographs of MIL-69 crystals obtained by using an oxalic acid:Al ratio of 1.5. 

A3.2.5. Al(OH)ndc 

 
Figure A3.32. SEM micrographs of Al(OH)ndc crystals obtained by unmodulated synthesis. 

 
Figure A3.33. SEM micrographs of Al(OH)ndc crystals obtained by using an oxalic acid:Al ratio of 0.5. 
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Figure A3.34. SEM micrographs of Al(OH)ndc crystals obtained by using an oxalic acid:Al ratio of 1.0. 

 
Figure A3.35. SEM micrographs of Al(OH)ndc crystals obtained by using an oxalic acid:Al ratio of 1.5. 

A3.2.6. EDX analysis 

 
Figure A3.36. EDX microanalysis of the product obtained by the HF-modulated synthesis of MIL-53. Above, 
from the left: SEM micrograph, aluminium map, and fluorine map. Below: spectra recorded over the areas 
marked in the upper pictures with white rectangles. 
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Table A3.3. Elementary quantification relative to the EDX spectra shown in Figure A3.36. 

 Element mass% Atom% Line 

Area 1 

C 47.45 58.1 K 

O 27.42 25.21 K 

F 15.27 11.82 K 

Al 8.81 4.8 K 

Au 1.06 0.08 M 

Total: 100 100  

Area 2 

C 56 65.4 K 

O 34.85 30.56 K 

F 1.64 1.21 K 

Al 5.13 2.67 K 

Au 2.38 0.17 M 

Total: 100 100  
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A3.3. Thermogravimetric analysis (TGA) 

A3.3.1. TGA curves of MIL-53 

 
Figure A3.37. TGA curves of the products of MIL-53 synthesis (unmodulated and with different modulators). 
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A3.3.2. TGA curves of X-MIL-53 (X = CH3O, OH, Br, NO2) 

 
Figure A3.38. TGA curves of CH3O-MIL-53 synthesized with different oxalic acid:Al ratios. 

 
Figure A3.39. TGA curves of OH-MIL-53 synthesized with different oxalic acid:Al ratios. 
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Figure A3.40. TGA curves of Br-MIL-53 synthesized with different oxalic acid:Al ratios. 

 
Figure A3.41. TGA curves of NO2-MIL-53 synthesized with different oxalic acid:Al ratios. 
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A3.3.3. TGA curves of CAU-10, MIL-69, Al(OH)ndc 

 
Figure A3.42. TGA curves of CAU-10 synthesized with different oxalic acid:Al ratios. 

 
Figure A3.43. TGA curves of MIL-69 synthesized with different oxalic acid:Al ratios. 
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Figure A3.44. TGA curves of Al(OH)ndc synthesized with different oxalic acid:Al ratios. 

A3.4. Powder X-ray diffraction 

 
Figure A3.45. PXRD diffractograms of the products of fluoride modulators compared with a 
simulated pattern from AlF(bdc) reported by Nanthamathee et al.7 The diffractogram of the 
product of non-modulated synthesis is shown for comparison. 
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Figure A3.46. PXRD diffractograms of CH3O-MIL-53 synthesized with different modulator:Al 
molar ratios. The peak shift from the “no modulator” and the “mod.:Al = 1.0” patterns is due to 
the different conformation of the framework, whose cavities have a more closed configuration 
in the latter case. The pattern of “mod.:Al = 0.5” shows the combined presence of both 
conformations. 

 
Figure A3.47. PXRD diffractograms of OH-MIL-53 synthesized with different modulator:Al molar 
ratios. 
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Figure A3.48. PXRD diffractograms of NO2-MIL-53 synthesized with different modulator:Al molar 
ratios. 

 
Figure A3.49. PXRD diffractograms of Br-MIL-53 synthesized with different modulator:Al molar 
ratios. 
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Figure A3.50. PXRD diffractograms of CAU-10 synthesized with different modulator:Al molar 
ratios. The bottom pattern was simulated from crystallographic data reported by Reinsch et al.3 

 
Figure A3.51. PXRD diffractograms of MIL-69 synthesized with different oxalic acid ratios. The 
bottom pattern was simulated from crystallographic data reported by Loiseau et al.4 
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Figure A3.52. PXRD diffractograms of Al(OH)ndc synthesized with different oxalic acid ratios. The 
bottom pattern was simulated from crystallographic data reported by Comotti et al.5 

A3.5. Single-crystal X-ray diffraction 

 
Figure A3.53. Precession images of a MIL-53 crystal synthesized using oxalic acid as synthesis modulator in a 
modulator-Al ratio of 1:1. The precession images’ reconstruction is based on the orientation matrix of the 
domain identified as “twin 1” based on the percentage of the indexed reflections with respect to the total 
number of harvested reflections. 
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Figure A3.54. Precession images of a MIL-53 crystal synthesized using HF as synthesis modulator in a 
modulator-Al ratio of 1:1. The precession images’ reconstruction is based on the same criteria described for 
the previous figure. 

 
Figure A3.55. Reciprocal space reconstruction (a) and precession images of NO2-MIL-53 synthesized using 
oxalic acid as synthesis modulator with modulator:Al ratio of 0.5:1. The crystal is affected by non-merohedral 
twinning by rotation of 179.9726° around 1.00 0.00 -0.08 vector in reciprocal space (1.00 0.00 -0.02 in direct 
space); the two domains are marked with a blue and an orange colour.  

The precession images’ reconstruction is based on the orientation matrix of the domain identified 

as “twin 1” based on the percentage of the indexed reflections with respect to the total number 

of harvested reflections. 

Diffuse scattering streaks due to correlated disorder are present in the (h 0 l) plane, distributed 

along the a*+c* direction for each domain. No structured diffuse scattering is observed in the (h 

k 0) and (0 k l) planes; the presence of satellite peaks is due to the contribution of the secondary 

domain. 

A3.6. Database searches 

To confirm the rarity of the MIL-53 linker’s bridging coordination mode for oxalate, two searches 

were conducted in the Cambridge Structural Database (CSD version 5.40, Updated May 2019). The 

search structural criteria are reported in the figure below.  
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Search 1 resulted in zero entries, and Search 2 in four entries with refcodes: QOBVOT, RAPBOZ, 

TAFPOG, TAFPOG01 (in Figure A3.56). In all these structures, oxalate anions perform stable five-

membered ring metal chelation with all four oxygens and no μ2-1,3 bridging coordination is 

present. 

 
Figure A3.56. CSD searches for two possible oxalate coordination modes. 
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The ease with which molecular building blocks can be ordered in metal–
organic frameworks is an invaluable asset for many potential applications. 
In this chapter, this inherent order is shown to result in materials that 
could be used as chromatic polarizers based on visible-light linear dichro-
ism via cobalt paddlewheel chromophores. 

Chapter 4
Pillared cobalt metal–organic 
frameworks act as chromatic 
polarizers

This chapter is based on the following publication: 
Adrian Gonzalez-Nelson, Chaitanya Joglekar, and Monique A. van der Veen, Pillared cobalt metal–
organic frameworks act as chromatic polarizers, Chemical Communications 57, 1022-1025 (2021)
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4.1. Introduction 

Linear dichroism can be defined as the anisotropic absorption of light by a material.1 This 

phenomenon is observed in materials that, due to their crystalline or partially ordered structure, 

show an overall alignment of the transition dipole moments or of nanostructured features on 

substrates.2–4 This results in different degrees of light absorption depending on the relative 

orientation of the polarization direction of light.2 For this reason, linear dichroic spectroscopy is 

often used to determine the structural orientation of molecules in matter.5–9 

In terms of application, the main interest for dichroic materials is their potential use in 

polarization-sensitive light detectors2,3,10 and optical components (e.g., polarizers, filters, and 

waveplates).11 The search for new dichroic materials is ongoing, arguably dominated by 2D 

inorganic materials,3,10–13 which offer the advantage of strong light–matter interactions.14,15 

However, this family of materials entails difficulties in processing and obtaining high-quality 

crystals.3 Among alternatives proposed to overcome these challenges are hybrid perovskites3,16 

and organic molecular crystals.17,18 While the dichroism of the former type relies on the strongly 

anisotropic crystal structure (i.e., stacked 2D layers),19 the latter focuses on engineering molecular 

interactions to achieve a precise alignment of chromophores within the crystal structure. So far, 

most materials that show intrinsic dichroism are monochromatic, that is, an increase or decrease 

of the intensity of a single absorption mode simply results in the apparent change of the color’s 

saturation. In contrast, photonic metamaterials, whose properties follow from their 

nanostructured surfaces,20 are capable of showing a dichromatic linear dichroism, where changing 

the polarization of incident light the material leads to two distinct material colors.21–24 This is a 

key advantage towards their application in polarimetry spectroscopy, security tags, and 

hyperspectral imaging, among others.21,23,25 

Interestingly, with regard to dichroic molecular crystals, the reticular chemistry concept behind 

metal–organic frameworks (MOFs) may offer a further degree of control over the orientation of 

molecules while simultaneously facilitating the use of well-known coordination complexes as 

chromophores. MOFs are based on highly directional coordination bonding between organic and 

inorganic building blocks. Thorough research in the past two decades has provided an immense 

library of node and linker geometries which can be rationally selected to achieve desired 

properties.26,27 Although the dichroic effect due to guest molecule alignment inside MOF pores 

has been reported,28 to the best of our knowledge inherent linear dichroism has surprisingly not 

been studied in this type of materials.  

This chapter constitutes an example of how well-defined MOF structures may be exploited to gain 

more control over the orientation of chromophores in crystal structures. In particular, a rare 

example of dichromatic dichroism is achieved as an intrinsic materials’ property, which provides 

the potential for easier large-scale processing when compared to metamaterials. By selecting the 

tetragonal dabco-MOF (DMOF) architecture, [M2(1,4-bdc)2(dabco)] (1,4-bdc = 1,4-benzene 

dicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane, and M = Cu2+,29 Zn2+,30 and Co2+,31,32 among 

others), where 2D sheets of divalent transition metal carboxylate paddlewheels are stacked via 

dabco ligands functioning as pillars (Figure 4.1), a complete anisotropic alignment of the metal 
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paddlewheels is attained. Co2+ was chosen as the metal center due to its attractive chromophoric 

properties, which have already been demonstrated in other MOFs.33,34  

 
Figure 4.1. Structure of 1. a, View along [001] direction, i.e., the pillaring axis. b, View along [100] direction. 
Unit cell dimensions are a = b = 10.963 Å and c = 9.469 Å. 

4.2. Results and discussion 

Large single crystals of [Co2(1,4-bdc)2(dabco)] (1) were obtained in the range of 500 μm long 

 50 μm wide by modifying a previously reported synthesis.31 As explained in Chapter 3, pH 

modulation is a known approach to improve the crystallinity of MOFs.35,36 During synthesis, 

protons in solution slow down the kinetics of ligand coordination reactions, thus decreasing 

nucleation and crystal growth rates. pH modulation was employed here by first mixing equimolar 

amounts of dabco and nitric acid, in order to obtain a monoprotonated dabco-H+ salt, which was 

then allowed to react with terephthalic acid and Co(NO3)2‧H2O in DMF (see Appendix section A4.1 

for experimental details). The powder XRD pattern of the product is shown in Figure A4.1, 

alongside the pattern computed from the reported crystallographic structure. 

 
Figure 4.2. Optical images of 1. a, Various relative orientations with respect to the polarization direction (red 
arrow) transmit different ranges of visible light. b, View of an isolated crystal of 1 whose long axis is 0°, 30°, 
60°, and 90° relative to the polarized light orientation (red arrows); scale bars are 200 μm. 
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When observed under polarized light, crystals of 1 transmit various colors (blue, purple, orange, 

yellow, see Figure 4.2) depending on their relative orientation to the polarization plane of light. 

The blue color corresponds to an orientation of the plane of polarization parallel (0°) to the long 

axis of the crystal, and the yellow color is observed when the crystals are perpendicular to the 

polarization plane (90°). Intermediate angles result in the combination of both colors. Compared 

to organic crystals, where dichroism simply manifests as a change in degree of transparence, this 

change between different colors, is an extraordinary case of dichroism. 

To understand the origins of this remarkable dichroism, it is essential to study the visible light 

absorption of the MOF. Using diffuse reflectance UV-visible absorption spectroscopy on powdered 

samples, absorption bands are identified at 450, 540, and 580 nm, as well as a broader band 

around 700 nm (Figure 4.3). These absorption bands correspond to electronic transitions that are 

not present in the uncoordinated organic linkers, which do not absorb visible light. Rather, they 

are related to d-d transitions of electrons in the Co-dimers.37,38 In fact, the absorption bands are 

very close to those reported for similar Co-paddlewheel MOFs,33,39–41 as well as for cobalt 

complexes with a comparable coordination environment.42–44 

 
Figure 4.3. UV-visible spectra of 1 as powder in diffuse reflectance mode (black) and in single-
crystal transmission mode with two relative polarization directions (0° shown in blue and 90° in 
orange). The shaded area corresponds to one standard deviation (see Appendix section A4.1 for 
details). 

The tetragonal crystal structure of the framework suggests that the distinct axis (i.e., c) 

corresponds to the long dimension of their square prism habit. This means that the long axis of 

each crystal corresponds to the [Co-DABCO-Co] direction.  

Polarization-dependent UV-visible absorbance spectroscopy on single crystals in transmission 

allows to understand how the different absorption bands are involved in the dichroic effect. 
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Although the transmittance of corresponding to the single-crystal spectra in Figure 4.3 seems low, 

it is important to remark that reflectance on the crystal surfaces may play a role in addition to 

absorbance, as the reference in the UV-Vis spectroscopy measurements entailed a cell without a 

crystal present. Nevertheless, the reflectance is expected to be similar in both polarization 

orientations, meaning that the relative change between the two single-crystal spectra is due to 

the dichroic effect. This spectrum shows that a clear change governing the transition from blue to 

yellow is the relative strength of the absorption bands (i.e., dips in transmittance) centered around 

580 and 700 nm. At 0°, this absorption is at its maximum, meaning that a larger fraction of yellow 

and red light is absorbed, causing the crystal to appear blue.45 At 90°, absorption of the 580 and 

700 nm bands is drastically decreased, implying that this wavelength’s transmittance through the 

crystal increases, which results in it dominating the optical appearance. An apparent inverse effect 

may be inferred from the 450 nm absorption band (corresponding to the absorption of blue light), 

but the limited signal-to-noise ratio of these experiments does not allow us to conclude this with 

certainty. Also note that the yellow color of the crystals under 90° implies significant absorption 

of blue light (the 450 nm band), in contrast to the blue crystals at 0° where blue light is the least 

absorbed. 

These observations can be rationalized by considering the framework’s crystal structure. Within 

the pillared structure, the cobalt dimers are aligned along the c-axis, which corresponds to the 

longest dimension of the crystal habit. Therefore, in combination with the UV-visible absorption 

evidence, it can be proposed that the transition dipole moment corresponding to the 580 nm 

centered transition, as well as the broad 700 nm transition, are located along this axis. The higher 

energy absorption around 450 nm remains present at 90° polarization angle, causing the crystal 

to appear yellow.46 This particular transition between two modes of visible light absorption is 

uncommon in dichroic materials, which are often monochromatic.17,18,28,47 

 

Figure 4.4. Diffuse reflectance UV-visible spectra of 1, 2, and 3. Barring the absorption at 375 nm 
for 2, the same absorption bands are observed for all frameworks, with slight shifts with respect 
to 1. 
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The dichromatic dichroic effect is retained upon functionalization of the BDC linkers with nitro and 

amino groups (compounds [Co2(1,4-bdc-NH2)2(dabco)] (2) and [Co2(1,4-bdc-NO2)2(dabco)] (3); 

synthesis and characterization in Appendix). Only slight shifts in the location of absorption bands 

are observed (Figure 4.4), as well as the appearance of a new absorption band in the case of the 

amino functionalization (at ca. 375 nm), assigned to an n–π* transition in previous work with the 

same linker.48 The visible light dichroic effect in these two MOFs is very similar to that of the 

unfunctionalized framework, with the largest difference between 0° and 90° polarization being 

the absorption at 580 and 700 nm, producing a change from blue to yellow appearance under the 

optical microscope, respectively (Figures A4.2 and A4.3). This is not unexpected, because the 

coordination geometry of the Co-paddlewheel chromophore likely remains unchanged, and the 

electronic effects of the benzene ring substituent only have an indirect impact on the energy levels 

of the d-d transitions responsible for the dichroic absorption of visible light. The linkers, however, 

do provide a handle for additional dichroism in the near UV-range. 

Since the observed dichroism is a result of d-d transitions from the cobalt coordination 

environment, the substitution of this metal should lead to a modification of the effect. A mixed-

metal version of the DMOF was synthesized using equal parts of Zn and Co (4; characterization in 

Figures A4.4 and A4.5). While the dichroic effect is still present, crystals of 4 contain regions where 

light is better transmitted regardless of the thickness (Figure 4.5), likely due to a larger content of 

the complete d subshell Zn2+ cations. Although these results offer only a qualitative insight into 

the modification of the dichroic properties of 1, this pillared structure provides an excellent 

playground to tune the dichroism to different combinations of colors. Potential pathways for such 

tunability would include the substitution of the metal cations (e.g., with Cu2+ or Mn2+), or of the 

pillaring linker with a different nitrogen donor ligand, which can be expected to modify the 

splitting of the visible-light transitions significantly. 

 
Figure 4.5. Polarized optical microscope images of a crystal of 4, showing similar dichroic 

behavior as 1. A region in the middle of the crystal clearly displays less visible light absorption 

both at parallel and perpendicular polarization orientations (a and b, respectively). Scale bars are 

300 μm. The pink crystals are an unidentified secondary product of the synthesis of 4, also 

accountable for additional diffraction peaks in the PXRD pattern (Figure A4.4). 
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4.3. Conclusions 

The ordered structure and specific orientation of building blocks are exceptional features with a 

tunable character in MOFs, which enable the development of new materials with desirable light-

matter interactions. In the case of Co-based DMOFs, an anisotropic family of pillared frameworks, 

an unprecedented visible-light dichroic behavior is found, with a transition from blue to yellow. 

So far, to the best of our knowledge, such properties have only been achieved by applying 

nanostructured metamaterials as chromatic plasmonic polarizers.25 MOFs may therefore be an 

attractive alternative to the complex nanopatterning processes currently needed for plasmonic 

polarizers.20 The results presented here are the first example of dichromatic dichroism being an 

intrinsic material property. This strategy can be used to produce versatile dichroic materials active 

in other ranges of the electromagnetic spectrum, provided that the linker (or linkers), the 

inorganic building units, and therefore the topology, are selected accordingly. 
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Appendix to Chapter 4 

A4.1. Experimental details 

Materials 

Preparation of protonated dabco-H+ salt: 22.4 g (0.2 mol) 1,4-diazabicyclo[2.2.2]octane (dabco) 

was dissolved in an aqueous solution of nitric acid (1 M, 200 mL) using magnetic stirring. The 

solution was allowed to evaporate at 80 °C overnight. 

Synthesis of 1: Cobalt(II) nitrate hexahydrate (436 mg, 1.5 mmol) and terephthalic acid (249 mg, 

1.5 mmol) were dissolved in N,N-dimethylformamide (DMF; 30 mL) together with 168 mg of 

dabco-H+ salt. To promote heterogeneous nucleation, a clean glass slide was added to the reaction 

vessel. The solution was sealed in a 45 mL Teflon-lined autoclave and placed in an oven at 110 °C 

for 48 h. The autoclave was allowed to cool down to room temperature, and the product was 

filtered and washed with 30 mL DMF. The solid product was then dried at room temperature 

under vacuum for 12 h. 

Synthesis of 2: Cobalt(II) nitrate hexahydrate (218.5 mg, 0.75 mmol) and 2-aminoterephthalic acid 

(135.8 mg, 0.75 mmol) were dissolved in DMF (30 mL) together with 84 mg of dabco-H+ salt. To 

promote heterogeneous nucleation, a clean glass slide was added to the reaction vessel. The 

solution was sealed in a 45 mL Teflon-lined autoclave and placed in an oven at 125 °C for 48 h. 

The autoclave was allowed to cool down to room temperature, and the product was filtered and 

washed with 30 mL DMF. The solid product was then dried at room temperature under vacuum 

for 12 h. 

Synthesis of 3: Cobalt(II) nitrate hexahydrate (218.5 mg, 0.75 mmol) and 2-nitroterephthalic acid 

(158.3 mg, 0.75 mmol) were dissolved in DMF (30 mL) together with 84 mg of protonated dabco-

H+salt. To promote heterogeneous nucleation, a clean glass slide was added to the reaction vessel. 

The solution was sealed in a 45 mL Teflon-lined autoclave and placed in an oven at 125 °C for 48 

h. The autoclave was allowed to cool down to room temperature, and the product was filtered 

and washed with 30 mL DMF. The solid product was then dried at room temperature under 

vacuum for 12 h. 

Synthesis of 4: Cobalt(II) nitrate hexahydrate (109.2 mg, 0.375 mmol), zinc(II) nitrate hexahydrate 

(111.5 mg, 0.375 mmol), dabco (67.3 mg, 0.6 mmol), and terephthalic acid (124.5 mg, 0.75 mmol) 

were dissolved in DMF (30 mL). To promote heterogeneous nucleation, a clean glass slide was 

added to the reaction vessel. The solution was sealed in a 45 mL Teflon-lined autoclave and placed 

in an oven at 110 °C for 48 h. The autoclave was allowed to cool down to room temperature, and 

the product was filtered and washed with 30 mL DMF. The solid product was then dried at room 

temperature under vacuum for 12 h. 

Measurements 

The powder XRD patterns were measured with a Brucker-AXS D5005 diffractometer, equipped 

with a Co-Kα source (λ=1.789 nm). The measurements were conducted with a step size of 0.02° 
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with a 2θ range of 5°-50°, and variable divergence slit. Polarized light microscopy images were 

taken using a Nikon Eclipse E600 POL microscope fitted with Nikon DS-Ri1 camera. A JEOL JSM-

6010LA scanning electron microscope was used to perform energy dispersive X-ray spectroscopy 

using the backscatter electron detector and 20 kV acceleration voltage. Samples were deposited 

on conductive adhesive carbon tape and sputtered with a layer of gold to avoid charging effects. 

Ultraviolet-Visible (UV-Vis) Spectroscopy: A Perkin-Elmer Lambda-900 spectrophotometer 

equipped with an integration sphere was used. For diffuse reflectance measurements, spectra 

were referenced to a blank reading of BaSO4. An acquisition time of 200 nm/min was used. Sample 

preparation included grinding and dilution with BaSO4. Single-crystal measurements were 

performed by mounting a large single crystal in a demountable quartz cuvette (Hellma 26 μL) using 

Fluorolube oil as a medium. The separation between front and back sides of the cuvette was 

maintained constant by placing a 100 µm spacer in between. A mask with a 200 µm diameter 

pinhole was placed on the front side of the cuvette, centered on the crystal to reduce the incident 

light area. Spectra were acquired with the polarizer set at 0° and 90° with respect to the long edge 

of the crystal. Blank measurements (i.e., the same cuvette, mask, and medium without the crystal) 

were subtracted from all single crystal measurements for both polarization angles. Acquisition 

times of 15 nm/min or 30 nm/min were used depending on the quality of the spectra. The data 

reported in Figures 4.3, A4.2 and A4.3 correspond to the average of five acquisitions, with the 

shaded area representing the confidence interval of one standard deviation. 

A4.2. Supporting Figures 

 
Figure A4.1. Powder XRD patterns of 1, 2, and 3, compared to the simulated pattern from the 
reported structure of 1 with CCDC Refcode: TORXEE. 
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Figure A4.2. (a) UV-visible spectra of 2 in single-crystal transmission mode with two relative 
polarization directions (0° shown in blue and 90° in orange). The shaded area corresponds to one 
standard deviation. (b and c) Optical microscope images of an isolated crystal of 2 whose long 
axis is parallel and perpendicular to the polarized light orientation (red arrows); scale bar 
represents 200 μm. 

 

Figure A4.3. (a) UV-visible spectra of 3 in single-crystal transmission mode with two relative 
polarization directions (0° shown in blue and 90° in orange). The shaded area corresponds to one 
standard deviation. (b and c) Optical microscope images of an isolated crystal of 3 whose long 
axis is parallel and perpendicular to the polarized light orientation (red arrows); scale bar 
represents 200 μm. 
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Figure A4.4. Powder XRD pattern of 4 compared to the experimental and simulated patterns of 
1. Synthesis of 4 produced a secondary product, whose diffraction pattern is slightly visible, seen 
also in Figure 4.5 (pink crystals). 

 

Figure A4.5. (a) SEM image of 4, showing the presence of both Co and Zn in two different points 
by energy dispersive X-ray spectroscopy (b). 
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Summary 

Metal–organic frameworks (MOFs) are ordered arrays of polytopic organic ligands, commonly 

called linkers, which interconnect metal-based inorganic building units via coordination bonds. 

The highly precise assembly of well-defined building blocks into extended 3-D networks, known 

as reticular chemistry, has allowed researchers in this field to produce tens of thousands of 

different frameworks. As an obvious consequence of their unprecedented porosity and tunability, 

these versatile materials are continuously studied with various potential applications in mind. An 

important portion of MOF research has been invested in the interaction between molecules and 

the framework, aiming for applications such as gas storage and separation, as well as catalysis, 

drug delivery, heat exchange, and water harvesting.  

MOFs are considered soft or flexible materials, a characteristic that includes structural dynamics 

or large amplitude deformations. This flexibility can usually be attributed to the framework’s 

topology and the degrees of freedom of some of its bonds. However, the linkers themselves may 

also have degrees of freedom allowing independent molecular dynamics, in particular in the form 

of rotation. This type of dynamics is particularly common in MOFs because their porous 

architectures often provide enough space for the rotation of a molecular fragment to occur. It is 

this type of dynamics that this thesis is centered on, starting from the fact that, although it is an 

intriguing phenomenon that occurs in MOFs, it has remained relatively unexplored. 

Nevertheless, the past four years have seen an increase in researchers’ interest in rotational 

dynamics in MOFs. This may be due to two main reasons: First, linker rotation influences MOF 

properties, not only when guest molecule interactions are involved, but also in optical and 

mechanical properties. Development of our knowledge on linker rotation is therefore essential 

for a more complete understanding of these materials’ properties and how they may be modified 

to enhance a specific trait. Second, the exploitation of linkers’ rotational freedom could potentially 

lead to important technological advances. The latter category includes various innovative ideas, 

such as the design of ferroelectric MOFs by means of controllable dipolar rotors, or the realization 

of crystalline molecular machines able to produce useful work.  

Chapter 1 is an introduction into rotational linker dynamics literature, which covers the different 

types of rotation that have been demonstrated, as well as an overview of the techniques used and 

the applications the research is aimed towards. Rotational linker dynamics in MOFs may be 

categorized into four types based on geometric and energetic considerations. From the amount 

of work that has been published on the topic, it is evident that rotational motions are 

commonplace in MOFs, with a rich diversity of mechanisms of rotation, as well as complex 

interplays between the rotor framework and guest molecules. The electronic configuration of the 

rotor and the steric environment inside the framework are the two main factors determining the 

torsional potential, and they are therefore key parameters in the design of rotor MOF systems. 

Rotational motions can have a drastic impact on their properties and on their performance in 

several applications. So far, research has primarily analyzed the properties that derive from 
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rotation, but growth is expected in the exploitation of rotation as a valuable design factor in 

functional nanomaterials. 

From the literature it appears that due to its specificity and relative ease of interpretation, 2H NMR 

is the most prominent experimental technique in the study of MOF linker rotation. It has been 

used successfully to determine rotation steps, rates, and barriers of numerous and often diverse 

MOFs. Other methods, such as 1H NMR spin-lattice relaxation, dielectric spectroscopy, and THz 

spectroscopy, are becoming more commonplace, but may need further development and/or 

combination with supporting techniques to avoid ambiguity. Molecular modeling techniques can 

also be used to provide information on the dynamic nature of the frameworks. 

In order to fully exploit linker rotation, it is necessary to engineer correlated linker dynamics to 

achieve their cooperative functional motion. Linkers in MOFs are separated from each other by 

tunable free space, and by modifying this space a large variety of dynamic behavior can emerge. 

In Chapter 2, I discuss the intricate effects that linker functionalization may have on the dynamic 

behavior in a family of MOFs that allows steric interactions between linkers. The work presented 

in this chapter involves the MIL-53 family, which has a conveniently small distance between its 

linkers. The functionalization of the rotating phenylene groups allows for the tuning of the rotors’ 

steric environment, shifting linker rotation from completely static to rapid motions at frequencies 

above 100 MHz, as measured by solid-state 2H NMR spectroscopy. When a bulkier nitro group is 

placed on the rotors, steric interactions start to inhibit their independent motion, and a more 

complex dynamic behavior emerges. By combining solid-state 2H NMR and broadband dielectric 

spectroscopies with DFT and ab initio molecular dynamics, correlated rotation between linkers 

was confirmed. These findings pave the way for function-specific engineering of gear-like 

cooperative motion in MOFs. 

Moving to a more general territory in the second part of the thesis, the following two chapters 

address the necessity for large single crystals in MOF research. Even more detailed understanding 

of a MOF structure, including its dynamics, could be obtained if large single MOF crystals are 

available. Several important characterization techniques then become applicable. Perhaps the 

most fundamental is single-crystal XRD, which enables us to obtain the average periodic structure 

of a framework with great resolution, as well as, in some cases, revealing more local structural 

details such as correlated defects or other types of domains. 

Chapter 3 presents a new synthesis modulation approach developed for large single crystal 

aluminum MOFs, which are notoriously difficult to obtain. Typical MOF synthesis modulation 

methods are based on the addition of a capping agent with the same coordination mode as the 

linker. In this way, modulator and linker ligands compete during MOF formation and growth, 

which reduces the rate of reaction and in some cases leads to increase in crystal size. However, 

the modulator’s compatibility ensures that certain amounts of missing linker defects are formed 

whenever the capping agent is not substituted by a linker. 

In contrast to this, the new oxalic acid-based method relies on a ligand that does not coordinate 

with the same geometry as the linker, bypassing the aforementioned pitfall. Oxalic acid forms 

stable chelates with Al3+ in solution, which decreases the nucleation and growth rates but does 

not affect the final product’s structure. A comparative study on this method and the already 
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established modulation by hydrofluoric acid was conducted using MIL-53 as test system. The 

validity of this approach was further confirmed for a diverse set of Al-MOFs, namely X-MIL-53 (X 

= OH, CH3O, Br, NO2), CAU-10, MIL-69, and Al(OH)ndc (ndc = 1,4-naphtalenedicarboxylate), 

highlighting the potential benefits of extending the use of this versatile modulator to other 

coordination materials. 

In Chapter 4, a different modulation approach, namely pH modulation, was used to obtain large 

single crystals of Co-based pillared MOFs. These were found to possess an intriguing and unusual 

optical property: dichromatic dichroism, where different portions of the visible light spectrum are 

absorbed depending on the relative orientation of the light’s polarization plane and the crystal. 

The pillared structure of these MOFs is such that all Co dimers, known as paddlewheel clusters, 

are oriented along the long axis of the crystal. Single-crystal UV-Vis absorption measurements 

showed that when the polarization direction is parallel to this axis, a strong absorption of yellow 

and red regions of the spectrum occurs, resulting in the transmission of mainly blue light. At 90°, 

said absorption disappears, and the absorption of blue light at 450 nm dominates, producing a 

yellow appearance. This dichromatic effect stands out from most conventional dichroic molecular 

materials, which usually rely on absorption of a single color, resulting in only a change in 

transparency upon changing the polarization of incident light. The results presented here are the 

first example of dichromatic dichroism being an intrinsic material property. This strategy can be 

used to produce versatile dichroic materials active in other ranges of the electromagnetic 

spectrum, provided that the linker (or linkers), the inorganic building units, and therefore the 

topology, are selected accordingly. 
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Samenvatting 

Metaal-organische roosters (Engels: metal–organic frameworks, MOFs) zijn geordende reeksen 

van polytopische organische liganden, gewoonlijk linkers genoemd, die op metaalionen 

gebaseerde anorganische bouwstenen verbinden via coördinatiebindingen. De zeer nauwkeurige 

aaneenschakeling van goed gedefinieerde bouwstenen tot uitgebreide 3D-netwerken, bekend als 

reticulaire chemie, heeft het voor onderzoekers in dit veld mogelijk gemaakt om tienduizenden 

verschillende roosters te produceren. Als vanzelfsprekend gevolg van hun ongekende porositeit 

en afstembaarheid, worden deze veelzijdige materialen voortdurend onderzocht met het oog op 

verschillende mogelijke toepassingen. Een belangrijk deel van MOF-onderzoek betreft de 

interactie tussen geadsorbeerde moleculen en het rooster, gericht op toepassingen zoals 

gasopslag en -scheiding, evenals katalyse, medicijnafgifte, warmtewisseling en wateroogsten in 

droge gebieden.  

MOFs worden beschouwd als zachte of flexibele materialen, een kenmerk dat structurele 

dynamica of vervormingen met grote amplitudes omvat. Deze flexibiliteit kan meestal worden 

toegeschreven aan de topologie van het rooster en de vrijheidsgraden van sommige van zijn 

bindingen. De linkers zelf kunnen echter ook vrijheidsgraden hebben die onafhankelijke 

moleculaire dynamica mogelijk maken, in het bijzonder in de vorm van rotatie. Dit type dynamica 

komt vaak voor in MOFs omdat hun poreuze architecturen vaak voldoende ruimte bieden om 

rotatie van een moleculair fragment te laten plaatsvinden. Het is dit soort dynamiek waar dit 

proefschrift zich op richt, uitgaande van het feit dat, hoewel het een intrigerend, vaak 

voorkomend fenomeen is in MOFs, het relatief onontgonnen is gebleven. 

Desalniettemin is de afgelopen vier jaar de belangstelling van onderzoekers voor rotatiedynamica 

in MOFs toegenomen. Dit kan toegeschreven worden aan twee hoofdredenen: ten eerste worden 

de eigenschappen van MOFs beïnvloed door linker-rotatie, niet alleen als er interacties met 

gastmoleculen bij betrokken zijn, maar ook wat betreft optische en mechanische eigenschappen. 

Ontwikkeling van onze kennis over de rotatie van linkers is daarom essentieel voor een vollediger 

begrip van de eigenschappen van deze materialen en hoe ze kunnen worden aangepast om een 

specifiek kenmerk te versterken. Ten tweede zou de exploitatie van de rotatievrijheid van linkers 

mogelijk kunnen leiden tot belangrijke technologische vooruitgang. Dit laatste omvat 

verschillende innovatieve ideeën, zoals het ontwerp van ferro-elektrische MOFs met aanstuurbare 

dipolaire rotoren, of de realisatie van kristallijne moleculaire machines die nuttige arbeid kunnen 

leveren.  

Hoofdstuk 1 is een inleiding tot de literatuur over de rotatiedynamica van linkers, waarin de 

verschillende soorten rotatie die zijn aangetoond worden behandeld, met daarnaast een overzicht 

van de gebruikte technieken en de toepassingen waar het onderzoek op is gericht. De dynamica 

van roterende linkers in MOFs kan worden onderverdeeld in vier types op basis van geometrische 

en energetische beschouwingen. Uit de hoeveelheid werk die over dit onderwerp is gepubliceerd, 

is het duidelijk dat rotatiebewegingen normaal zijn in MOFs, met een rijke diversiteit aan 

rotatiemechanismen, evenals complexe wisselwerkingen tussen het rotorraamwerk en 
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gastmoleculen. De elektronische configuratie van de rotor en de sterische omgeving binnen het 

raamwerk zijn de twee belangrijkste factoren die de torsiepotentiaal bepalen, en ze zijn daarom 

belangrijke parameters bij het ontwerp van rotor-MOF-systemen. Rotatiebewegingen kunnen een 

drastische impact hebben op hun eigenschappen en op hun prestaties in verschillende 

toepassingen. Tot nu toe heeft onderzoek voornamelijk de eigenschappen geanalyseerd die 

voortvloeien uit rotatie, maar verwacht wordt dat de benutting van rotatie als een waardevolle 

ontwerpfactor van functionele nanomaterialen zal groeien.  

Uit de literatuur blijkt dat vaste-stof 2H-NMR de meest prominente experimentele techniek is in 

de studie van linker-rotatie, vanwege zijn specificiteit en relatief gemakkelijke interpretatie. Het 

is met succes gebruikt om rotatiestappen, -snelheden en -barrières van talrijke en vaak 

uiteenlopende MOFs te bepalen. Andere methoden, zoals 1H-NMR spin-roosterrelaxatie, 

diëlektrische spectroscopie en THz-spectroscopie, worden steeds gebruikelijker, maar moeten 

wellicht verder worden ontwikkeld en/of gecombineerd worden met ondersteunende technieken 

om meerduidigheid te voorkomen. Moleculaire modelleringstechnieken kunnen ook gebruikt 

worden om informatie te verschaffen over de dynamische aard van de roosters.  

Om de rotatie van de linker volledig te benutten moet gecorreleerde linkerdynamica ontwikkeld 

worden om hun coöperatieve functionele beweging te realiseren. Linkers in MOFs worden van 

elkaar gescheiden door afstembare vrije ruimte, en door deze ruimte aan te passen kan een grote 

verscheidenheid aan dynamisch gedrag ontstaan. In Hoofdstuk 2 bespreek ik de ingewikkelde 

effecten van linkerfunctionalisatie op hun dynamisch gedrag in een familie van MOFs die sterische 

interacties tussen linkers mogelijk maakt. Het werk dat in dit hoofdstuk wordt gepresenteerd 

betreft de MIL-53-familie, die een gunstige kleine afstand tussen zijn linkers heeft. De 

functionalisering van de roterende fenyleengroepen maakt het mogelijk om de sterische 

omgeving van de rotors te variëren, waardoor de linker-rotatie verschuift van volledig statisch 

naar snelle bewegingen met frequenties boven 100 MHz, zoals gemeten door middel van vaste-

stof 2H-NMR-spectroscopie. Als een grotere nitrogroep op de rotoren wordt geplaatst beginnen 

sterische interacties hun onafhankelijke beweging te onderdrukken en ontstaat er een complexer 

dynamisch gedrag. Door vaste-stof 2H-NMR en breedband diëlektrische spectroscopie te 

combineren met DFT en ab initio moleculaire dynamica, werd gecorreleerde rotatie tussen linkers 

bevestigd. Deze bevindingen banen de weg voor functiespecifieke ontwikkeling van 

tandwielachtige coöperatieve beweging in MOFs.  

Doorgaand naar een meer algemeen territorium in het tweede deel van het proefschrift, 

behandelen de volgende twee hoofdstukken de noodzaak van grote éénkristallen in MOF-

onderzoek. Een nog gedetailleerder begrip van een MOF-structuur, inclusief de dynamiek ervan, 

zou kunnen worden verkregen als er grote MOF-éénkristallen beschikbaar zijn. Verschillende 

belangrijke karakteriseringstechnieken worden dan toepasbaar. Misschien wel de meest 

fundamentele is éénkristal XRD, waarmee we in hoge resolutie de gemiddelde periodieke 

structuur van een raamwerk  kunnen verkrijgen, en in sommige gevallen zelfs meer lokale 

structurele details kunnen onthullen, zoals gecorreleerde defecten of andere soorten domeinen.  

Hoofdstuk 3 presenteert een nieuwe synthesemodulatiebenadering die is ontwikkeld voor grote 

éénkristallen van aluminium MOFs, die notoir moeilijk te verkrijgen zijn. Typische MOF-
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synthesemodulatiemethoden zijn gebaseerd op de toevoeging van een molecuul (modulator) dat 

dezelfde coördinerende groep als de linker bezit, maar slechts één hiervan (bekend als capping 

agent). Op deze manier concurreren modulator- en linkerliganden tijdens MOF-vorming en groei, 

wat de reactiesnelheid vermindert en in sommige gevallen leidt tot een toename van de 

kristalgrootte. De compatibiliteit van de modulator zorgt er echter voor dat bepaalde 

hoeveelheden ontbrekende-linkerdefecten worden gevormd wanneer de modulator niet wordt 

vervangen door een linker.  

In tegenstelling hiermee is onze nieuwe methode gebaseerd op een ligand (oxaalzuur) dat niet 

met dezelfde geometrie coördineert als de linker, waardoor de bovengenoemde valkuil wordt 

omzeild. Oxaalzuur vormt stabiele chelaten met Al3+ in oplossing, wat de kiemvorming en 

groeisnelheid verlaagt, maar geen invloed heeft op de structuur van het eindproduct. Een 

vergelijkende studie van deze methode en de reeds gevestigde modulatie door fluorwaterstof 

werd uitgevoerd met MIL-53 als testsysteem. De validiteit van deze benadering werd verder 

bevestigd voor een reeks uiteenlopende Al-MOFs, namelijk X-MIL-53 (X = OH, CH3O, Br, NO2), CAU-

10, MIL-69 en Al(OH)ndc (ndc = 1,4-naftaleendicarboxylaat), wat de potentiële voordelen 

benadrukt van het gebruik van deze veelzijdige modulator voor andere coördinatiematerialen. 

In Hoofdstuk 4 werd een andere modulatiebenadering gebruikt, namelijk pH modulatie, om grote 

éénkristallen van Co-gebaseerde ‘pilaar’-MOFs te verkrijgen. Deze bleken een intrigerende en 

ongebruikelijke optische eigenschap te bezitten: dichromatisch dichroïsme, waarbij verschillende 

delen van het zichtbare lichtspectrum worden geabsorbeerd afhankelijk van de oriëntatie van het 

polarisatievlak van het licht ten opzichte van het kristal. De pilarenstructuur van deze MOFs is 

zodanig dat alle Co-dimeren georiënteerd zijn langs de lange as van het kristal. Monokristallijne 

UV-Vis absorptiemetingen toonden aan dat wanneer de polarisatierichting parallel is aan deze as, 

er een sterke absorptie van gele en rode gebieden van het spectrum optreedt, wat resulteert in 

de transmissie van voornamelijk blauw licht. Bij 90° verdwijnt deze absorptie en domineert de 

absorptie van blauw licht bij 450 nm, waardoor een geel uiterlijk ontstaat. Dit dichromatische 

effect onderscheidt zich van de meeste conventionele dichroïsche moleculaire materialen, die 

meestal afhankelijk zijn van absorptie van een enkele kleur, wat alleen resulteert in een 

verandering in transparantie bij verandering van de polarisatie van invallend licht. De hier 

gepresenteerde resultaten zijn het eerste voorbeeld van dichromatisch dichroïsme als intrinsieke 

materiaaleigenschap. Deze strategie kan worden gebruikt om veelzijdige dichroïsche materialen 

te produceren die actief zijn in verschillende gebieden van het elektromagnetische spectrum, op 

voorwaarde dat overeenkomstige anorganische bouweenheden, de linker (of linkers), en daarmee 

de topologie worden geselecteerd. 
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Outlook 

Even though rotational dynamics are fairly prevalent in MOFs, their impact is often understated 

or entirely overlooked. Other emerging families of related microporous materials, like porous 

organic frameworks (POFs) and porous organic cages are expected to exhibit similar behavior. So 

far, research has primarily analyzed the properties that derive from rotation, but we should expect 

to see progress in the exploitation of rotation as a valuable design factor in functional 

nanomaterials. In particular, more explicit cases of modulation of gas adsorption based on tunable 

rotational dynamics can be forecast, as the interplay between these two phenomena is becoming 

better understood.  

In addition, the exploitation of the rotation-related conformational degrees of freedom of linkers 

is a goal in the mind of many research groups. An interesting example of this is the control of pore 

accessibility by external stimuli-responsive linker rotation. In the case of electric field stimulus to 

a dipolar linker, the result could be electrically controllable gates for gas diffusion, aiming for 

externally switchable gas separation or storage. Another milestone in the electric field control of 

rotor linker orientation are ferroelectric MOFs, where stable, ordered, and reversible dipole 

orientations are needed in order to achieve a macroscopic polarization of the crystal. Other types 

of materials have demonstrated a similar effect based on rotating units within the crystalline 

structure, although to date there is no definitive proof of this type of ferroelectric mechanism in 

MOFs.1–3 

For MOFs to be successfully developed as artificial nanomachine systems4,5 that can produce 

useful work based on their linker dynamics, coherent motion of these units needs to be attained.6,7 

One recent demonstration of ordered linker motion is the light-driven unidirectional rotation of 

side groups.8 Although using molecular rotors as linkers in MOFs already solves the need for well-

defined spatial arrangement, and in fact bypasses the challenges of crystallization in conventional 

molecular crystals, the proper structure needs to be selected in order to achieve any meaningful 

inter-rotor communication.5 An additional factor that has been highlighted recently in the context 

of rotor-enhanced diffusion through a pore is the relation between the pore and the rotor’s sizes.9 

The work presented in Chapter 2 is particularly exciting in this context, because it suggests that 

simple steric interactions between linkers may be a means of introducing complex cooperative 

rotation in an otherwise simple framework. At a first glance, this might be as simple as finding an 

appropriate ratio between rotor diameter and rotor spacing.  

Regardless of the great versatility available in MOF design, the field still faces many challenges 

related to developing or adapting the appropriate experimental techniques in the study and 

applications of linker rotation. An important but not often discussed limitation is crystal size. The 

approach to growth modulation presented in Chapter 3 differs fundamentally from the more 

conventional method used in MOFs, namely capping agent modulation. Capping agents have only 

been shown to increase crystal sizes moderately, and are often accompanied by the introduction 

of missing linker defects. The chelating approach manages to avoid defect formation because the 
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agent’s coordination mode is not compatible with those found in most frameworks. This method 

should be further developed for frameworks with other topologies and metal ions. In most cases 

appropriate chelating agents (i.e., stable complex but not compatible with framework 

incorporation) are likely already known, and most of the work would need to be focused into the 

optimization of reaction conditions. 

The dichroic properties of the Co-DMOF presented in Chapter 4 are an intriguing addition to the 

field of dichroic materials, especially when comparing the visible light ranges involved (i.e., 

transmission of blue or yellow light, meaning this is a dichromatic property). Organic dichroic 

crystals seem to only present a single color variation, and the only dichromatic dichroic materials 

currently known are based on nanosurface patterning (i.e., metamaterials). MOF dichroism could 

potentially lead to improved properties, especially considering the further opportunities for 

tuning the property, which may also be beneficial in the fabrication of color filters and optical data 

storage devices.10,11 For example, the use of a chromophoric linker would add another range of 

light absorption, as well as the inclusion of dyes inside the pores, as long as the constrained pore 

space ensures anisotropic alignment of the guest molecules. 
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