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Abstract

Phonons are quantum elastic excitations of crystalline solids. Classically, they correspond to the
collective vibrations of atoms in ordered periodic structures. They determine the thermodynamic
properties of solids and their stability in the case of structural transformations. Here we review
for the first time the existing examples of the phonon analysis of adsorption-induced
transformations occurring in microporous crystalline materials. We discuss the role of phonons
in determining the mechanism of the deformations. We point out that phonon-based
methodology may be used as a predictive tool in characterization of flexible microporous
structures; therefore, relevant numerical tools must be developed.



Introduction

Many macroscopic properties of solids depend on microscopic lattice mobility, defined as small
vibrations of the atoms around their (average) equilibrium position. The collective vibrations of
atoms in crystals are called phonons [1]. In stable crystals the amplitude of phonons is small;
however, these vibrations are responsible for dynamic lattice deformations whose wavelength is
comparable to the interatomic distances. Some solid-state properties (such as heat capacity,
thermal expansion, and structural transformations) would not exist if the crystals were absolutely
rigid.

In this paper we review the role of phonons in structural transformations occurring in crystalline
microporous materials, in particular, those observed during adsorption of guest molecules [2-8].
Although the structural transformations in flexible nanoporous systems have already been
summarized in several papers [2—10],the role of the phonons, and in particular, their contribution
to the deformation mechanism, has been rarely mentioned [11] and never reviewed. However,
phonons are supposed to play an important role in the transformation mechanism, as they
represent the lowest energy mechanical fluctuations in the solid state. In consequence, they
initiate lattice deformations and define the natural path of structural transformations

An understanding of the microscopic mechanism of adsorption-induced deformations of lattice
structure became important with the synthesis of non-rigid metal organic frameworks (MOFs).
These functional, third-generation MOFs [3] are often called soft porous crystals (SPCs). They
show an important flexibility of the structural framework when they are exposed to an external
stimulus (light, electric field, variation of thermodynamic parameters, or variation of the pore
filling) [12-15].

The observation of the large breathing effect in MOFs [14,16—19] brought about the fascination
by the adsorption-induced deformations of the porous structures. The family of MIL-53 breathing
MOFs constitutes a prominent example of such SPC systems [4,5], often reviewed from the point
of view of the routes of their synthesis and the effects of various functionalities on breathing
behaviors [5]. The breathing effect upon adsorption has been also observed in other groups of
microporous systems: in MIL-47(V)-type materials (MIL-47, COMOC-2, and COMOC-3) [6], in
zeolitic imidazolate frameworks (ZIFs) [7,20] and in DUT materials [9,21-24].

Obviously, lattice flexibility is not restricted to breathing phenomena and phase-transitions
involving large changes of the unit cell volume. The so-called gate opening [25], consisting in
reorientation of the structure linker which allows the molecules of adsorbent to easy access the
pores’ interior, has been observed in ZIF-8 material [9]. Another type of transformation consists
in structure swelling (AV # 0), occurring without symmetry change or subnetwork
displacements [9].

The crystal-to-crystal structural transformations induced by guest adsorption were first
categorized by Kitagawa [2], then the requirements for large unit cell volume change in three-



dimensional, hybrid porous structures were reviewed by Ferey and Serre [4]. Both authors
pointed out that the framework flexibility results from the existence of ‘weak points’ in the
structure which allow for low energy deformation of the framework. The effective deformation
is a consequence of the competition between guest—guest and host—guest interactions that
maintains the system in equilibrium. However, lattice mechanical properties, and, in particular,
lattice flexibility are the consequence of the intra-framework (host-host) interactions. The host—
guest (and, to some extent, guest-guest) interactions define rather the responsivity of the flexible
system to adsorption stimuli.

We focus on the existing examples of applications of phonons for characterization of the
crystalline microporous solids and discuss what particular information can be inferred from the
phonon spectrum analysis. Finally, we shortly discuss the available methodology and the
numerical approaches for the calculations of phonon spectra in porous materials.

Phonons and structural transformation

Correlated atomic vibrations, like phonons (also called normal modes), which represent dynamic
mechanical deformations of crystalline structures may in turn induce the structural
transformations [26—29]. The transitions may be discontinuous (of the first order) or continuous
(of the Il order). In general, the phase transition can be driven by different stimuli:
thermodynamic (variation of temperature or pressure), adsorption/desorption of individual
chemicals (or their mixtures at certain composition), etc. If the driving parameter is temperature,
the high-temperature phase is often more disordered and its average observed symmetry is
higher than that of the low-temperature phase.

Structural fluctuations in a periodic solid (consisting in correlated deformation of small localized
dynamic distortions of the lattice) can be described using a complete set of collective vibrations
(phonons). The frequency of such vibrations is determined by the restoring forces acting on
atoms fluctuating around their equilibrium positions in the crystal [1,26,29]. The displacement
vectors (mathematically called eigenvector) of vibrations determine the polarization
(geometrical space orientation) of dynamic deformations. A transition from one crystal structure
to another can be totally described in terms of normal modes, geometrically characterized by the
displacement polarization vectors. The multidimensional displacement vector of the phonon
mode is the set of atomic displacements Ar relative to the initial lattice sites. The restoring forces
approaching zero value indicate the appearance of a structural instability of the system.
Macroscopically, a transition from elastic dynamic fluctuations Ar ((Ar) = 0) to static
deformation ((Ar) # 0) is then observed.

In such situation, the simple soft-mode concept may provide the essential characterization of the
transformation mechanism. A soft mode is a vibrational mode (phonon) which becomes unstable
(its frequency tends to zero) when the system approaches a structural transformation. In general,
if a particular normal mode has low energy (frequency), static displacements of the atoms
become possible. The structure of the new phase is determined by the polarization vector of the



soft mode, which defines the frozen (static) displacement of the atoms in the new unit cell. When
the transformation is driven by variation of temperature, the instability (or so-called softening)
of the mode at T =T, (the temperature of phase transition) is a consequence of the
renormalization of phonon frequencies by temperature-dependent anharmonicity of the crystal
lattice. It isimportant to emphasize that the phonon frequency can be altered also by any other
external stimuli, such as pressure or adsorption of guest molecules.

The evolution of the phonon spectra is the first indicator of the possible structural
transformations of the lattice and may bring the information about its mechanism. In the recent
paper [29], we have applied the soft phonon mode analysis to in ZIF-8 type MOFs. The
determination of the phonon frequency @ was based on the calculations of the dynamical matrix
D(q) which depends on coefficients V,4(li, I'j), calculated as the second derivatives of the
potential energy U. These coefficients are called atomic force constants [1,26]. Mathematically
they are referred as the Hessian matrix:
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The o, f = x,y,z are the Cartesian coordinates. The [,I’ and i, j are the indices of lattice unit
cells and the atoms in any unit cell, respectively. The wave vector q in the exponent defines the
modulation of the phonon amplitude along the periodic lattice. m; is the mass of an atom i, and
u(i) represents its unknown displacement from equilibrium position in the unit cell independent
of the index | [29].
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The instantaneous position u,(l, i) (a = x,y, or z) of the atom i in the unit cell [ corresponding
to a phonon (q, m) is described by the plane wave functions [1,29]:
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The wave-vector q characterizes phonons having different periodicity. The phonons from the
center of the Brillouin zone (@ = 0, so called T' point in the Brilouin zone, BZ) represent
vibrations identical in all unit cells. All other points in the Brillouin zone represent instantaneous
deformations of the crystalline lattice having a supercell periodicity. Vector e(i, g, m) represent
the polarization of the phonon m with the wave-vector q, and Q(q, m) is its amplitude.

u,(l,i) =

The characteristics of experimentally observed the breathing transformation in MIL-53 depends
on the nature of the external stimuli causing the transformation [13,14]. The transition induced
by the variation of system temperature is strongly discontinuous, thermodynamically
irreversible, and presents a large hysteresis. Starting from the high temperature large pore (LP)
open form, upon cooling down the structure transforms into the low temperature narrow pore
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(NP) closed form [13]. The phase transition is observed between 150 K and 125 K. With increasing
temperature, a large hysteresis is observed, the structure transforms back to the open form
between 325 K and 375 K. When the external stimuli consist in adsorption of CO2 or water, the
variation of the adsorbed gas mass upon adsorption/desorption cycles is continuous [19]. At the
same time, the structure shows bistability in the hysteresis range [30]. Consequently, the
transformation mechanism in those two cases (temperature versus adsorption stimuli) must be
of different nature.

When the structural transformation is induced by temperature, the entropic factor promotes the
more symmetric open structure. The variation of the temperature modifies the difference
between the free energies of open and close pore phases, but their metastable character is
conserved. On the other hand, when the transformation is induced by adsorption, the presence
of guest molecules modifies the forces acting on the framework atoms and shifts the equilibrium
of the framework structure. If the host-guest interactions would be strong enough, the
intermediate framework structures (between open and closed pores forms) could be stabilized.
It was estimated that an adsorption enthalpy higher than 20 kJ mol* is required to observe
adsorption-induced transition from large to narrow pore structure in the MIL-53(Cr) [30]. In such
situation, the minimum of the free energy evolves along a reversible path through a continuum
of equilibrium states. However, to the best of our knowledge, there is no experimental
observation of such behavior. In particular, in the case of CO; adsorption, the hysteresis (due to
the structure bistability) is always observed [31].

In principle, the soft phonons should not be observed in the flexible structures exhibiting
breathing type transformations, which are generally considered as the first order phase
transitions. The breathing transitions exhibit a pronounced first order character and the observed
large hysteresis implies that the limiting NP and LP structures may coexist at some
thermodynamic conditions (temperature, adsorbate pressure, or external pressure). However, a
presence of a soft mode in the MIL-53 materials was suggested by Ghoufi et al. [11]. Using
Molecular Dynamics simulations, the authors demonstrated that the host framework
transformation occurring during CO; adsorption, consists in a progressive dynamic of the
deformation rather than a strict transition between two distinct states. They suggested that the
host/guest interactions induce a soft mode in the host framework, as a result of the structure
reaction to the adsorption stress [23]. They assumed that the appearance of the soft mode occurs
at the conditions of the critical threshold adsorption stress exerted by the guest molecules on
the framework, at which the framework becomes unstable and keen to the transition from elastic
to plastic deformation [32]. Such an interpretation would be an alternative explanation
compared to the mechanistic scenario of breathing transition as a nucleation driven shearing of
MIL-53 framework [33]. In this content, it is worth noting that the structural transition in MIL-53
materials is associated with a pronounced hysteresis and does not occur at the equilibrium
conditions of the phase coexistence, rather at the limit of metastability of the overstretched (NP
to LP transition) or overcompressed (LP to NP transition) framework. The question of whether



the metastability limit is associated with the formation of the soft mode is still open and requires
further investigation.

In the case of a pore opening type lattice deformation, the rigorous calculations of the phonon
energies and symmetry may help to interpret the deformation mechanism and the experimental
phonon spectra [29]. In more complex crystals, containing many atoms in the unit cell and,
consequently, many phonon vibration frequencies, it might be helpful to know which atom
vibrates in a given phonon mode. This information can be extracted from the phonon
eigenvectors corresponding to the calculated eigenvalues of frequencies w.

Phonon calculations: methodology and existing software

As recalled in previous paragraph, calculations of phonon-related properties require an
evaluation of Hessian matrix which contains second derivatives Vaﬂ(li, I'j) of the potential
energy. There are two ways to calculate the energy of crystalline systems and their derivatives.
The first one is based on quantum, ab-initio approach; the second uses classical (semi-)empirical
force fields approach. In the first case, the most often used method is electronic density
functional theory (DFT) which assumes that all properties of a system can be derived from
electron density of its ground state [34]. Although the DFT methodology is well defined and
presents many advantages, its accuracy depends on the adequate choice of exchange-correlation
functional [35]. In the case of deformable structures, where some intermediate configurations
may be stabilized by weak van der Waals (dispersion) forces, it is particularly important to include
in calculations the corrective terms accounting for dispersion energy. The methodology related
to this problem will be discussed latter.

In quantum mechanics calculation of the first derivative of energy E with respect to parameter A
is straightforward from Hellmann-Feynman theorem [36]:

dE a

&= wlAl) = (G |Aw) + (v]] 55) + (] ) =
E(lv) Bl )+ (G lv) =
= Bl + (] % [v),

where the Hamiltonian H = T + V. As (¥ |) = 1, E (l/)|l/1> = 0. If we set displacement as an

independent parameter, <1/1| < |1p> = EW’W’) = E

The calculation of the second derivative of total energy contains the derivatives of the wave
functions that cannot be calculated analytically but may be evaluated explicitly using a



perturbation approach. Finite displacement method (FD) is based on the numerical
approximation of a derivative (force F):
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where Au is the finite displacement of atoms, usually of order of 1072 A to 1073 A. The method
is relatively robust and can be applied to all types of materials, however, it is naturally
constrained to sampling of the Brillouin zone at g = I of the simulated unit cell. This limitation
can be overcome by performing calculation within a supercell. The dynamical properties are then
extracted by computing the forces created by the atomic displacements. The supercell approach
reduces the accuracy of the calculated phonons. However, (we cite from [37]): (i) If the
interaction range is confined to the supercell interior, then all phonon frequencies are exact. (ii) If
the interaction range exceeds the supercell size, then nevertheless there are exact phonon
frequencies, which occur for exact discrete wave vectors q. The discrete wave vectors must be
commensurate with the supercell size. The Supercell method is implemented in CASTEP software.
It can also be used together with the VASP code if combined with an external code such as
phonopy [38] or PHONON [39] which performs a set of single-point DFT calculations and
evaluates force constants from the calculated the forces in the supercells. The detailed discussion
of the supercell method is well documented in the literature, for both harmonic approximation
[40], and anharmonic extension [37].

The two most frequently used approaches to describe electron wave functions within DFT are
periodic plane waves functions and localized, Gaussian-based orbitals. The first approximation is
implemented in VASP [41-43], CASTEP [44], Quantum ESPRESSO [45], whereas Gaussian orbitals
are used in the CRYSTAL package [46]. In what follows we focus on the methodology of the
evaluation of the second derivative of the energy (with respect to atoms’ displacement)
implemented in VASP and CASTEP. Both codes use the finite displacement method (FD) and
density functional perturbation theory (DFPT).

DFPT allows one to determine the response of a material to an external perturbation (electric or
magnetic field, or atoms displacement), and to calculate the phonons for any wavevector from
the Brillouin zone. The extended description of DFTP approach used for phonon calculation can
be find in the papers by Gonze et al. [47] (for a perturbation-theory-based approach), and Baroni
et al. [48] (for a Green-function-based method). The first method is implemented in VASP; the
CASTEP package contains both approaches.

The gradient-based functionals are the most fundamental approximations to describe
nanoporous materials. In many benchmarking studies it has been shown that PBE and PBEsol
functionals properly describe lattice parameters, bond lengths and angles [49-52], elastic
properties and partial charges [53] of MOFs. It has been also shown that long-range interactions
resulting from the van der Waals forces are essential to accurately describe stability and
structural properties of porous crystals. In soft porous crystals the correct accounting for
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dispersion forces allowed to obtain stable materials’ conformers, experimentally proven to exist.
The addition of the empirical dispersion correction D2 [54] to the PBE functional allowed to
obtain a stable, closed-pore form of MIL-53(Al), intermediate between the form of MIL-53(Fe)
and the gate-closed form of ZIF-4 [55]. The same effect was also observed for other materials
with MIL-53 topology, DUT-8, DUT-49, or COMOC-2. In the collapsed forms of such materials
aromatic rings of the linkers are located at a short distance, and the dispersion interactions
become strong enough to attract the linkers and close the pore. Besides empirical corrections,
other, more sophisticated methods of inclusion of long-range interactions based on e.g. nonlocal
density functionals such as VdW-DF can by employed [56], however, they do not provide
significant improvement of the accuracy of porous crystals structural properties description [53].

DFT-based phonon calculations in nanoporous crystals are time- and resources-consuming due
to usually large number of atoms in the materials’ unit cells (up to several hundred), and
respectively more electrons to describe. Therefore, force field (FF) approach has also been
harnessed for description of intra- and intermolecular interactions, and calculations of the forces
acting on the atoms. The FF methods use analytical functions to describe all types of interactions
in the systems (bond and angles deformations, as well as long-range interactions). The vibrational
Metal-Organic Frameworks force field (VMOF) is specifically dedicated to study phonons in MOFs
[57]. This ab-initio derived force field uses the MM3 Buckingham potential to describe the
interactions between organic and inorganic parts of the MOFs:
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where the successive terms describe harmonic bonds stretching, angles and dihedral angles
deformation, and electrostatic interactions, respectively. It has been shown that this force field
accurately describes a large variety of properties (lattice parameters, elastic properties (elastic
tensor, bulk modulus), IR spectra, phonon density of states, free energies, vibrational entropies
and heat capacities) of rigid frameworks (e.g., MOF-5, IRMOF-10, MOF-650, Ui0-66, UiO-67, MIL-
125, MOF-74 and NOTT-300). However, to the best of our knowledge, the VMOF force field has
not been applied to study phonons in flexible MOFs, for which an accurate description of low-
frequency modes is necessary to correctly predict possible lattice deformations and interpret
their mechanisms [29,58].




Phonons can be calculated using molecular dynamics (MD) computer simulations. In principle,
this approach gives a full characterization of the system: the potential energy surface, harmonic
phonon frequencies, and anharmonicity. This ensemble of information is necessary to describe
the breathing systems, like MIL-53. When MD simulations were performed in the anisotropic
stress isothermal (NoT) statistical ensemble, in which both the shape and size of the framework
are allowed to change, the short living (<25 ps), metastable intermediate structures have been
observed [11]. This result was interpreted as a progressive evolution of the system structure
rather than a strict transition between two distinct states. It was also suggested that the
mechanism of this transformation is stimulated by a soft mode; however, the corresponding soft
mode was not identified. Theoretically, such a continuous structure evolution may occur. If it is
stimulated by fluid adsorption in the structure, the host/guest interactions could induce
structural host deformations. If these interactions are strong enough, they can modify the
character of the transformation, from the strongly discontinuous into more progressive, and/or
induced by phonon soft mode. This mechanism of structural transformations has not yet received
enough attention in studies of flexible microporous materials.

Collective vibrations with impact on the flexibility

Gate opening and breathing

Low frequency phonons (below 100 cm™) are unique signatures of the lattice transformation,
because they gather information from all atoms. Therefore, such terahertz vibrations may be
successfully used in detailed analysis of phenomena responsible for lattice flexibility.

Flexibility of metal-organic frameworks can be divided into several main categories: (i) gate-
opening, (ii) breathing, (iii) negative thermal expansion. Gate-opening is coherent out-of-plane
movement of organic linkers, whereas breathing phenomena represent structural lattice
transformations that causes reversible yet hysteretic changes of the framework volume. There
exists also simple swelling, and intra-framework dynamics (see [23])

ZIFs exhibit variety of flexible behaviors. Low elastic moduli (1-10 GPa, [59]) causes their high
sensibility to deformation (in contrast with e.g. zeolites that are very rigid elastic moduli of 10-
100 GPa [60]). Ryder et al. showed that the gate-opening observed in ZIF-4, ZIF-7 and ZIF-8 is due
to the unique vibrational modes appearing in these materials [58]. In ZIF-4, two modes at about
1 THz (gate-opening) and 0.2 THz (shearing of the 4-member ring) have been identified as
responsible for abnormal shape of the N, adsorption isotherm [61]. In ZIF-7, the vibration at 0.654
THz appearing in calculation of phonon spectra of the dried structure has been associated with
experimentally observed solvent removal from the material. The modes appearing at 0.654 THz,



1.47 THz, 2.01 THz and 4.61 THz were attributed to the breathing and gate-opening framework
deformations.

For ZIF-8, a coupling of the DFT simulations and inelastic neutron scattering (INS) spectroscopy
allowed to explain material lattice dynamics, and to identify phonon modes responsible for
structure flexibility. Similarly, as in ZIF-4, a strong mode at around 1 THz was attributed to a
twisting of organic ligands and opening of the pore aperture. In-situ INS experiment confirmed
that N2 adsorption in ZIF-8 is possible because of swinging movement of 2-methylimidazole
linkers causing gate-opening [62]. The free-swinging movement in the empty framework occurs
because of weak interactions between the methyl groups of the linker. When N is adsorbed in
the system pores, the interactions between the linkers and the guest molecules and additional
steric barriers prohibit the free swing of imidazolate linkers. The difference between calculated
and experimental INS spectra is noticeable in the lowest energy region only (below 5 THz). This
observation promoted the interest in applying the phonon formalism to interpret adsorption-
induced structural transformations of porous flexible frameworks. A variety of ZIF type
compounds with SOD topology were analyzed by Formalik et al. [29]. Using DFT methodology the
authors calculated the IR spectra of ZIF-8, ZIF-8_amino and SALEM-2 lattices. These ZIFs have
methyl group, amino group and hydrogen connected to the imidazole linker, respectively. The
main deformation-related phonons modes varied with the chemical composition of the linker. A
shift of the asymmetric gate-opening (IR-active mode) mode from 67 cm* (ZIF-8) through 58 cm"
1 (ZIF-8_amino) to 37 cm™ (SALEM-2) was observed, and related to the decreasing of the linker
mass and increasing strength of the intramolecular interactions (mainly dispersion) between the
groups connected to the imidazolate linker in the 4-member ring. The breathing modes of the 6-
member ring were also identified. Furthermore, the calculations provided the IR spectrum for
ZIF-8_amino which has not been synthesized yet, showing the potential of phonon spectra
analysis in materials design.

The mechanism of breathing in MIL-53(Al) was analyzed using far- and mid-IR spectroscopy and
DFT simulations [63]. Excellent agreement was found between the calculated and experimental
spectra. A very detailed investigation of the modes impacting the breathing deformation in both
stable phases of the material (large pore (LP) and closed pore (CP) structures) identified 12 and
7 low frequency modes (below 100 cm?) in LP and CP phases, respectively (excluding the acoustic
modes). In both phases the lowest frequencies modes (11 cm™ for CP and 15 cm™ for LP phase)
correspond to the metallic center rocking-like motion coupled to the slight trampoline-like
motion of the organic likers. For the LP phase, the main phonon modes are located at 47 cm™?
(total linker rotation with alternating metallic center rotation), 54 cm™ (linker rotation with
different out-of-plane amplitude), 59 cm™ and 60 cm™ (a trampoline-like motion of linkers). Some
modes above 100 cm™ are also able to trigger breathing transition: the mode at 181 cm™ in the
LP structure (combination of scissoring motion of the metallic center and seesaw motion of the
linker), and complex breathing mode located at 123 cm™ in the NP structure (linker translation
along the pore channel plus trampoline-like motion and additional metal octahedra rotation, Fig.
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1). All principal low-frequency phonons associated with gate-opening and breathing in discussed
structures are gathered in Table 1.

Figure 1. MIL-53(Al) breathing mode located at 123 cm™: trampoline-like organic ligand
motion (top), linker translation coupled with metallic center rotation (bottom).
Reprinted with permission from Ref. [63].

In the case of MIL-53(Cr) quasi-harmonic approximation was used to compute the total,
Helmholtz and Gibbs free energies at different temperatures and pressures [64]. While
calculating phonons the most unstable mode for LP was one responsible for hydrogen from
hydroxyl group in the metallic center, whereas for NP no unstable modes were found. The
calculated energy profiles between the narrow pore (NP) and large pore (LP) form are surprisingly
flat. The energy of activation of structural transformation (from NP to LP phase) of 3-6 kJ per
mole of Crs(OH)a(CsHs04)a has been found. The two structures are almost equienergetic, the
numbers vary between different density functionals used. all tested density functionals had the
dispersion correction included and one with the best agreement to experimental data is meta-
GGA-D3(BJ). As reported by Cockayne the relatively shallow Gibbs free energy profiles mean that
even small change in pressure can shift the potential energy surface into a single minima
function. In UiO-67 and IRMOF-10 the change of the dihedral angle in biphenyl-4,4-dicarboxylate
(BPDC) linker caused by the large thermal displacement has been analyzed using a combination
of ab initio Molecular Dynamics and DFT phonon calculations [65]. Imaginary harmonic modes
due to the anharmonic nature of the organic linker rotation have been observed. These imaginary
vibrations have been eliminated when the eigenvectors were applied in search of the properly
optimized structure.
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Negative thermal expansion in microporous materials

MOF-5 (also called IRMOF-1 — isorecticular MOF) is one of most widely studied hybrid
nanoporous materials [66]. Itis built of 1,4-benzenedicaboxylate (BDC) octahedrally coordinating
Zn0q cluster. It has been shown both experimentally (by X-ray diffraction) and using molecular
dynamics (MD) simulations that this framework exhibits a large negative-thermal expansion
(NTE) [67,68], causing shrinking of lattice parameter from 25.97 A (at 26 K) to 25.65 A (at
700 K). However, neither X-ray data nor MD computational experiment could explain at the
microscopic level such phenomenon. Using neutron powder diffraction and DFT calculations
within quasi-harmonic approximation Zhou et al. showed that linear thermal expansion

coefficient of IRMOF-1 is in the range between —16-106% and —10-106% [69]. The

experimental results agree with simulations in the limits of error associated with the used
functional (LDA or GGA). The NTE usually finds its origin in: (i) phase transitions, (ii) vibrations of
bridging atoms, or (iii) magnetic and electric effects [70]. In the case of MOF-5, the lattice
contraction model supposes that linkers of aromatic rings can be considered as associated with
rotation of aromatic ring, and transverse vibration of carboxylate group of the linker which
showed softening with increasing temperature. The most intense, and potentially responsible for
NTE modes are transverse trampoline-like vibrations of aromatic rings, both in-phase (with
frequency 18.55 cm™) and out-of-phase (at 62.91 cm™ and 98.4 cm™) (Fig. 2). These vibrations
effectively reduce the distance between metallic clusters and, in consequence, the lattice
parameters.

& 3 7%

Out-of-phase In-phase
transverse mode transverse mode

3 ! ]
Y

Figure 2. Trampoline-like vibrations modes of the linkers’ aromatic rings in MOF-5.
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NTE in MOF-5 was also analyzed by Lock et al. [71]. The authors interpreted neutron diffraction
spectrum using Gaussian-based DFT calculations and showed that the distance between in-ring
carbon atoms connected to carboxylate groups does not vary significantly with temperature,
whereas distance between ring carbons and carboxylate carbon decreases with temperature.
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That shows that only the in-phase mode effectively shortens the linker, and, when associated
with small anharmonic thermal expansion of the bonds, leads to macroscopically observed
negative thermal expansion of the structure. Additionally, as the bonds connecting carboxylates
with zinc atoms within metallic cluster shorten with temperature, the rotation of metallic clusters
may also contribute to this phenomenon. The nature of the linker plays a key role in framework
flexibility: in CuBTC framework, formed with tricarboxylates linkers, the thermal expansion
coefficient is much lower. Obviously, the 1-dimensional linkers of MOF-5 (dicarboxylate) are
much easier to bend that triply-connected 2-dimensional linkers of CuBTC (tricarboxylate).

Rimmer et al. [72] proposed another interpretation of NTE phenomenon in MOFs. The authors
showed that analysis of only optic modes at I'-point of BZ may not provide full insight onto the
NTE mechanism. In fact, when NTE is discussed, most studies tend to neglect the contributions
from acoustic phonons, partially because of difficulties in measuring them experimentally.
Therefore, the authors sampled the whole BZ. They mapped the calculated phonon dispersion
on the individual Gruneisen parameters y; 4 for each mode i with wavevector q:

dlnw;q

Via = = v

w is the frequency of i-th mode at q, and V is the volume of the cell. The obtained results are
shown on Fig. 3 (top panel). Apart from previously reported optic modes related to transverse
vibrations of linker, acoustic modes on I'-X-W path also provide significant contribution to
contraction of the unit cell length with increasing temperature. Fig. 3 (bottom panel) depicts the
acoustic phonon at X-point. Upon deformation induced by this mode the effective lattice
parameter shortens with respect to the initial structure. The ab-inito results were also correlated
with those obtained using rigid unit models (RUMs), which approximate the crystal structure by
describing individual groups of atoms as separate entities. Two types of cluster RUMs were
proposed for MOF-5: (i) containing metallic clusters (one for totally rigid 4(Zn0Qa) cluster, and one
for four independent ZnO4 tetrahedra), and (ii) containing organic linkers. Correlation of two
models provided information about the types of vibrations involved in NTE. It has been shown
that, in general, RUMs are sufficient to describe NTE in MOF-5, and that this phenomenon is
trigged by distortion of the material on joints between separate parts of MOF, such as aromatic
rings, carboxylate groups and metal clusters.
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Figure 3. Top: (left) phonon dispersion and (right) colored phonon dispersion; where intensity
of color represents the value of Griineisen parameters y; 4, fromred (y; 4 < —40) to
white (y; 4 = 0). Bottom: deformation related to the acoustic phonon in X-point of
BZ in MOF-5. Reprinted with permission from Ref. [72].

A detailed analysis of vibrational properties of CuBTC, based on IR and Raman experiments and,
supported by DFT calculations was performed by Ryder et al. [73]. 81 modes with frequencies
lower than 600 cm™ were identified. Modes with frequencies higher than 100 cm™! were
associated with bonds stretching, angles bending and deformations of both the organic linkers
and the metal clusters. Framework vibrations appearing at lower frequencies include trampoline-
like motions (similar to that observed in MOF-5), and rotor-like motion of the paddle-wheel
clusters. All principal low-frequency phonons associated with NTE in discussed structures are
gathered in Tab. 1.
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Table 1. Principal modes associated with framework flexibility in IRMOF-1, HKUST-1, ZIF-4, ZIF-
7, ZIF-8, SALEM-2, ZIF-7_amino and MIL-53(Al). 6MR and 4MR denotes 4-member ring and 6-
member ring respectively.

Material c;f?ue;zz Type Description Ref.
. In-phase transverse, trampoline-like
19 057 | optical vibration of the linker
63 189 | optical 'Out-'of-pr_\ase tranS\{erse, tr'ampolin_e- [69]
like vibration of the linker with rotation
IRMOF-1 08 2904 | optical Out-of-phase transverse, trampoline-
like vibration of the linker
7 0.21 acoustic Acoustic mode at X-point (72]
10 0.30 Acoustic mode at I'-point
IRMOE-1 32 0.96 In-phase.tran‘sverse, trampoline-like
vibration of the linker
(cluster local - [71]
model) a4 137 .Out-.of-pr.\ase transv.erse, tr.ampolm.e-
like vibration of the linker with rotation
81 2.43
94 2.82 Transverse vibration of organic linker
98 2.94
HKUST-1 g: ;233191 optical [73]
16 0.48 Paddle-wheel deformation
20 0.60
58 1.74
71F-4 7 0.20 Soft mode of 4AMR
33 1.00 Gate-opening of 6MR
22 0.65 Soft mode of 6MR
ZIF-7 2 0.06 | optical | Breathing of 6MR and shearing of 4AMR [58]
49 1.47 Breathing of 6MR
ZIE-8 19 0.57 Soft mode of 6MR
33 1.00 Gate-opening of 4MR
40 1.20 Symmetric gate-opening of 4AMR
ZIF-8 67 2.01 Asymmetric gate-opening of 4MR
100 3.00 Breathing of 6MR
43 1.29 Symmetric gate-opening of 4AMR
SALEM-2 37 1.11 | optical Asymmetric gate-opening of 4MR [29]
105 3.15 Breathing of 6MR
50 1.50 Symmetric gate-opening of 4AMR
ZIF-8 amino 58 1.74 Asymmetric gate-opening of 4AMR
97 2.91 Breathing of 6MR
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The metallic center rocking-like motion
11 0.33 coupled to slight trampoline-like
motion of the organic likers
Linker translation along the pore
123 3.69 channel plus trampoline-like motion
and additional metal octahedra rotation
The metallic center rocking-like motion
15 0.45 coupled to slight trampoline-like
motion of the organic likers
Total linker rotation with alternating

MIL-53(Al) CP optical

[63]

47 141 metallic center rotation
MIL-53(Al) LP 54 1.62 optical Linker rotation
59 1.77 Trampoline-like motion of linkers
Combination of scissoring motion of the
181 5.43 metallic center and seesaw motion of
the linker

Discussion and Conclusions

Mechanical fluctuations existing in the crystalline solids at equilibrium conditions may be fully
characterized using phonon formalism. Phonons constitute the microscopic basis of macroscopic
properties of any flexible system. In the case of the second order structural phase transformation
phonons constitute the first indicators of system evolution towards instabilities. They are called
the soft modes when their frequency tends to zero at the instability point. As related to the phase
transformations in microporous crystalline solids, the existence of the soft modes may be
associated with the limits of phase metastability corresponding to the transition from the elastic
to plastic deformation. The calculation of soft modes is the numerical tool which can provide
supplementary information about the mechanism of deformations observed in microporous
materials.

However, the phonon modes represent only the harmonic part of the potential energy surface
(PES). Amplitudes of atomic displacement in harmonic approximation are very small, to preserve
the system in the harmonic region. They cannot predict the mechanism of the transformation if
a large variation of atomic positions is involved. In such situation, the anharmonic analysis must
be performed, followed by a detailed analysis of PES.

A new non-perturbative approach to anharmonicity using Hellman-Feynman forces was recently
proposed by Parlinski [37]. Anharmonic modes are temperature-dependent and amplitudes of
vibration become functions of temperature. Their frequencies can be shifted with respect to the
harmonic value. Also, their spectral distribution cannot be any longer represented by & functions
but by peaks with finite width (Gaussians peaks). The resulting phonon (dispersion) curves are
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represented by phonon band depending on the Gaussians peaks width. The anharmonic
corrections can modify the soft mode behavior, in two ways: either making them softer or
stabilizing them.

In the case of large volume changes leading to first order structural transformations, the quasi-
harmonic approach is used. In this approximation, anharmonic dependence of energy on volume
is approximated by set of separate, fixed-volume calculations within harmonic approximation. It
allows to take anharmonic contribution implicitly into account, and hence study properties of
crystals such as free energy (F) or free enthalpy (G) to study behaviour of energy vs. volume
curve with respect to changes in temperature, external pressure or adsorption stress induced by
guest molecules confined in porous crystals. From the set of F(V) curves for a particular
temperature range it is possible to evaluate thermal expansion coefficient as:

B(T) 1 9V(T)
V(T) oT °
3——g T T T 3 g
1+ B 1
L w
< 0 < 9
-1+ a) 4 s b)
2 1 1 1 1 1 1 -2 1 1 1 1 1 1
10 05 00 05 10 15 20 10 -05 00 05 10 15 20
Deformation Parameter Deformation Parameter

Figure 4. Free energy evolution during a first order structural transformation. The Deformation
parameter indicates any order parameter (OP) which transforms from OP=0 (not deformed phase) into
OP+0 (deformed phase). a) Typical AF (OP) dependence, stimulated by the variation of the temperature
or pressure (different colors correspond to different temperatures or pressures, respectively); the green
curve represents the situation when both (deformed and not deformed) phases are in equilibrium (two
minima with the same energy) ), upper black curve corresponds to the metastability limit of the deformed
phase (spinodal) b) hypothetical AF evolution rescaled by the adsorption, all curves have only one global
minimum. If two minima exist, they have always different energy (different colors represent the free
energy of the system with different adsorption uptake)

A similar quasi-harmonic approach can be proposed in the case of the deformation of flexible
porous sorbents. The evolution of the phonon energies during adsorption-induced structure
deformation can be approximated by set of separate, fixed-uptake calculations within harmonic
approximation. The increasing guest-host interaction may renormalize the phonon spectrum. In
the case of strong interactions, it may hypothetically change the character of the structure
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transformation, e.g. it may stabilize the intermediate structures, and modify the free energy
profile. In the limiting case, the interaction with adsorbing molecules could transform the
discontinuous, thermodynamically non-reversible transformation (Fig. 4a) of the microporous
empty framework into reversible continuous deformation between deformed and non-deformed
states (Fig. 4b). All intermediate state are in equilibrium, stabilized by the adsorption uptake. A
methodology for phonon calculations in such situation does not exist and must be developed.
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