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Abstract. Large structural flexibility in some metal-organic frameworks (MOF) is not only 

fascinating from a fundamental point of view but offers exciting opportunities in the areas of 

gas sensing, gas separation and mechanocalorics. After intense interest of the MOF and 

materials community in these fascinating materials, scientists are starting to understand the 

details and principles that govern the thermodynamics of them from theoretical models, 

however experimental confirmation of possible models is still outstanding. Here we use 

temperature dependent inelastic neutron scattering to track the changes of lattice dynamics 

across the closed-pore to open-pore phase transition in ZIF-4(Zn). Our experiments are 

complemented by lattice dynamic calculations, allowing us to discover the important structural 

features that govern the free energy landscape in ZIF-4(Zn). We find that rigid unit modes 

dominate the low energy lattice dynamics, suggesting the inclusion of RUMs in the search for 

guiding principles for the synthesis of SPCs.    

Introduction 

Metal-organic frameworks (MOFs) are a fascinating class of materials,1,2 combining the nearly 

unlimited parameter space of organic chemistry with the large library of inorganic metal nodes. 

The modular building principle of MOFs as embodied in the reticular chemistry approach allows 

for designing open pore frameworks with distinct structures and chemical functionalities,3 

making MOFs attractive for researchers from various areas across materials sciences. A 

subclass of MOFs, oftentimes referred to as soft porous crystals (SPCs) as termed by 

Kitagawa and co-workers,4–9 exhibit structural flexibility with large volume changes when 

triggered by an external stimulus10 such as temperature,11 pressure,12 light13 or gas and guest 

adsorption.14 Structural flexibility in SPCs is not only fascinating from a fundamental point of 

view but also offers striking opportunities in the areas of gas separation15,16 and sensing,17 

mechanocalorics18 and their application as mechanical dampers and shock absorbers.19 

Prototypical examples of SPCs that exhibit a wine-rack type structure motif are MIL-53 (MIL = 

Matériaux de l'Institut Lavoisier; M(OH)(bdc); M3+ = Al3+, Fe3+, Cr3+ etc., bdc2- = 1,4-

benzenedicarboxylate),20–22 DUT-8 (DUT = Dresden University of Technology, M2+ = Ni2+, Zn2+, 

Co2+, M2(2,6-ndc)2dabco, ndc2-= 2,6-naphtalenedicarboxylate, dabco = 1,4-

diazabicyclo[2.2.2]octane)23,24 and the material class of pillared-layered MOFs with the general 

formula M2(fu-bdc)2(dabco) (fuMOFs, M = Cu2+ or Zn2+, fu-bdc2- = 2,5-difunctionalized-1,4-

benzendicarboxylate)25,26 which exhibit structural flexibility as response to gas sorption, 



temperature variation and/or hydrostatic pressure.19,27 The topologically related material 

[Zn2(4,4′-biphenyldicarboxylate)2(4,4′-bis(4-pyridyl)biphenyl)] combines many different 

aspects of structural flexibility in one single material,28 e.g. a breathing motion, structural 

isomerism and a shape memory effect. Other intriguing SPCs are Co(bdp) and Fe(bdp) (bdp2- 

= 1,4-benzendipyrazolate),29 in which a high CH4-storage capacity is combined with an 

effective internal heat management through lattice expansion/contraction work upon CH4 

adsorption/desorption. Arguably the most complex example with respect to structural 

deformation and thermodynamic parameters presently is DUT-49,30 showing a very unusual 

structural evolution as function of CH4 or C4H10 pressure. 

 Over the past decade, there has been an intense interest in developing a thorough 

understanding of SPCs, with the goal being the formulation of design guidelines for the 

targeted synthesis of SPCs. Topological,31 symmetry-related32 and thermodynamic 

aspects33,34 have been identified as key factors for stimulus responsive behaviour to occur, 

leading to numerous chemical and structural requirements that must be met at the same time. 

The largest progress in this context has undoubtedly come from theory, where various 

computational methods have been applied to predict and study flexibility and thermodynamic 

parameters within SPCs, constantly challenging available methods and computational 

expenses.10,18,35–37 When temperature is used as a trigger for structural flexibility in SPCs, the 

thermodynamic balance is typically simplified to a balance between dispersion interactions and 

vibrational entropy, i.e. ΔG = ΔHDispersion - TΔSVibrational,36,38,39 having in mind that contributions 

from configurational entropy can arise in certain materials.26 Despite the simplification in this 

particular scenario, the study and the manipulation of this balance still challenges both 

experimentalists and computational scientists with currently only qualitative guidelines 

existing.39 Several groups have investigated the free energy landscape of SPCs 

computationally, all confirming the crucial role of vibrational entropy and dispersion 

interactions. For instance, early on Walker et al. has noted the importance of dispersion 

interactions in the flexibility of MIL-53(Al).34 Likewise, E. Cockayne has recently applied the 

quasi-harmonic approximation for explicitly studying the Helmholtz and Gibbs free energy as 

a function of temperature of MIL-53(Cr).33 In accordance with related studies and recently 



reported results,34,36 the treatment of Van-der-Walls interactions was again emphasized. 

Therefore, theory has shown to be highly successful in investigating the balance between 

ΔSVibrational and ΔHDispersion,36,40 providing insight into this delicate balance that must be met for 

structural flexibility to occur. Focusing on the origin of vibrational entropy in more detail is 

important in the synthesis of new SPCs; the presence of low energy lattice modes that can be 

populated at elevated temperature have shown to be of utmost importance.41–43 In turn, it is 

clear that the explicit study of lattice dynamics - experimentally and computationally - can 

provide invaluable understanding into the thermodynamics and how to experimentally 

manipulate the underlying thermodynamics in SPCs. Despite the abundance of theoretical 

models, there is a surprising is the current lack of experimental insight into the lattice dynamics 

of SPCs. When combined with theory, experimental studies can provide an additional 

perspective and understanding into the free energy landscape of SPCs. 

 Here we use temperature dependent inelastic neutron scattering (INS) to experimentally 

study the change of low energy lattice dynamics in the flexible SPC ZIF-4(Zn) as a function of 

temperature for the first time. We use our experimental results as a benchmark for ab initio 

lattice dynamic calculations within the quasi-harmonic approximation, explicitly studying the 

impact of vibrational entropy as a function of temperature. Recently, Tan et al. applied inelastic 

neutron scattering and terahertz spectroscopy at low temperatures to MOFs,44,45 showing that 

INS is a valuable tool that allows for accessing lattice dynamics and shear deformations in a 

series of imidazolate frameworks. We expand on their work, experimentally following the 

changes of lattice dynamics as a function of temperature and shedding light on the 

thermodynamic origin of temperature-driven flexibility in ZIF-4(Zn) (zeolitic imidazolate 

framework, Zn(im)2 with im- = imidazolate) across the temperature-driven phase transition.46,47 

ZIF-4(Zn) is a thermo,48 pressure49 and guest-responsive SPC with a volume change of up to 

Figure 1. Schematic of the low temperature structure of ZIF-4(Zn)-cp and the high 
temperature structure ZIF-4(Zn)-op, looking down the b-axis in both phases. The volume 
contraction of approximately 24 % that comes with the phase transition is related to a rotation 
of the imidazolate linkers. Four of such rotations are highlighted by green stars (color code: 
dark blue: nitrogen, light blue: carbon and grey tetrahedrons: ZnN4 units). 



24 %48 when going from the low-temperature/high-pressure closed-pore phase (ZIF-4(Zn)-cp) 

to the high-temperature/low-pressure open-pore phase (ZIF-4(Zn)-op), see Figure 1 for an 

illustration of the structures. Importantly, the phase transition occurs at approximately T = 140 

K, making the phase transition accessible by INS.50,51 In fact, the relatively larger number of 

hydrogen atoms and nature of the closed-pore to open-pore phase transition in ZIF-4(Zn), 

which is related to a rotation of imidazolate linkers makes this type of phase transition ideal for 

such a study. We identify vibrational entropy as an important factor that drives the ZIF-4(Zn)-

cp to ZIF-4(Zn)-op phase transition at elevated temperatures, discovering a pronounced effect 

of collective low energy lattice modes that are best described as rigid unit modes (RUMs). This 

understanding of the microscopic details of the thermodynamics of the phase transition allows 

us to propose potential future approaches for developing design principles of SPCs.  

Results and discussion 

ZIF-4(Zn) powder was synthesised following a standard procedure from the literature, see Ref. 

47,48 and supporting information (SI) for details. Prior to the INS experiments, ZIF-4(Zn) was 

thoroughly activated by solvent exchange and subsequent solvent removal at 423 K under 

dynamic vacuum. Powder X-ray diffraction was used to confirm phase purity and complete 

activation of ZIF-4(Zn) prior to INS measurements, see SI for details. For INS experiments, 

approximately 2.5 g of activated ZIF-4(Zn) were filled into an Al can and sealed under Ar 

atmosphere. INS experiments as a function of temperature between 10 K and 180 K of ZIF-

4(Zn) were recorded at the inverted-geometry neutron spectrometer TOSCA located at the 

ISIS Pulsed Neutron & Muon Source, Rutherford Appleton laboratory (see SI for details). Ab 

initio DFT based lattice dynamic calculations have been performed within the quasi-harmonic 

approximation using the VASP code and the PHONOPY package,52 see SI for details. We 

would like to emphasize that the quasi-harmonic approximation only includes lattice expansion 

as additional parameter and does not explicitly account for anharmonic contributions. Both, 

ZIF-4(Zn)-cp and ZIF-4(Zn)-op have been considered in the calculations and the temperature 

dependent INS spectra were simulated using the ABINS package as integrated in the lasted 

version of the Mantid program.53,54  

 

 



The experimental and simulated INS spectra for the low temperature ZIF-4(Zn)-cp and high 

temperature ZIF-4(Zn)-op phases are shown in Figure 2a – c. The measured spectrum at T 

= 10 K is in good agreement with the simulated INS spectrum of ZIF-4(Zn)-cp, see Figure 2c, 

and with previous measurements from Tan et al., see SI for details. In our case, we observe 

an excellent agreement between theory and experiment for modes with frequencies higher 500 

cm-1. For the low energy region, the agreement is qualitative with largest difference being the 

shoulder at around 80 cm-1 in our simulations of ZIF-4(Zn)-cp (Figure 2c), which in the 

experiment seems to be shifted to slightly higher frequencies 80 - 90 cm-1 (Figure 2b, light blue 

curve). In the simulated spectrum of ZIF-4(Zn)-op, this mode gains in intensity (Figure 2a). 

The experiment similarly shows changes of intensities in the frequency region 80 - 100 cm-1 

but not as pronounced as in the simulations. It should be noted that a full quantitative 

agreement between INS and lattice dynamic calculations still challenges todays computational 

methodologies, with only a few examples known where quantitative agreement between 

experiment and theory has been obtained.42,44,50 Looking at the low frequency region with 

frequencies < 50 cm-1 subtle but significant differences are observed as a function of 

temperature (Figure 2b, grey region), which are reproduced in the simulated INS spectrum of 

ZIF-4(Zn)-op. It has previously been shown, that such small differences are within the 

resolution of INS, particularly at these low energies where typically peak broadening coming 

Figure 2. Experimental and simulated inelastic neutron spectra of ZIF-4(Zn)-cp and ZIF-
4(Zn)-cp. The simulated INS spectra of ZIF-4(Zn)-op is shown in (a), and that of ZIF-4(Zn)-
cp in (c). The experimental INS spectra are shown in panel (b). A Boltzmann correction 
factor, exp(-E/kbT), has been applied to all experimental INS spectra. 



from phonon dispersion limits higher resolutions.55 These low energy features, sometimes 

referred to as external modes, correspond to collective phonon modes which are a fingerprint 

of the lattice dynamics of the respective thermodynamic state of ZIF-4(Zn) and therefore 

confirm the change of lattice dynamics when going from ZIF-4(Zn)-cp to ZIF-4(Zn)-op as a 

function of temperature. The general signatures of the high energy regime ( ω > 500 cm-1), 

which relate to internal molecular vibrations remain mainly unchanged, confirming that the 

phase transition is related to a linker rotation rather than a linker deformation.48 Only peak-

broadening is observed due to increasing contributions from the Debye-Waller factor in 

S(Q,ω).51 Our general qualitative agreement means, however, that we can conclude that the 

applied lattice dynamic calculations are reproducing the experimental spectra, giving us 

confidence in the general applicability of the quasi-harmonic approximation for ZIF-4(Zn).   

In order to investigate the impact of lattice dynamics on the free energy landscape and in 

turn on the structural response of ZIF-4(Zn), the temperature dependent entropy and Gibbs 

energy of the phases as function of temperature were calculated according to (1): 

���, �� �  	
������ � �����, �� � ���, (1) 

with G the Gibbs free energy equal to the minimised value of the sum in brackets with respect 

to the volume V; U is the enthalpy, Fph is the Helmholtz free energy as obtained in the harmonic 

approximation and pV is the pressure volume contribution. The obtained Gibbs free energy 

difference, ∆G(T) = GCP(T) -GOP(T), is shown in Figure 3, plotted as a function of temperature. 

At T = 485 K, ∆G(T) becomes negative, making the ZIF-4(Zn)-op phase the thermodynamic 

stable modification. The change is driven by the large gain of vibrational entropy of the ZIF-

Figure 3. Calculated Gibbs free enthalpy, ∆G(T) = GOP-GCP (black), and entropies SOP (red) 
and SCP (blue) as a function of temperature for ZIF-4-cp and ZIF-4-op. The phase transition 
is driven by the larger entropy of the op phase and hence by the term T∆S. The simulated 
phase transition temperature is Tcp-op = 485 K. 



4(Zn)-op modification, T∆S(T) = T(SOP(T) -SCP(T)), which outweighs differences of ∆H at high 

temperatures (see coloured curves in Figure 3). 

The difference between the experimentally observed (T = 140 K) and calculated (T = 485 

K) transition temperatures again emphasises the subtle balance of entropy and dispersion that 

governs flexibility, and, at the same time underlines the accuracy that is required to 

computationally reproduce experimental observations. Importantly, it has been previously 

shown that in the absence of dispersion correction terms, standard density functional theory 

(DFT) fails entirely to reproduce the closed pore phase of ZIF-4.40 The dispersion forces are 

included in our simulations using the empirical D3 function;56 however, it seems that the 

empirical D3 correction overcompensates in the current system, over-stabilising the ZIF-4(Zn)-

cp phase and increasing the calculated transition temperature. Recent developments such as 

random phase approximation calculations of dispersion show great promise for obtaining 

accurate ab initio dispersion terms to correct DFT.36 Importantly, the same study found a 

pronounced effect of the treatment of dispersion applied on the transition temperature of 

flexible MIL-53 systems, with different approaches shifting the transition by more than 450 K. 

However, we like to emphasize that the goal of the study was not to establish or to benchmark 

computation, instead to understand the origin of large vibrational entropy and changes of lattice 

dynamics across the ZIF-4(Zn)-cp to ZIF-4(Zn)-op phase transition as a function of 

temperature which is discussed in the next paragraph. It is also important to mention, that the 

high-temperature phase in the unit cell contains two modes that are imaginary at k = [0, 1/2, 

0]. Within the symmetry constraints of the open pore phase the geometry optimisation does 

not follow these modes; however a super cell would allow following the modes along this 

instability. In the treatment of the thermodynamics, the imaginary modes are not included in 

the calculation of vibrational entropy, meaning that the Svib of the high-temperature phase is 

slightly underestimated. This underestimation is relatively small when only a few modes are 

involved, as we have previously shown for a hybrid perovskite system.[REFERENCE] A 

sensitivity analysis is given in the SI, showing that including the imaginary modes reduces the 

transition temperature to 415 K. 



 

To understand the origin of vibrational entropy differences between the phases of ZIF-4(Zn) 

more quantitatively, one must turn towards the explicit analysis of lattice modes.57 As we and 

others have shown previously,41,58 modes with frequencies up to ~333 cm-1 (approx. 10 THz) 

account for the majority of vibrational entropy. With this in mind, the difference in frequency, 

∆� � ��,�� � ��,�� is plotted in Figure 4, with ��,�� and ��,�� being the frequency of mode i of 

the op and cp form of ZIF-4(Zn). For the plot, certain regions have been binned together to 

emphasize on the general trends. A negative value of ∆� implies that the frequency is lower 

in the op phase, and therefore related to a gain in vibrational entropy and vice versa. 

Additionally, the colour of the data points in Figure 4 indicates the fractional ligand/linker 

contribution to each mode. It can be observed that there is a manifold of low frequency modes 

that soften in ZIF-4(Zn)-op compared to ZIF-4(Zn)-cp, predominantly consisting of collective 

modes shared between linker and ligand with a slightly higher weighting towards the ligand. 

Overall, the increase of vibrational entropy at higher temperature is therefore driven by a 

softening of low frequency modes which account for the higher vibrational entropy in ZIF-4(Zn)-

op. Interestingly, all modes up to 100 cm-1 that contribute to vibrational entropy are best 

described as rigid unit modes (RUMs), involving collective rotations of the ZnN4 tetrahedra with 

no variation of Zn-N distances, see movies given in the SI. We like to emphasize that in these 

movies, ZnN4 tetrahedra are only shown if there is no variation of Zn-N distances, applying a 

strict condition on the description of rigid unit modes. Within these rotating motions of the 

RUMs, neighbouring molecules move closer and further apart during the vibration. In the close 

Figure 4. Difference of mode frequencies between the ZIF-4(Zn)-op and ZIF-4(Zn)-cp with a 
negative value indicating a softening of the mode and in turn an increase in vibrational entropy. 
The colour scheme of the data points reflects the fractional ligand/linker contribution to the 
respective mode.  



pore structure, the distances between the molecules is smaller, so in the course of the vibration 

the electron density of neighbouring molecules overlaps to a greater extent. This increased 

overlap presumably results in greater Pauli repulsion, which then seems to stiffen the 

vibrational mode at the closed pore phase and hence the lower vibrational entropy. RUMs have 

previously been shown to be an elegant concept to describe displacive phase transitions and 

the phonon-based contributions to negative thermal expansion in various materials59–61. It will 

be therefore interesting to see if a similar formulism, or an adapted RUM concept that includes 

some sort of polyhedral variation,62 can in the future account for collective structural 

deformations in SPCs.63 

A roadmap for design principles and conclusion 

To our knowledge, this work presents the first example of a combined experimental and 

computational approach that focuses on experimentally following the changes of low energy 

lattice dynamics across the phase transition of flexible MOFs. The results remind us of the 

significance of vibrational entropy in organic-inorganic frameworks in general and highlight its 

role in the structural flexibility of SPCs in particular. It is important to mention that entropy is a 

long-established parameter in areas such as glasses, protein folding and alloys.64,65 For 

instance, protein folding mechanisms are balanced by the interplay between hydrogen bonding 

interactions and entropic contributions.66 Similarly, in related dense hybrid organic-inorganic 

materials, a delicate balance was recently found to exist between vibrational entropy, 

configurational entropy and hydrogen bonding, determining the phase evolution in such 

materials as a function of temperature.42 When looking at the potential types of weak 

interactions in MOFs (that in principal can be designed), and, in combination with the low 

physical as well as packing densities of these materials, it is surprising that only a limited 

number of studies have hitherto addressed thermodynamic particularly entropic influences in 

MOFs and specifically in SPCs experimentally.11,67  

Our results together with the recent discoveries in the field of SPCs bring us to the 

challenges that must be addressed when interested in the targeted design of SPCs. Inspired 

by the reticular chemistry approach, synthetic guidelines towards SPCs that make use of 

available topological databases seem the natural approach. The reticular chemistry approach 

as a successful rigid body approach intrinsically neglects topological, symmetry related and 

thermodynamic structural parameters that can lead to structural flexibility,39 and modifications 

must be applied. For instance, once a topology (from a database) has been tested for general 

flexibility by applying classical counting rules or group theoretical considerations,31,32 the next 

step would be the combination of the given topology with available linkers and metal nodes. 

The existence of a flexibility pathway for a topology─metal-node─linker combination could then 

be tested by searching for the occurrence of RUMs, as open-pore to closed-pore phase 



transitions are typically of displacive in nature. RUMs are an appealingly simple concept and 

their existence can be predicted by using relatively cheap algorithms, for which different 

available codes exist.68 Arguably the most challenging step is then the assessment of the free 

energy landscape of both phases, where a free energy landscape is required that exhibits 

distinct energy minima, but at the same time is shallow enough to facilitate responsivity of the 

material as function of an external stimulus. It currently seems as a good approximation that 

the vibrational entropy is larger in a less dense (potentially open-pore) structure and is 

therefore predetermined by structure. Therefore, dispersion interactions might be the tool of 

choice for experimentalists to access the free energy landscape synthetically. The 

manipulation of dispersion interactions has already proved to be a useful lever to move the 

entropy-dispersion balance towards the one or the other direction. For instance, side-chain 

functionalization of the bdc2- linker within the materials series of Zn2(fu-bdc)2(dabco)26 can 

render the materials thermoresponsive. Looking at ZIF-4(Zn), dispersion interactions thus 

could be accessed by linker functionalization, i.e. the partial incorporation of functionalized 

imidazolate linkers into the structures. It is important to mention that the above given outline 

neglects structural flexibility when linker deformation or metal-node deformation is involved;30,69 

here however, ideas to extend the RUM model to so-called ‘quasi-RUMs’ have already been 

proposed,70,71 and potentially offers exciting opportunities for SPCs in the future. Therefore, it 

currently seems that the combination of topological control of vibrational entropy and the 

tunability of dispersion interactions offers great promise for the formulation of design guidelines 

of SPCs, with many challenging aspects out there that remain to be addressed by computation 

and experiment. 
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