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Am‘clf? history: ) Soft porous crystals undergo large structural transformations under a variety of physical stimuli.
Received 4 April 2020 Breathing-like transformations, occurring with a large volume change, have been associated with an exis-
Revised 27 May 2020 tence of bi-stable or multi-stable crystal structures. Understanding of the mechanism of these transfor-
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Available online 1 June 2020 mations is essential for their potential applications in gas adsorption, separation and storage. However,

the generic description is still missing. Here, we provide a detailed, multiscale qualitative and quantita-
tive analysis of the adsorption-induced “breathing” transformations in two metal organic frameworks
(MOFs): MIL-53(Al) which is a reference case of our approach, and recently synthesized JUK-8, which
does not show any bistability without adsorbate. The proposed approach is based on atomistic simula-
tions and does not require any empirical or adjustable parameters. It allows for a prediction of potential
structural transformations in MOFs including the adsorption induced deformations derived from adsorp-
tion stress model. We also show that the quantitative agreement between calculated and experimental
results critically depends on the quality of the dispersion energy correction. Our methodology represents
a new, powerful tool for designing and screening of flexible materials, alternative and complimentary to
experimental approaches.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Flexible metal-organic frameworks (MOFs) have recently

became subject of intense research due to their unprecedented
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Poland. as breathing (observed in MIL-53-type materials) [5-8], gate open-
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The structural transformations in MOFs may be induced by differ-
ent stimuli: external pressure (ZIF-8 [9], MIL-53(Cr) [10]), temper-
ature (MIL-53(Al) [11], MIL-53(Ga) [12]), electric field (MIL-53(Cr)
[13]), and gas adsorption (ZIF-8 [9], MIL-53(Al) [14], DUT-49 [2]).
Gas adsorption may induce not only framework expansion but also
its contraction which - in the case of NGA - causes expulsion of the
adsorbed gas [2]. A large spectrum of statistical-mechanical and
numerical methods has been used in the past to understand the
mechanisms of structural transformation of MOFs. Here, we pre-
sent a multiscale computational approach to account simultane-
ously for adsorption and deformation in two flexible structures:
(i) MIL-53(Al) which exhibits breathing transformation between
narrow pore (np) and large pore (Ip) phases [6], and (ii) a recently
synthesized JUK-8 structure [15] that shows pore-opening trans-
formation between closed pore (cp) and open pore (op) phases
accompanied by a significant volume change.

The breathing transitions were first observed in MIL-53-type
materials with inorganic centers containing Al, Cr, Sc, Fe, Ga and
In [6,7,12,16-18]. The first attempt to explain breathing mecha-
nism in MIL-53(Al) was given by Ramsahye et al. [19] while inter-
preting the simulated isotherms of CO, adsorption in rigid np and
Ip structures of MIL-53(Al), determined by XRD. The authors
assigned the experimentally observed step on the isotherm at
around 6 bars to np-Ip transition. Stability of the np structure
was attributed mainly to electrostatic interactions of CO, quadru-
pole with polar hydroxyl groups of inorganic chains, preventing
the pore from opening at low adsorption pressure. The same
breathing mechanism has been also deduced from MD simulations
of CO, adsorption in MIL-53(Cr) [20]. Similarly, during thermal
desorption of water from MIL-53(Fe) Millange et al. [21] observed
that the fully loaded low-temperature phase (MIL-53(Fe)lt) con-
tains narrow pores, that progressively open upon desorption (an
intermediate state, MIL-53(Fe)int contains pores of two different
sizes: completely closed and slightly opened) before the transition
into MIL-53(Fe)ht (high-temperature) phase with fully open pores.
In combined experimental - simulation study Chen et al. [17]
showed that MIL-53(Sc)cp (condensed pore) and MIL-53(Sc)vnp
(very narrow pore) phases may co-exist upon removing of post-
synthetic solvent and further heating up the structure. On the
other hand, adsorption of CO, leads to structure transformation
into MIL-53(Sc)lp phase with intermediate stage similar to one
observed in MIL-53(Fe). Boutin et al. [22] showed that in the lim-
ited range of temperatures the np-Ip transition in MIL-53(Al)
occurs regardless the chemical nature or size of the adsorbate, if
only the ratio of the Henry constants fulfill the condition
Knp/Kip > 1 . Ghoufi et al. [23] suggested that in MIL-53(Cr) the
transition from Ip to np phase upon CO, adsorption is continuous,
goes through the intermediate int phase, and is triggered by a soft
phonon. Coudert et al. generalized the description of the breathing
transformations in MOFs using the osmotic thermodynamic poten-
tial [24,25]. The authors analyzed adsorption of gases in a set of
flexible MOFs (including MIL-53(Al)) and concluded that the mech-
anism of adsorption-induced transformation depends on the pro-
files of osmotic free energy in both phases. Two points at which
the osmotic potentials of np and Ip phases cross each other were
associated to experimentally observed transitions as the gas pres-
sure increases: from Ip to np phase at low pressures (0.5 bar), and
then from np to Ip phase (5 bar). In further studies of xenon adsorp-
tion in MIL-53(Al), Neimark et al. [26] proposed an adsorption
stress model explaining mechanism of transformation, and
assumed that the structural transition occurs when the adsorption
stress (the stress exerted by the guest molecules on the host
matrix) exceeds the limiting (threshold) stress that the given phase
can withhold. The threshold stress delimits then the region of elas-
tic deformation and that of spontaneous plastic deformation that

leads to a structural transformation of the framework. The adsorp-
tion stress model coherently explains the phase transformations in
MIL-53(Cr) induced by both adsorption and external pressure [27].
The model was also applied to describe MIL-53(Al) framework
deformations during CO, and CH4 adsorption, and to explain the
existence (CO,) or the absence (CH,) of steps on the isotherms dur-
ing adsorption process [14,27]. Triguero et al. used a stochastic
model and described the np-lp transition in MIL-53 as a
nucleation-driven process, consisting in consecutive shearing of
the layers of the unit cells [28,29]. Ghysels et al. [30] proposed a
generic parametrization of the free energy and account for the free
energy of both: the host-host and host-guest interactions. This
approach allowed to create the energy landscapes for all configura-
tions of deforming MIL-53(Cr) framework and gas chemical poten-
tials, and provided the complete phase diagram for CH, and CO,
adsorption in this system [30]. For MIL-53(Al, Ga) and MIL-53
(Al)-F (with fluorine-functionalized linker), the free energy land-
scapes were further modeled using the MD technique, and
accounting for various external stimuli (mechanical pressure, tem-
perature, and gas chemical potential) [31]. Recently, Hoffman et al.
[32,33] used the phonon analysis to explain the transition in MIL-
53(Al) by softening of the vibration modes. The authors found sev-
eral low-frequency modes (linker rotation, trampoline-like motion,
and backbone rotation) at the I'-point of Brillouin zone, that might
be related to the onset of structure transformation. However, none
of them exhibited softening when approaching the np-cp transfor-
mation. The question whether the breathing transitions are related
to the presence of soft mode remains still open.

The breathing transformation have been also observed and
modeled in MOFs other than MIL-53 family. Li and Kaneko [34]
synthesized and analyzed Cu-based flexible MOF stabilized by a
network of hydrogen bonds. Upon adsorption of N, CO, or Ar, at
so-called gate-pressure of fluid, hydrogen bonds start to break cre-
ating 1D micropores in a shape of channels accessible for guest
molecules. Similar gate-opening behavior has been also observed
by Chen et al. [35] in an interpenetrated framework of Zn-based
MOF. The most subtle adsorption-induced gate-opening was
observed in ZIF-8 [9], where the reorganization of the adsorbate
inside the pore and rotation of the linkers simultaneously led to
an increase of the pore-limiting diameter [9,36]. Several groups
pointed out that this deformation of the framework is strongly
related to low-frequency phonons [37-39].

The MOFs from DUT family exhibits another phenomenon
resulting from coupling between adsorption and frameworks
deformation: NGA. In DUT-49 buckling of the organic ligand upon
applied stress leads to contraction of the framework [40]. Evans
et al. [40] applied atomistic simulations (both quantum and classi-
cal) and the osmotic potential to show that the open pore DUT-
490p structure is stable at ambient conditions but upon methane
adsorption, as the number of adsorbed molecules increases, the
stability of closed-pore cp phase increases, leading to decrease of
transition barrier between op and cp structures. Surprisingly, the
isorecticular MOF DUT-48 does not undergo adsorption-induced
transition [41]. Using DFT and MD methods Krause et al. [41]
showed that it is due to fact that the ligand in DUT-48 is shorter
than in DUT-49, and much larger stress is required to bend it.

Recently synthesized JUK-8 (JUK - Jagiellonian University Kra-
kow, Fig. 1) with complex structure build from eight interpene-
trated subnetworks [15] constitutes another example of
breathing MOF. This material exhibits pore-opening transforma-
tion upon adsorption of CO, and H,0 molecules. Contrary to MIL-
53 for which the energy profile shows two well-defined minima
even for pristine (empty) structure, only cp structure of empty
JUK-8 is stable, and the pores open when the pressure of the
adsorbed gas increases.
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Fig. 1. Structures of MIL-53(Al) and JUK-8. The following notation was adopted over the whole paper: np - narrow pore, Ip - large pore, cp - closed pore, op - open pore.

In the present paper we provide a comprehensive methodology
for quantitative description of the phase transitions in flexible MOFs
using the osmotic thermodynamic potential approach. The MOF and
the adsorbate components of the osmotic potential are calculated
for the whole range of unit cell volumes, respectively by fixed-
volume DFT structures optimization and subsequent GCMC simula-
tion of adsorption isotherms. From the landscape of the osmotic
thermodynamic potential and the adsorption stress, we determine
the adsorption isotherm and respective framework deformation
during transformation. The proposed methodology is applied to
interpret the structural transitions induced by CO, and CH4 adsorp-
tion in MIL-53(Al), and by CO, adsorption in JUK-8 framework. The
paper is organized as follows: in the section 2 we present the theo-
retical background and details on modelling techniques used for cal-
culating the osmotic potential and adsorption stress. Section 3
describes the obtained results: free energy landscapes of host mate-
rials, calculated adsorption, and osmotic potentials, and then dis-
cusses the possibility of predicting in-silico adsorption isotherms
and framework deformation in any flexible MOF materials. We also
discuss the influence of rescaling the empirical dispersion correction
of interaction models on the quality of quantitative results. The gen-
eral conclusions are given in Section 4.

2. Theory and methodology

To characterize the structural transformations in MOFs we use
the osmotic thermodynamic potential Q. [24] depending on the
unit cell volume V, adsorbate chemical potential y, external pres-
sure P and temperature T:

Qos (My V7 P7 T) = Ghost(V7 P7 T) + Qads(,uv V7 T) (1)

Here the Gibbs free energy Gpos:(V, P,T) decomposes as:
Ghost(V, P, T) = Fpost(V, T) + PV (2)

Fhost(V, T) = Ea(V) + Foin(V,T) 3)

where the electronic energy E.(V) = Eprr(V) + Egisp(V) is a sum of
the DFT-derived energy and empirical dispersion contribution
describing long-range interactions. The vibrational contribution to
free energy F,i,(V,T) is calculated as:

1 3N 3N hooy (V)
Fup(V.T) =35 > hay(V) + kT In (1 —e & ) (4)
i=1 i=1

and depends on the frequencies w; of each mode (Nis a number of
atoms in the cell). The first term in Eq. (4) represents system zero-
point energy (ZPE).

The second term in Eq. (1) is the grand thermodynamic poten-
tial of adsorbed phase:

p
Qui(1.V.T) = KT [ Np.v.T) ’pV’T) dp, (6)
0

where N(p,V,T) is the adsorption isotherm calculated for a unit cell
of given volume and temperature. Assuming the Langmuir model of
adsorption, N(p,V,T) = gt/ 060HE, the Eq. (6) can be integrated
analytically:

B Ku(V,T)p
Quis(p, V,T) = —RTNo(V, T) In (1 +W . (7)

The osmotic thermodynamic potential defined by Egs. (1)-(6)
implies two important approximations. Eq. (2) assumes that the
external pressure is hydrostatic and the possible deviatoric stresses
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are ignored. This assumption is realized in adsorption experiments
with free standing samples (not exposed to any external stress),
where the external pressure is equal to the bulk gas pressure. Eq.
(6) assumes also that the adsorbate is an ideal gas.

By accounting for the vibrational and adsorption-related contri-
butions to the total free energy, we were able to provide the full
description of the systems deformations and phase transforma-
tions without any experiment-based adjustable parameters. In
order to obtain volume-dependent landscapes of the osmotic
potential, we prepared a set of framework structures in the range
of unit cell volumes embracing the experimentally stable phases
(from np to Ip phase for MIL-53, from cp to op phase for JUK-8).
For each volume of the unit cell the structure was optimized with
DFT methodology using PAW method (as implemented in the VASP
package [42-44]). The dispersion correction for long-range interac-
tions was calculated applying the Grimme methods [45,46] as
described in our previous papers [47] (D2 for MIL-53(Al), and D3
(B]) for JUK-8). The convergence criteria are set to 107° eV for elec-
tronic degrees of freedom, and to10~> eV/A for ionic. Frequencies
are calculated using the finite displacement method (with dis-
placement of 0.01 A). Eq. (4) was applied to calculate the vibra-
tional free energy. Adsorption isotherms for CO,, CH4 adsorption
in MIL-53, and CO; in JUK-8 were taken from our previous work
[3,15].

The adsorption stress [48] exerted by adsorbed guest molecules
on the host framework can be derived directly from the calculated
adsorption isotherms. From the thermodynamic standpoint, the
adsorption stress g, is defined as the derivative of the grand ther-
modynamic potential of the adsorbed phase Qg4 (u,V,T) with
respect to the cell volume V, at the given chemical potential u of
the adsorbate and the temperature T:

o (0Qus(, Y, T))
T=—-(—"17"2) .
a1 =~ (PG 0) ®)

If the Langmuir model is used to describe the adsorption iso-

therms, the adsorption stress can be calculated analytically:

o dNo KHp KHp/No dKH Nop
ro=rr{ur [n( -N0) - (vt | v (o)
9)
where Ky and N, are Henry constant and saturation capacity,
respectively, and the derivatives Ud’%‘z and iKT’;’ are calculated with
respect to the cell volume V..
The volumetric strain ¢ of an isotropic sample in the elastic lin-

ear approximation is related to the framework volumetric modulus
K and solvation pressure P, [48]:

V-V, 0,—-P Py
Vo K T KV
The solvation pressure is defined as the difference between the
adsorption stress and the bulk gas pressure: Py, = 6, — P. Vj is the
equilibrium volume of the dry sample, from which the strain is
reckoned. The bulk modulus K can be estimated from the relation
between the cell volume and the framework free energy:

K =V [33],

(10)

3. Results and discussion
3.1. Free energy landscapes of host frameworks

We start our analysis with the free energy landscapes of MIL-53
(Al) and JUK-9 calculated for the dry frameworks (without adsor-
bate, Py = 0). The landscapes Fp.(V,T), calculated at different
temperatures, are presented on Fig. 2.

The double-well profiles in Fig. 2 (left panel) indicate the rela-
tive stability of np and Ip phases of MIL-53(Al). For comparison,
the potential energy of electronic interactions E, (V) is also shown.
Clearly, the contribution of temperature-dependent vibrational
free energy F,, to the total free energy of the system is significant.
It causes (i) a shift of the equilibrium np phase to a larger volume
(by approx. 50 A3), and (ii) decrease of free energy difference
between np and Ip phases. When the temperature increases this
effect becomes more pronounced. The calculated free energy dif-
ference for np-Ip transition equals 12.7 kJ/mol, 10.0 kJ/mol and
5.8 kJ/mol for respectively 1 K, 200 K, and 500 K. However, the Ip
phase remains less stable than np phase over the whole range of
temperatures, up to 500 K. This result disagrees with experimental
observations [11]. A similar computational deficiency was already
pointed out in Ref [33], and attributed to the neglection of anhar-
monicity of atoms’ vibrations, and overestimation of the van der
Waals interactions by the empirical corrections. We consider that
the empirical parametrization of interaction parameters is the
main source of the observed disagreement between computed
and experimental data. In Section 3.5 we propose a solution to this
problem which leads to the stabilization of Ip phase at high
temperatures.

Fig. 3 (left panel) shows the variation of optimized volumes of
np, Ip and tp (transient phase at the energy barrier) phases of
MIL-53(Al) with temperature. The numerical results are in excel-
lent agreement with experimental data [11] for np phase that exhi-
bits a considerable thermal expansion with thermal expansion
coefficient oty _s3annp = 145 - 107®. K. For Ip phase the volume
of unit cell is only slightly overestimated (by 4%).

The free energy landscapes of JUK-8 (Fig. 2, right panel) shows
only one minimum; it indicates that in the absence of external
stimuli only one structure is stable at each temperature. The min-
imum shifts towards larger volumes with increase of the tempera-
ture from 3337 A® at 1 K A% at 1 K to 3485 A® at 500 K. As in the
case of MIL-53(Al), the vibrational contribution to the free energy
is significant - electronic potential energy E. has the minimum
at a smaller cell volume (of 3290 A3). The unit cell expands when
the temperature increases (Fig. 3, right panel), with thermal expan-

sion coefficient oyyx_ g = 88 - 107%.K~'. The calculated volume
agrees with the unique experimental value reported in [15].

3.2. Grand thermodynamic potential of adsorbed phase

Fig. 4 shows the adsorption isotherms simulated using GCMC in
the generated MOF structures of different cell volumes (adsorption
of CO, and CH4 in MIL-53(Al) at T = 298 K and of CO, in JUK-8 at
T = 195 K; for comparison, the experimental isotherms are also
shown [3,14,15]. The isotherms were calculated starting from the

cell volumes accessible for adsorbed molecules (V > 970A” for

CO, in MIL-53(Al), V > 3180A’ for CO, in JUK-8, and V > 1060A
for CH,4 in MIL-53(Al)). It is clear that the experimentally observed
isotherms of CO, adsorption cannot be associated to a single iso-
therm simulated assuming rigidity of the host framework, and that
the abrupt increase of the adsorbed amount is a consequence of a
structural transition within the adsorbent leading to a change of
accessible volume. In the case of CH4 adsorption in MIL-53(Al) both
the experimental and calculated isotherm increase monotonically
and does not show any features of phase transformations.

Fig. 5 shows the grand thermodynamic potential of adsorbed
phaseQggs, calculated according to the Eq. (6) by integration of the
simulated isotherm at given cell volume. For MIL-53(Al), as the sim-
ulated isotherms are satisfactory approximated by the Langmuir
model it is possible to perform analytical integration of isotherms
(The details of Langmuir fitting are given in Supplementary Material,
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Fig. S1). For JUK-8, the calculated CO, isotherms could not be
approximated by the Langmuir model and hence, to keep consis-
tency the Q4 profiles were calculated by numerical integration of
simulated isotherms for both MIL-53 and JUK-8.

For CO, adsorption in MIL-53(Al), at T = 298 K and pressures
lower than 5 bar only one minimum of the Qgpotential exists
and corresponds to the np phase. It appears at the volume of
1060 A3, roughly 100 A3 larger than the minimum observed for
empty structure (Fig. 2, left panel). This difference results from
the fact that pore in the empty np phase is too small to accommo-
date CO, molecules and needs to be first slightly expanded by the
adsorbed gas. The absence of a second minimum in adsorption free
energy profile is attributed to the strong electrostatic attraction
between hydroxyl group of the MIL-53(Al) framework that balance
the stress induced by (low) adsorption pressure. Therefore, at low
pressure the CO, molecules play a role of molecular clips that pre-
vent the structure from expanding.

At 5 bar, the second minimum on the Q.4 potential emerges and
becomes more and more pronounced when the gas pressure
increases. It is related to the stabilization of the Ip phase: as the
np structure becomes fully filled by the adsorbed molecules, it is
energetically more favorable for the framework to deform (under-
goes structural phase transition from the np to the Ip phase), and to
absorb larger number of molecules.

The Qg¢spotential of CH4 adsorption at 298 K in MIL-53(Al), at
pressures lower or equal to 20 bar presents only one, very shallow
minimum located at around 1450 A3. For higher gas pressures
Qqgspotential monotonically decreases with increasing volume. It
suggests that in the np phase there are no specific (and strong)
interactions between host framework and methane molecules;
the adsorbed amount of gas is proportional to the accessible vol-
ume, and limited by the free energy of the material only; this
aspect will be discussed further in the text.

The adsorption potential of CO, in JUK-8 for pressures lower
than 0.05 bar shows only one, very shallow minimum (cp phase).
When the gas pressure increases, a 2nd minimum appears. It sug-
gests that, similarly as for CO, adsorption in MIL-53(Al), there exist
some specific host-guest interactions that stabilize structures of
smaller volumes. However, this minimum is much shallower than
the minimum appearing at larger volume (-30 kJ/mol versus
—188 kJ/mol).

3.3. Osmotic thermodynamic potential of the host-guest system

The equilibrium structures of MOF in the presence of adsorbed
gas were determined by the minimization of the osmotic thermo-
dynamic potential Q. (Equation (1)) that includes the host-host,
guest-guest, and guest-host interactions. Fig. 6 presents the
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osmotic potential landscapes for increasing gas pressures. In the
case of CO, adsorption in MIL-53(Al) the two-well landscapes of
Q,s indicate the existence of two well defined np and Ip phases.
The np structure of 1021 A is more stable at pressures lower than
7 bar. For higher pressures, the osmotic potential minimum at
1474 A3 deepens, revealing the progressive stabilization of the Ip
phase. At the pressure of 7 bar both: np and Ip phases are in
equilibrium. When the pressure increases the second minimum,
corresponding to Ip phase, becomes deeper. The framework under-
goes a structural (breathing) transition from np to Ip phase, with a
significant change of its volume. In experiments, the breathing
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Fig. 5. Adsorption potential of CO, in MIL-53(Al) (298 K, top), CO; in JUK-8 (195 K,
middle) and CH4 in MIL-53(Al) (298 K, bottom). Full range of CO, gas pressures for
JUK-8 is presented on Fig. S3.

transitions occur with a pronounced hysteresis (Fig. 4, top) due
to a high energy barrier between the np and Ip phases. The hystere-
sis occurs in the range of pressures between 3 bar and 6 bar,
slightly below the equilibrium pressure of 7 bar predicted by our
model. This difference is the most probably due the inaccuracies
in the empirical correction of dispersion used in the calculations
to account for the long-range van der Waals interactions in the sys-
tem. This discrepancy can be avoided by adjusting the dispersion
terms, which is discussed in paragraph 3.5.

The osmotic potential for methane adsorption in MIL-53(Al)
does not indicate possibility of transition between np and Ip phases
upon adsorption. Adsorption may occur only in the structures of
volume larger than 1060 A3, and only one minima of osmotic
potential exists at 1460 A>; this value agrees with the experimental
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one and corresponds to the Ip structure. Therefore, the adsorption
potential (Fig. 5, bottom panel) plays critical role in stabilization of
Ip phase, whereas the framework free energy restrains the struc-
ture from further expansion. The picture is totally different in the
case of CO, adsorption, when both parts of osmotic potential con-
tribute to produce a double-well energy landscape and causes
breathing-like transformation of the framework.

The osmotic potential for adsorption of CO, in JUK-8 shows two
minima, corresponding to cp and op phases, and indicates that the
transitions between them is possible. For pressures up to 0.004 bar
only one significant minimum of Qs exists; it corresponds to the cp
phase, stabilized by the free energy of the framework. When the
gas pressure increases to 0.05 bar, a shallow minimum appears
at around 4050 A3 (the volume corresponding the op phase). In

the range of pressure from 0.1 bar to 1 bar the op structure rapidly
stabilizes; the equilibrium between cp and op phases occurs at
approx. 0.4 bar. This pressure is slightly overestimated with
respect to the experimentally observed transition range, between
0.1 bar and 0.2 bar (Fig. 4, middle panel). The op phase minimum
for pressures close to 1 bar is relatively flat and may explain struc-
ture swelling reported in Ref. [15]. The transition between cp and
op structures occurs as a result of two competing factors - cp phase
is stabilized by the free energy of the framework and op phase is
stabilized by the guest-host interactions.

3.4. Prediction of adsorption isotherms and framework deformation.
Adsorption stress model.

The minima of the osmotic potential allowed us to predict the
theoretical, equilibrium adsorption isotherms in different struc-
tural conformations of MIL-53(Al). Fig. 7 (top panel) shows the cal-
culated adsorption isotherms for CO, adsorption in np and Ip
phases of MIL-53 at 297 K. The pressure of equilibrium transition
between the isotherms is defined as the one for which the osmotic
potentials of np and Ip phases are equal. Experimentally, the phase
transitions in MOFs rarely occur at the equilibrium conditions; due
to significant energy barriers in the structures a large hysteresis
between the phases is rather observed. In the case of CO, adsorp-
tion on MIL-53(Cr) [27] the np — Ip transition develops over a wide
range of pressures (3 bar - 7 bar) [14]: it begins by a reversible
elastic deformation of 2.7% — 3.6% of unit cell volume, followed
by spontaneous plastic transformation of the whole sample,
involving up to 42% change of its volume.

To analyze the variation of mechanical properties of MIL-53(Al)
upon CO, adsorption, we calculated the adsorption stress (Equa-
tions 8-10). For that we needed to estimate Henry constant Ky,
saturation capacity No and their derivatives with respect to the
variation of cell volume upon adsorption. Therefore, we first recon-
structed the isotherms for np and Ip phases. We assumed that the
(constant) volumes of unit cells of phases are equal to volumes at
which the osmotic potential reaches the minimum. As these vol-
umes are almost independent on gas pressure (see Fig. 6, top
panel), for simplicity in further calculations we used the structures’
volumes observed at equilibrium between phases (at the pressure
of 7 bar): 1022 A3 for np phase and 1474 A3 for Ip phase, respec-
tively. The equilibrium isotherms were fitted to Langmuir model

_ N _Kep ivatives Mo and
N = No % and the derivatives gz* and G/ were extracted from

the volume dependency of the Ky and Ny constants. All parameters
necessary to calculate the adsorption stress are collected in Table 1.
Adsorption stress o, for each phase was then calculated using Eq.
(9), and its value was calibrated (by adding a constant) to set
s = 0 at equilibrium pressure p = 7bar.

The bulk modulus Kj of the framework at T = 300 K was calcu-
lated as the second derivative of free energy (Fig. 8, right) at vol-
umes for which it reaches minima (Fig. 8, left). The obtained
values, Kz = 3.6GPa and K = 2.6GPa for np and Ip phases, respec-
tively, confirm that the closed pores np structure is stiffer than the
open structure. This result is intuitive, as deformations of denser
structure need larger energy expense.

Using the calculated values of framework bulk modulus and the
adsorption stress, the effective deformation of the framework upon
CO, adsorption was calculated as a function of pressure (see Equa-
tion (9)). Fig. 8 (bottom panel) shows the variation of unit cell vol-
ume as a function of gas pressure, for np and Ip structures. At very
low pressures, (up to approximately 0.2 bar) the np structure con-
tracts first (due to strong electrostatic interactions between hydro-
xyl groups and adsorbed CO, molecules), then expands by approx.
2% to 1022 A3 as the pressure increases. At the equilibrium transi-
tion pressure (7 bar) the structural transition from np to Ip phase
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occurs, and the unit cell volume abruptly increases by 460 A3,
reaching the value of 1483 A3 at 9 bar. This results agrees quanti-
tatively with previously reported experimental observations [27].

The adsorption-induced deformations in JUK-8 will not be dis-
cussed here due to ambiguity in method of estimation of bulk
modulus for op phase, for which minima of Fp,;; does not exist. This
aspect requires more deep insight and will be described in separate

paper.

3.5. Modification of dispersion correction

The DFT methodology offers a vast selection of density func-
tionals, starting from local-density approximation (LDA), through
generalized-gradient approximation (GGA), up to hybrid function-
als (e.g. B3LYP and metaGGA [49,50]), which can be applied to
study a variety of material properties. However, many authors
pointed out the difficulty of selecting the best functional to
describe structural properties of MOFs: lattice constants, bond
length, bond angles, and corresponding elastic constants. Nazar-
ian et al. [51] performed a benchmarking study on a group of
mostly non-porous, rigid MOFs with two GGA-type (PBE and
PW91), one metaGGA (MO6L), and tree dispersion corrected
(PBE-D2, PBE-D3, and vdw-DF2) functionals. The authors showed
that neither of generic functionals were able to properly describe
all structures, and therefore the choice of the functional can be
based on its availability in DFT code used, and on its computa-
tional robustness. We have tested [47] PBE and PBEsol function-
als, with and without D2 and TS dispersion corrections on a set
of flexible and rigid MOFs including MIL-53(Al) (Ip and np
phases), MIL-53(Sc) (cp phase) and MIL-53(Fe) (int phase). We
have shown that although the dispersion correction tends to
overestimate the long-range interactions, it is required to prop-
erly describe the contracted pore phases of studied materials. If
the long-range interactions are neglected, the np, cp, and int
phases in MIL-53 with different metals cannot be stabilized,
and the optimization of framework geometry always ends up
with open pore structure. The dispersion correction is then neces-
sary to obtain double-well potential profile properly describing
both phases in MIL-53 materials.

For MIL-53(Cr) Cockayne [52] showed that the difference of
energy between Ip and np phase (always more stable) varies in
the range from 5 kJ/mol to 80 kJ/mol, depending on selected func-
tional and dispersion correction. Similar problem was encountered
by Hoffman et al. [33] when studying the energy profiles of MIL-53
(Al) using PBE-D3(B]J) functional: it was impossible to stabilize the
Ip structure at 300 K even when vibrational entropy was taken into
account. The same conclusions were drown with a vast selection of
the state-of-art dynamic methods [18].

Since the dispersion correction term is empirical and designed
to fit a set of experimental data [45], the simplest modification of
the PBE-p-type functionals that could improve the agreements
between calculated and the experimentally observed phase dia-
gram consists in rescaling of the dispersion term. Therefore we
slightly reduced it, by 7% (Ee(V) = Eprr(V) +0.93 - Egisp(V)). Cor-
rected and uncorrected energy profiles are presented on Fig. 9 (free
energy profile change with respect to scaling coefficient is pre-
sented on the Fig. S2). For MIL-53(Al) rescaling of the dispersion
term stabilizes both np and Ip phases at room temperature
(T = 300 K), consistently with experimental data [53]. In the case
of JUK-8 the influence of the rescaling of the dispersion correction
on the free energy profile is much less significant and consists only
in slight shift of the profile towards larger volumes.

Fig. 10 shows osmotic energy profiles calculated using corrected
free energy contribution. For MIL-53(Al) the reduction of disper-
sion energy substantially improves the compliance of simulations

Table 1
Parameters used to calculate the adsorption stress for CO, adsorption in MIL-53(Al).
Phase Ky Ny Ve l;KTr(: Z%f
(bar—1) (molecules/uc) (AS) (bar*li\*g) (Af?’)
Ip 1.88 11.43 1021.62 -3.4.1073 461071
np 15.10 2.14 147435 -6.4-1072 491072
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results with experimental data: the volumes for which the poten-
tial reaches minima remain almost unchanged, but the relative
depth of the minima (relative stability of the np and lp phase) is
different (compare to Fig. 6, top panel). The equilibrium transition
is shifted towards lower gas pressures, to roughly 4 bar, which is
within the range of experimentally observed hysteresis (Fig. 11).

Similarly, for JUK-8 the transition is shifted to roughly 0.15 bar,
the value which is much closer to experimentally observed value
of 0.1 bar (Fig. 4). Therefore, the proposed rescaling of dispersion
term provides satisfactory results for both studied materials; how-
ever, its universality have still to be tested on a significantly larger
set of frameworks.
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4. Conclusions

We showed that a systematic use of the osmotic potential to
characterize the adsorption-induced deformations in two MOFs —
MIL-53(Al) and recently synthesized JUK-8 - gives the qualitative
and quantitative description of the phenomena, in agreement with
experimental results. The osmotic potential takes into account
both factors involved in framework deformation: (i) the intrinsic
capacity of the dry (empty) structure to deform, described by
deformation energy terms (including the temperature-dependent
lattice vibrations), and (ii) the adsorption stress, exerted by the
adsorbed phase. Both components can be determined numerically
by combining the electronic DFT and GCMC simulations for calcu-
lating respectively the energy of deformation, and adsorption iso-
therms. It is important to highlight that the approach we propose

does not refer to neither arbitrary assumptions nor empirical (ad-
justable) parameters. We proved that the adsorption-induced
transformations can be predicted without any experimental input.
Therefore, the analysis of the osmotic thermodynamic potential
provides a justified numerical alternative to the experimental
investigations and should be applied as the first-step, rapid
method of predicting, analyzing, and interpreting various forms
of flexibility in MOF materials. The proposed approach can be
applied to any flexible material which undergoes complex trans-
formations through intermediate deformed phase. It can also be
used to describe frameworks from DUT family, which exhibit NGA.

We also pointed out the critical importance of the dispersion
contribution into interaction potentials in quantitative analysis of
structural transformations of flexible structures. The fact that the
reduction of the dispersion contribution by few percent only may
change the shape of the framework free energy landscape and shift
the conditions of phase stability was unexpected. It suggests that
the dispersion term plays much more important role in the
description of interactions than the thermodynamic correction of
potentials for the vibrational anharmonicity evoked in earlier
reports [18]. However, this conclusion needs to be further tested
for a significantly larger set of frameworks in order to prove its
importance.
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