
ARTICLE

Thermodynamic insight into stimuli-responsive
behaviour of soft porous crystals
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Knowledge of the thermodynamic potential in terms of the independent variables allows to

characterize the macroscopic state of the system. However, in practice, it is difficult to access

this potential experimentally due to irreversible transitions that occur between equilibrium

states. A showcase example of sudden transitions between (meta)stable equilibrium states is

observed for soft porous crystals possessing a network with long-range structural order,

which can transform between various states upon external stimuli such as pressure, tem-

perature and guest adsorption. Such phase transformations are typically characterized by

large volume changes and may be followed experimentally by monitoring the volume change

in terms of certain external triggers. Herein, we present a generalized thermodynamic

approach to construct the underlying Helmholtz free energy as a function of the state vari-

ables that governs the observed behaviour based on microscopic simulations. This concept

allows a unique identification of the conditions under which a material becomes flexible.
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At first, it might seem rather counterintuitive to connect
flexibility and crystallinity. A crystalline phase is typically
associated with a high degree of order and close packing

of its components, which seemingly conflicts with softness or
flexibility. However, new generations of materials have been
discovered that, unlike most conventional inorganic crystals,
possess a highly ordered network but are also able to structurally
transform while retaining the same or similar topologies1–3.
Kitagawa and colleagues1 coined the term ‘soft porous crystals’
(SPCs) for such materials, which show a bistable or multistable
behaviour with long-range structural order. Since then, an
enormous endeavour has been undertaken to understand this
experimentally observed phenomenon4, 5. Prominent examples of
such SPCs are flexible metal-organic frameworks (MOFs), built
up from inorganic nodes or chains connected with organic lin-
kers, which have the ability to undergo drastic changes in the unit
cell volume upon external stimuli (Fig. 1)3. Initially, it was
thought that framework flexibility could only be induced by
adsorbing or desorbing guest molecules; however, various mate-
rials have been discovered that show stimuli-responsive beha-
viour under the influence of external triggers such as mechanical
pressure, temperature, electric fields and light3, 6. The term
‘flexibility’ is a rather generic term and may imply different forms
of structural changes such as ligand flipping, pore gating,
breathing, etc. In this work, it will be used to refer to materials
with the ability to undergo phase transformations accompanied
by a substantial change in unit cell volume and for which the
crystallographic space group of the different phases may change
(schematically shown in Fig. 1)3. Frameworks exhibiting this
type of flexibility have often been categorized as breathing
materials. For more elaborate discussions on the terminology
we refer to the review of Schneemann et al.3. The prototype
flexible frameworks are the so-called MIL-53 materials (MIL =
Matériaux de l’Institut Lavoisier) exhibiting a wine-rack topology

and capable of undergoing volume changes up to 40% upon
exposure to external stimuli7. The observed macroscopic flex-
ibility has been found to be critically dependent on the detailed
composition of the framework and the building units making up
the framework (Fig. 1)3, 4.

Experimentally, framework flexibility can be followed by
monitoring the response of the material to the external stimulus
(schematically shown in Fig. 2) with techniques such as mercury-
intrusion porosimetry8, high-pressure X-ray diffraction9, differ-
ential scanning calorimetry10 or spectroscopic techniques11.
These approaches have been applied to a diverse set of soft porous
materials and the observation of a sudden volume change at a
given value of the external trigger uniquely identifies framework
flexibility. Although the experimental profiles allow one to
recognize the stimuli-responsive behaviour, they do not allow one
to construct the underlying thermodynamic potential governing
the observed behaviour. Indeed, during the breathing phenom-
enon, the material undergoes one or more irreversible structural
transitions between (meta)stable equilibrium states, which are
separated by a region of volume states, which are not equilibrated
with the applied experimental conditions. These states are only
visited during irreversible transitions and hence one cannot
extract their equilibrium thermodynamic potential from experi-
ment using basic equilibrium thermodynamics.

Yet, knowledge of the full thermodynamic potential in terms of
the independent variables of the system is the key ingredient to
understand the macroscopic conditions governing breathing.
Within thermodynamics, a thermodynamic potential is defined as
a function of certain variables characterizing the state of the
system, having the property of being in a maximum or a mini-
mum when the system is in equilibrium. Various thermodynamic
potentials may be used such as the internal energy, the Helmholtz
free energy and the Gibbs free energy. For systems characterized
by the temperature, volume and number of particles as state
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Fig. 1 Illustration of some metal-organic frameworks which show potential stimuli-responsive behaviour. All shown materials are MOFs built from a 0D or
1D inorganic moieties connected by organic linkers
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variables, the Helmholtz free energy is introduced as follows:

dF ¼ �SdT � PdV þ
X

i
μidNi ð1Þ

However, one can transform one thermodynamic potential to
another by means of a Legendre transformation12.

Herein we present a microscopic approach based on classical
molecular dynamics simulations to construct the Helmholtz free
energy and to uniquely determine the macroscopic response of a
material upon stimuli such as mechanical pressure, temperature
and adsorbed guest molecules. The systematic thermodynamic
approach allows for the identification of the macroscopic condi-
tions under which a material is expected to undergo a structural
transition. Some materials show rigidity in a certain window of
state variables, while possessing intrinsic bistable or multistable
behaviour characterized by a thermodynamic potential bearing
one or more minima in terms of volume. Such materials may
become flexible under another set of conditions. The approach is
generic and may be applied directly to any SPC exhibiting long-
range order. Materials for which the phase transition is accom-
panied by a loss of long-range order, such as amorphous MOFs13,
cannot be straightforwardly simulated as the present approach
relies on periodic boundary conditions. Effects such as amor-
phization under elevated pressures may however be detected both
experimentally and theoretically by a broadening of the peaks in
the radial distribution function14.

Results
Structural transitions induced by mechanical pressure. From a
thermodynamic point of view two cases need to be distinguished:
(i) structural transitions induced by a mechanical pressure P and
(ii) structural transitions induced by another trigger X ≠ P15, 16.
The thermodynamic approach is introduced for the case where
structural transitions are induced by application of a mechanical
pressure under fixed conditions of number of particles and
temperature. As the volume is the conjugate variable of the
pressure, this is thermodynamically the simplest case. In general,
the experimental response of a material under a positive
mechanical pressure can yield three profiles, as illustrated in
Fig. 317–21. Negative pressures would correspond to pulling the
crystal framework isotropically. Such conditions might become
accessible experimentally by embedding the materials in a
membrane; however we are not aware of the development of such
a setup to test the material’s behaviour at hand. In the first case
(Type I in Fig. 3), the volume-versus-pressure profile shows no
hysteresis and only a gradual decrease of the volume without
structural transition is observed upon increasing pressure. The
thermodynamic cycle is reversible upon exerting an external
pressure and releasing it afterwards. The material behaves as an
ideal spring, where both the material and the environment return
to their initial state after the closed pressure cycle. Most con-
ventional solids belong to this category in the elastic regime. In
the second case (Type II in Fig. 3), the material suddenly switches
towards a contracted pore phase but never returns to the original
open pore phase even when releasing the pressure. The third case

Volume V

External stimulus X

Temperature T

Co3(OH)2(btca)2,
MIL-53(AI), MIL-53(Ga),

Sc2(bdc)3

CAU-13, Co(bdp),
CPL-2, DMOF-1(Zn),

MIL-53(AI), STA-12(Co)

Al-fumarate, CAU-13,
MIL-47(V), MIL-53(Cr),

MIL-53(AI), NOTT-300, Zn(CN2)
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Fig. 2 Illustration of volume profiles for three types of external stimuli. The stimuli are mechanical pressure, chemical potential and temperature. Examples
of soft porous materials for which such profiles have been determined are indicated in the bottom of the figure (Al-Fumarate17, CAU-1348, MIL-47(V)18,
MIL-53(Cr)49, NOTT-30048, Zn(CN)250, Co(bdp)35, CPL-251, DMOF-1(Zn)36, MIL-53(Al)12, 19, 52, STA-12(Co)53, Co3(OH)2(btca)254, MIL-53(Ga)26 and
Sc2(bdc)355). The shown profiles correspond, from left to right, to CAU-13, MIL-53(Al) and Co3(OH)2(btca)2. For each material, the chemical formula and
building blocks are given in Supplementary Table 1
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(Type III in Fig. 3) corresponds to a back-and-forth transition
from one phase to another when increasing or releasing the
pressure. In this case hysteresis is observed in the volume-versus-
pressure profile. Although the sketched experimental V(P) pro-
files unequivocally define the material’s response to external
pressure, they do not allow one to uniquely assess the underlying
thermodynamic potential.

The same volume-versus-pressure profile may result from
fundamentally different thermodynamic potentials, as it will be
illustrated hereafter. For systems where only the PV work is
relevant, i.e., isotropic or anisotropic systems exposed to a
hydrostatic pressure, the state of the system is uniquely defined by
the Helmholtz free energy FNT as a function of the number of
particles N, volume V and the temperature T. As the hydrostatic
pressure is the negative volume derivative of the Helmholtz free
energy, one can obtain the thermodynamic potential FNT relative
to some reference point using thermodynamic integration:

FNT Vð Þ � FNT Vref
� � ¼

Z V

Vref

∂FNT V ′
� �

∂V ′
dV ′ ¼ �

Z V

Vref

PNT V 0ð Þh idV 0

ð2Þ

where P is the instantaneous hydrostatic pressure22. The latter
quantity may be obtained from atomistic molecular dynamics
simulations where the volume is constrained but the cell shape is
allowed to fluctuate as explained in the Methods section. This
procedure yields the mechanical equation of state PNT (V), for
which six distinct profiles can be distinguished, as displayed in the
bottom pane of Fig. 3. Via thermodynamic integration each
subtype of PNT (V) results in a specific shape of the free energy

FNT (V). In all plots the shaded areas correspond to mechanically
unstable regions, where ∂P

∂V > 0 or, equivalently, with regions
having a negative bulk modulus, which are not accessible
experimentally. A given experimental response may originate
from fundamentally different free energy curves, as schematically
shown in Fig. 3. To properly understand the possible applications
of the material under a given set of experimental conditions, it is
crucial to distinguish between the various free energy profiles. For
example, materials bearing a Type II behaviour may either be
used as a shock absorber or a triggered disperser. We will now
illustrate the approach to a series of MOFs, to predict their
flexibility characteristics. For all materials, we constructed the
thermodynamic potential from molecular dynamics simulations
using in-house developed force fields (Methods section). The
mechanical equations of state and the free energy profiles are
shown in Fig. 4a.

UiO-66 and MIL-53(Ga) materials both behave as an ideal
spring and show a volume-versus-pressure response of the Type I.
UiO-66 is the prototype example of a very stable MOF under
various conditions and is characterized by a Helmholtz free energy
profile belonging to the Type Ia, as it has one stable minimum
and no inflection points (see Supplementary Fig. 1)14,23–25.
Experimentally, the material shows a loss of crystallinity only at
a hydrostatic pressure of about 1.4 GPa and the material is
characterized by a high bulk modulus of about 17 GPa20. MIL-53
(Ga) on the contrary belongs to the well-known MIL-53 series
featuring a typical wine-rack framework which is a characteristic
for many flexible materials21,26. Structural transitions between an
open pore and a contracted pore phase were observed under
influence of temperature or guest adsorption, but the pressure
response is to date unknown. A full tensorial analysis of the elastic
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Fig. 3 Comparison of experimental response with corresponding hypothetical free energy. Top panel: iIllustration of the possible experimental responses of
a material upon exerting a positive mechanical pressure17–21. Bottom panel: hypothetical Helmholtz free energy FNT(V) and mechanical equation of state
PNT(V), with N the number of particles and T the temperature, in terms of the volume. Shaded areas correspond to mechanically unstable regions
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constants was performed by Ortiz et al.27. They found a strong
anisotropic behaviour of the Young modulus in various directions,
which is an indicator for potential flexible behaviour. While such
analysis of the anisotropy points towards potential bistable
behaviour of a material, it does not reveal the conditions under
which the material breathes28. The thermodynamic potential—
belonging to Type Ib—shows various inflection points, which is
necessary for flexible behaviour. However, as the Helmholtz free
energy reveals no stable minimum for the open pore phase, the
material is predicted to remain in its contracted pore phase upon
exerting positive pressure and releasing it back.

The functionality of the MIL-53 type of materials may be
modulated by changing the linkers and/or metals. The MIL-53
(Al) and the MIL-53(Al)-F are both isoreticular to the MIL-53
(Ga) but belong to the Type II class upon response to a positive
mechanical pressure19,29. MIL-53(Al) and MIL-53(Al)-F are both
constructed with aluminum in the inorganic chains, but MIL-53
(Al) contains OH− compensating anions, whereas MIL-53(Al)-F
has F− charge-compensating anions in the inorganic chains
(Fig. 1)29. These two materials are predicted to show an
irreversible pressure-induced breathing. When increasing the
pressure, the material, which is originally in its open pore phase,

will irreversibly transform to a contracted pore phase at a
pressure Pf. When decreasing the pressure back to zero, the
material relaxes reversibly to its contracted pore phase, but never
returns to the open pore phase. According to the applied force
fields, the Helmholtz free energy profiles are fundamentally
different in both cases. For MIL-53(Al), the open pore phase is a
metastable state (Type IIb) and the material behaves as a triggered
disperser. During a compression/decompression cycle, the
material releases part of its energy as heat to the environment,
effectively increasing the entropy of the environment and as such
also the universe. The pressure-induced open pore phase to
contracted pore phase transition was experimentally observed at
pressures of 13–18MPa19,22. The material also shows a large
anisotropy of the Young modulus, which is a necessary criterion
for breathing27. Similar pressure-induced flexibility is predicted
from our model for the Co(bdp) material, not belonging to the
MIL-53 series30. Current experimental procedures only allowed
to synthesize a fully desolvated structure in the contracted pore
phase, whereas our model predicts the existence of a large and
contracted empty pore phase, which is only slightly less stable (45
kJ mol−1 at 300 K). This material might be interesting for further
testing in a compression/decompression cycle. In contrast, MIL-
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53(Al)-F shows a free energy profile of Type IIa and behaves as a
shock absorber and is potentially interesting for energy storage
applications. Starting from the open pore phase and applying an
external pressure, the material will also irreversibly contract
towards the contracted pore phase, but in this particular case the
material will absorb work resulting in an increase of the free
energy (ΔFMOF> 0). According to the first and second law of
thermodynamics, the total work performed on the MOF equals
WMOF ¼ ΔFMOF þ TΔSuniverse>ΔFMOF and it is larger than the
change in free energy of the MOF, since the entropy of the
universe will rise during an irreversible process. The ΔFMOF is a
lower bound for the work required to induce the open pore phase
to the contracted pore phase transition. To maximize the stored
mechanical energy, the MOF should preferentially exhibit a large
volume difference between the two (meta)stable states and a high
transition pressure. DUT-49(Cu) is another example of a
potential shock absorber (Fig. 4a)31. According to our simula-
tions, DUT-49(Cu) is predicted to have the ability to store more
mechanical energy as MIL-53(Al)-F (57.8 J g−1 vs 7.9 J g−1). This
might seem contradictory, as the transition pressure of DUT-49
(Cu) is lower; however, as explained in Supplementary Note 3, the
larger volume variation (per gram material) is the main cause for
the higher amount of absorbed mechanical energy.

As an example of a Type III material, we discuss the Aluminum
fumarate MOF (Al-fumarate), which shows highly flexible
behaviour. The material is isoreticular to the MIL-53(Al) but
contains aliphatic fumarate linkers instead of the aromatic
benzenedicarboxylate linkers (Fig. 1)17,32. Our thermodynamic
model predicts that, during a compression/decompression cycle,
the material switches to its contracted pore phase once the
pressure Pf is reached and returns to its open pore phase when
releasing the pressures to values lower than Pb. This is fully
consistent with the recent experimental observation which
revealed that the reversible contraction of this material to the
contracted pore phase occurs at a high transition pressure of
about 120MPa and returns back to the open pore phase upon
releasing the pressure below 20MPa17. The amount of
mechanical energy that could be stored in one
compression–decompression cycle was unprecedently high at
that time with values estimated to be of the order of 40–60 J g−117.
Within the class of porous solids, this material has large potential
to be used as nano-dampener or lossy spring.

Structural transitions induced by a trigger X≠ P. The strength
of our thermodynamic approach lies in the fact that it may also
predict the response of the material upon other stimuli such as
the temperature or the chemical potential, which are not con-
jugate variables of the volume. To investigate transitions induced
by such an external trigger X, a series of pressure versus volume
profiles PY (V;X) for various values of the external trigger X need

to be constructed while the other state variables Y are kept
constant (Fig. 5a). The principle is conceptually illustrated in
Fig. 5. The volume response of the material upon the external
stimulus X is obtained by determining for each X value of the
volume V for which P (V;X) = P0 and ∂P

∂V < 0 from its mechanical
equation of state. This is done by intersecting the mechanical
equations of state at a given pressure P = P0 (usually the atmo-
spheric pressure), from which the V(X) profiles are obtained
(Fig. 5c). This V(X) profile contains all information to deduce
whether a material is expected to undergo a structural transfor-
mation under the influence of the external trigger X.

There are ample cases available for which breathing transitions
were observed experimentally under influence of temperature
and/or guest adsorption. For a selected set of materials, we
constructed the mechanical equations of state in terms of various
temperatures and/or guest loadings. The results are shown in
panels b, c and d of Fig. 4. The thermo-responsive behaviour is
illustrated for MIL-53(Al)-F in Fig. 4b. Experimentally, no
temperature-induced transition to the contracted pore phase
was observed, only a phase transition from an orthorhombic open
pore phase to a monoclinic open pore phase at 175 K29. A series
of molecular dynamics simulations in the temperature window
100–600 K were performed to generate the V(T) profile. Our
thermodynamic approach reveals that the material exhibits two
(meta)stable structures at temperatures below 400 K, whereas
only one stable structure is found above 500 K. A transition to the
contracted pore phase is predicted to be only possible if the open
pore phase minimum in the free energy profile would disappear,
according to the assumption of collective behaviour33. Our model
predicts that when starting from the contracted pore phase at low
temperatures, a structural transition to an open pore phase would
take place between 400 and 500 K. This experiment was not
performed so far. Nanthamathee et al.29 determined the
volumetric thermal expansion coefficient αV ¼ 1

V
∂V
∂T

� �
P in the

temperature range 175–500 K, which was found to be negative for
MIL-53(Al)-F in contrast to its -OH analogue. The V(T) profile
allows to directly deduce the thermal expansion coefficient in
both the contracted and open pore phases. A negative coefficient
is indeed found in the open pore phase, whereas the lower branch
corresponding to the contracted pore phase is characterized by a
positive thermal expansion coefficient. In fact, the volumetric
thermal expansion coefficient αV is a local descriptor of
framework distortions but gives by itself no conclusive outcome
on the potential phase transformations of the material in a given
temperature window.

Guest-induced phase transformations are illustrated for xenon
adsorption in MIL-53(Al) (Supplementary Fig. 2), methane
adsorption in Co(bdp) (Fig. 4c) and benzene adsorption in
DMOF-1(Zn) (Fig. 4d). We investigated the response of all these
materials upon guest loading by constructing a series of PT(V; N)

P

V V X

F V

P0

V(X)

Increasing
magnitude
of trigger X

FY(V;X)PY(V;X)
cba

Fig. 5 Illustration of the structural transitions induced by a general state variable X. aMechanical equation of state b free energy and (c) the response V(X)
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mechanical equations of state for a fixed temperature but with a
varying number of particles (see Methods section). Experimen-
tally, one controls the chemical potential; however, computation-
ally, it is easier to perform molecular dynamics simulations by
controlling the number of particles. The obtained PT(V; N) profile
can easily be transformed to a PT(V; μ) equation of state by means
of a Legendre transformation of the corresponding Helmholtz
free energy to the grand canonical potential12. By localizing the
stable points at the intersection of the pressure profiles with a
fixed mechanical pressure of 1 bar, the V(N) response curve upon
guest loading are constructed (Fig. 4c for methane@Co(bdp) and
Supplementary Fig. 2 for xenon@MIL-53(Al)). For xenon
adsorption in MIL-53(Al), our model predicts that the material
undergoes a phase transition to an intermediate phase with a
volume in between the contracted pore and open pore phases,
when initially starting from the open pore phase, for a loading of
one xenon particle per unit cell. Upon higher loading the volume
gradually increases. These results agree well with the experiments
of Boutin et al.34, which evidenced breathing transitions in the
measured xenon adsorption isotherms for MIL-53(Al) in the
temperature range 195–323 K and earlier simulations based on a
mean-field model12, 34. For Co(bdp) we predict a transition from
a contracted pore phase to an open pore phase for a methane
loading varying between two and four molecules, which agrees
well with the experiments of Mason et al.35. The proposed model
is versatile in the sense that not only phase transformations may
be predicted but also continuous shrinking of the material as was
observed for benzene adsorption in DMOF-1(Zn), which is a
pillared layer MOF (Fig. 1)36, 37. In this case a continuous
shrinking of the open pore phase is observed upon loading with
benzene molecules (Fig. 4d). The transition is observed from a
loading from about 1.5 to 2 benzene molecules per unit cell. Our
observations are in correspondence with the results of Grosch
et al.36 who performed a series of NPT simulations, but did not
extract the full thermodynamic potential. The free energy
determined here, reveals that a local minimum exists, which is,
however, not sufficiently stabilized by the guest molecules to
induce a phase transformation. Our thermodynamic model yields
all necessary components to also explain unexpected effects such
as negative gas adsorption, which was observed for DUT-49(Cu)
upon exposure of methane, as explained in Supplementary
Note 538. The approach proposed here, might be helpful to design
materials with specific guest induced breathing in close
collaboration with experimentalists39.

Discussion
In conclusion, we presented a generalized thermodynamic
approach to construct the Helmholtz free energy as a function of
the state variables for SPCs based on microscopic simulations. The
method relies on the construction of the mechanical equation of
state PY(V;X) from molecular dynamics simulations for various
natures and magnitudes of the external trigger X. In case the
external stimulus is the mechanical pressure, the response of the
material at a given temperature may be easily derived from one
mechanical equation of state. For more general stimuli such as the
temperature or the chemical potential of adsorbing guest mole-
cules, which are not the conjugate variable of the volume, a series
of mechanical equations of state at various values of X need to be
determined. As such, one obtains the full thermodynamic
potential in terms of the governing state variables and a complete
characterization of the framework flexibility. The strength of the
proposed thermodynamic model relies in the fact that it can
predict a flexibility window for a given material in a generic way.
We have shown that some materials, which show intrinsic bistable
behaviour, may not adopt a flexible behaviour macroscopically.

This was the case for the MIL-53(Ga) for which local descriptors
such as the anisotropy of Young modulus predict an intrinsic
bistability, but which does not breathe under influence of pressure.
Such local descriptors do not give a conclusive statement on the
flexibility of the material under certain conditions. From an
application point of view, knowledge of the thermodynamic
potential is crucial, as it may allow the in silico anticipation of the
selection of soft porous materials with adequate structural beha-
viour upon external stimuli, e.g., systems as shock absorbers or
triggered dispersers when applying mechanical pressure.

Methods
Force field derivation. Molecular simulations for each MOF were performed using
a force field specifically derived for each MOF. For DMOF-1(Zn), including the
benzene guest molecules, the force field derived by Grosch et al.36 was used. For
MIL-53(Al), MIL-53(Al)-F, MIL-53(Ga), and Al-fumarate and Co(bdp), a force
field was derived from periodic ab initio input using QuickFF, an in-house
developed program to easily derive force fields for MOFs40. The required ab initio
input was obtained by performing periodic Density Functional Theory calculations
with the Vienna Ab Initio Simulation Package41. These force fields consist of a
covalent contribution defined by QuickFF, an electrostatic contribution described
by Coulomb interactions between atomic charges estimated by means of the
Minimal Basis Iterative Stockholder partitioning scheme and a van der Waals
contribution taken from the MM3 force field42, 43. More details on the construction
of the force fields can be found in Supplementary Note 6. The thermodynamic
model is in principle generic but relies on reliable force fields. As a typical illus-
tration, we compared the results obtained for DMOF-1(Zn) with various force
fields (Supplementary Note 7). For some materials such as one- and two-
dimensional coordination polymers, force field development might be very chal-
lenging due to critical dependence on the non-bonding interactions between the
layers or the chains and more dedicated research might be required to apply the
methodology on these systems44, 45.

Construction of free energy profiles. To construct the equation of state PNT(V),
several molecular dynamics simulations were run in the (N, V, σa = 0, T) ensemble for
various values of the unit cell volume, whereas the cell shape may fluctuate. Herein, σa
is defined as the anisotropic contribution to the stress tensor. To mimic the experi-
mental conditions of isotropic stress, we chose σa= 0, which is controlled by means of
a Martyna–Tobias–Tuckerman–Klein barostat46. The number of particles is kept fixed
and the temperature is controlled using the Nosé–Hoover thermostat47. From the
output of such molecular dynamics simulations, the time average of the instantaneous
hydrostatic pressure Pi was computed, which is defined at each time step as Pi = Tr
(σi)/3 with σi the instantaneous, internal stress tensor resulting in P(V) and F(V)
profiles. More information about the procedure can be found in the work of Rogge
et al.22. The details of the computational setup of the molecular dynamics simulations
can be found in Supplementary Note 8. For a selected set of materials, the separate
contribution of internal energy and entropy was deduced from the simulations to
obtain more insight into the effects contributing to the stabilization of one or the
other phase (Supplementary Note 9). Alternatively, free energy profiles may be
obtained in the quasi-harmonic approximation. This was done for some materials
under study in this paper, more information can be found in Supplementary Note 10.
Finally, the convergence of the free energy profiles in terms of the simulation time is
investigated in Supplementary Note 11.

Data availability. The authors declare that all data supporting the findings of this
study are available within the paper and the Supplementary Files, or available from
the authors upon request (see Supplementary Note 12).

Received: 21 May 2017 Accepted: 18 December 2017

References
1. Horike, S., Shimomura, S. & Kitagawa, S. Soft porous crystals. Nat. Chem. 1,

695–704 (2009).
2. Ferey, G. & Serre, C. Large breathing effects in three-dimensional porous hybrid

matter: facts, analyses, rules and consequences. Chem. Soc. Rev. 38, 1380–1399
(2009).

3. Schneemann, A. et al. Flexible metal-organic frameworks. Chem. Soc. Rev. 43,
6062–6096 (2014).

4. Coudert, F.-X. Responsive metal-organic frameworks and framework materials:
under pressure, taking the heat, in the spotlight, with friends. Chem. Mat. 27,
1905–1916 (2015).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02666-y ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:204 |DOI: 10.1038/s41467-017-02666-y |www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


5. Bennett, T. D., Cheetham, A. K., Fuchs, A. H. & Coudert, F.-X. Interplay
between defects, disorder and flexibility in metal-organic frameworks. Nat.
Chem. 9, 11–16 (2017).

6. Ghoufi, A., Benhamed, K., Boukli-Hacene, L. & Maurin, G. Electrically induced
breathing of the MIL-53(Cr) metal-organic framework. ACS Cent. Sci. 3,
394–398 (2017).

7. Ferey, G. Hybrid porous solids: past, present, future. Chem. Soc. Rev. 37,
191–214 (2008).

8. Beurroies, I. et al. Using pressure to provoke the structural transition of metal-
organic frameworks. Angew. Chem. Int. Ed. 49, 7526–7529 (2010).

9. Hobday, C. L. et al. A computational and experimental approach linking
disorder, high-pressure behavior, and mechanical properties in UiO
frameworks. Angew. Chem. Int. Ed. 55, 2401–2405 (2016).

10. Devautour-Vinot S. et al. Estimation of the breathing energy of flexible MOFs
by combining TGA and DSC techniques. Chem. Commun. 0, 2733–2735
(2009).

11. Titov, K. et al. Probing dielectric properties of metal-organic frameworks: MIL-
53(Al) as a model system for theoretical predictions and experimental
measurements via synchrotron far- and mid-infrared spectroscopy. J. Phys.
Chem. Lett. 8, 5035–5040 (2017).

12. Vanduyfhuys, L., Ghysels, A., Rogge, S. M. J., Demuynck, R. & Van Speybroeck,
V. Semi-analytical mean-field model for predicting breathing in metal-organic
frameworks. Mol. Simulat. 41, 1311–1328 (2015).

13. Bennett, T. D. & Cheetham, A. K. Amorphous metal-organic frameworks. Acc.
Chem. Res. 47, 1555–1562 (2014).

14. Rogge, S. M. J. et al. Thermodynamic insight in the high-pressure behavior of
UiO-66: effect of linker defects and linker expansion. Chem. Mat. 28,
5721–5732 (2016).

15. Wieme, J., Vanduyfhuys, L., Rogge, S. M. J., Waroquier, M. & Van Speybroeck,
V. Exploring the flexibility of MIL-47(V)-type materials using force field
molecular dynamics simulations. J. Phys. Chem. C. 120, 14934–14947 (2016).

16. Evans, J. D., Bocquet, L. & Coudert, F.-X. Origins of negative gas adsorption.
Chem 1, 873–886 (2016).

17. Yot, P. G. et al. Mechanical energy storage performance of an aluminum
fumarate metal-organic framework. Chem. Sci. 7, 446–450 (2016).

18. Yot, P. G. et al. Large breathing of the MOF MIL-47(V-IV) under mechanical
pressure: a joint experimental-modelling exploration. Chem. Sci. 3, 1100–1104
(2012).

19. Yot, P. G. et al. Metal-organic frameworks as potential shock absorbers: the case
of the highly flexible MIL-53(Al). Chem. Commun. 50, 9462–9464 (2014).

20. Yot, P. G. et al. Exploration of the mechanical behavior of metal organic
frameworks UiO-66(Zr) and MIL-125(Ti) and their NH2 functionalized
versions. Dalton T. 45, 4283–4288 (2016).

21. Chaplais, G. et al. IM-19: a new flexible microporous gallium based-MOF
framework with pressure- and temperature-dependent openings. Phys. Chem.
Chem. Phys. 11, 5241–5245 (2009).

22. Rogge, S. M. J. et al. A comparison of barostats for the mechanical
characterization of metal-organic frameworks. J. Chem. Theory Comput. 11,
5583–5597 (2015).

23. Leus, K. et al. A systematic study of the chemical and hydrothermal stability of
some “stable” Metal Organic Frameworks. Micro. Mesopor. Mat. 226, 110–116
(2016).

24. Peterson, G. W. et al. Effects of pelletization pressure on the physical and
chemical properties of the metal-organic frameworks Cu-3(BTC)(2) and UiO-
66. Micro. Mesopor. Mat. 179, 48–53 (2013).

25. Valenzano, L. et al. Disclosing the complex structure of UiO-66 metal organic
framework: a synergic combination of experiment and theory. Chem. Mater.
23, 1700–1718 (2011).

26. Volkringer, C. et al. XRD and IR structural investigations of a particular
breathing effect in the MOF-type gallium terephthalate MIL-53(Ga). Dalton T.
0, 2241–2249 (2009).

27. Ortiz, A. U., Boutin, A., Fuchs, A. H. & Coudert, F.-X. Anisotropic elastic
properties of flexible metal-organic frameworks: how soft are soft porous
crystals? Phys. Rev. Lett. 109, 195502 (2012).

28. Serra-Crespo, P. et al. Experimental evidence of negative linear compressibility
in the MIL-53 metal-organic framework family. Crystengcomm 17, 276–280
(2015).

29. Nanthamathee, C., Ling, S. L., Slater, B. & Attfield, M. P. Contradistinct
thermoresponsive behavior of isostructural MIL-53 type metal-organic frameworks
by modifying the framework inorganic anion. Chem. Mater. 27, 85–95 (2015).

30. Choi, H. J., Dinca, M. & Long, J. R. Broadly hysteretic H-2 adsorption in the
microporous metal-organic framework Co(1,4-benzenedipyrazolate). J. Am.
Chem. Soc. 130, 7848–784 (2008).

31. Stoeck, U., Krause, S., Bon, V., Senkovska, I. & Kaskel, S. A highly porous
metal-organic framework, constructed from a cuboctahedral super-molecular
building block, with exceptionally high methane uptake. Chem. Commun. 48,
10841–10843 (2012).

32. Alvarez, E. et al. The structure of the aluminum fumarate metal-organic
framework A520. Angew. Chem. Int. Ed. 54, 3664–3668 (2015).

33. Ghysels, A. et al. On the thermodynamics of framework breathing: a free energy
model for gas adsorption in MIL-53. J. Phys. Chem. C. 117, 11540–11554
(2013).

34. Boutin, A. et al. Breathing transitions in MIL-53(Al) metal-organic framework
upon xenon adsorption. Angew. Chem. Int. Ed. 48, 8314–8317 (2009).

35. Mason, J. A. et al. Methane storage in flexible metal-organic frameworks with
intrinsic thermal management. Nature 527, 357–361 (2015).

36. Grosch, J. S. & Paesani, F. Molecular-level characterization of the breathing
behavior of the jungle-gym-type DMOF-1 metal-organic framework. J. Am.
Chem. Soc. 134, 4207–4215 (2012).

37. Dybtsev, D. N., Chun, H. & Kim, K. Rigid and flexible: a highly porous metal-
organic framework with unusual guest-dependent dynamic behavior. Angew.
Chem. Int. Ed. 43, 5033–5036 (2004).

38. Krause, S. et al. A pressure-amplifying framework material with negative gas
adsorption transitions. Nature 532, 348–352 (2016).

39. Henke, S., Schneemann, A., Wutscher, A. & Fischer, R. A. Directing the
breathing behavior of pillared-layered metal organic frameworks via a
systematic library of functionalized linkers bearing flexible substituents. J. Am.
Chem. Soc. 134, 9464–9474 (2012).

40. Vanduyfhuys, L. et al. QuickFF: a program for a quick and easy derivation of
force fields for metal-organic frameworks from ab initio input. J. Comput.
Chem. 36, 1015–1027 (2015).

41. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186 (1996).

42. Verstraelen, T. et al. Minimal basis iterative stockholder: atoms in molecules for
force-field development. J. Chem. Theory Comput. 12, 3894–3912 (2016).

43. Allinger, N. L., Yuh, Y. H. & Lii, J. H. Molecular mechanics. The MM3 force
field for hydrocarbons .1. J. Am. Chem. Soc. 111, 8551–8566 (1989).

44. Ambrosetti, A., Ferri, N., DiStasio, R. A. & Tkatchenko, A. Wavelike charge
density fluctuations and van der Waals interactions at the nanoscale. Science
351, 1171–1176 (2016).

45. Bjorkman, T., Gulans, A., Krasheninnikov, A. V. & Nieminen, R. M. van der
Waals bonding in layered compounds from advanced density-functional first-
principles calculations. Phys. Rev. Lett. 108, 235502 (2012).

46. Martyna, G. J., Tobias, D. J. & Klein, M. L. Constant pressure molecular
dynamics algorithms. J. Chem. Phys. 101, 4177–4189 (1994).

47. Martyna, G. J., Klein, M. L. & Tuckerman, M. Nosé-Hoover chains: the
canonical ensemble via continuous dynamics. J. Chem. Phys. 97, 2635–2643
(1992).

48. Ortiz, A. U., Boutin, A. & Coudert, F.-X. Prediction of flexibility of metal-
organic frameworks CAU-13 and NOTT-300 by first principles molecular
simulations. Chem. Commun. 50, 5867–5870 (2014).

49. Neimark, A. V. et al. Structural transitions in MIL-53 (Cr): view from outside
and inside. Langmuir 27, 4734–4741 (2011).

50. Collings, I. E. et al. Homologous critical behavior in the molecular frameworks
Zn(CN)(2) and Cd(imidazolate)(2). J. Am. Chem. Soc. 135, 7610–7620 (2013).

51. Matsuda, R. et al. Guest shape-responsive fitting of porous coordination
polymer with shrinkable framework. J. Am. Chem. Soc. 126, 14063–14070
(2004).

52. Liu, Y. et al. Reversible structural transition in MIL-53 with large temperature
hysteresis. J. Am. Chem. Soc. 130, 11813–11818 (2008).

53. Wharmby, M. T. et al. Synthesis and crystal chemistry of the STA-12 family of
metal N,N’-piperazinebis(methylenephosphonate)s and applications of STA-12
(Ni) in the separation of gases. Micro. Mesopor. Mater. 157, 3–17 (2012).

54. Lanza, A., Germann, L. S., Fisch, M., Casati, N. & Macchi, P. Solid-state
reversible nucleophilic addition in a highly flexible MOF. J. Am. Chem. Soc.
137, 13072–13078 (2015).

55. Mowat, J. P. S. et al. Structural chemistry, monoclinic-to-orthorhombic phase
transition, and CO2 adsorption behavior of the small pore scandium
terephthalate, Sc-2(O2CC6H4CO2)(3), and its nitro- and amino-functionalized
derivatives. Inorg. Chem. 50, 10844–10858 (2011).

Acknowledgements
We acknowledge the Fund for Scientific Research—Flanders (FWO), the Research Board
of Ghent University (BOF), BELSPO, in the frame of IAP/7/05 for financial support. V.V.
S. acknowledges funding from the European Union’s Horizon 2020 research and inno-
vation programme (consolidator ERC grant agreement number 647755–DYNPOR
(2015–2020)). The computational resources and services used in this work were provided
by VSC (Flemish Supercomputer Center), funded by the Hercules foundation and the
Flemish Government—department EWI. We also thank J.D. Evans and F.-X. Coudert for
providing us the data of the FT(V;N) profiles from their simulations of methane in DUT-
49(Cu).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02666-y

8 NATURE COMMUNICATIONS |  (2018) 9:204 |DOI: 10.1038/s41467-017-02666-y |www.nature.com/naturecommunications

www.nature.com/naturecommunications


Author contributions
L.V., S.M.J.R., J.W., S.V., G.M. M.W., and V.V.S initiated the discussion and designed the
paper. V.V.S. and L.V. wrote the manuscript with contributions of all authors. L.V., S.M.
J.R., J.W., S.V., G.M., M.W. and V.V.S were involved in the discussion of the results and
commented on the manuscript. J.W. performed the ab initio calculations. L.V. and J.W.
constructed the force fields for all materials under study. L.V., S.M.J.R. and S.V. carried
out the molecular dynamics simulations.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
017-02666-y.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02666-y ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:204 |DOI: 10.1038/s41467-017-02666-y |www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-017-02666-y
https://doi.org/10.1038/s41467-017-02666-y
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Thermodynamic insight into stimuli-responsive behaviour of soft porous crystals
	Results
	Structural transitions induced by mechanical pressure
	Structural transitions induced by a trigger X ≠ P

	Discussion
	Methods
	Force field derivation
	Construction of free energy profiles
	Data availability

	References
	Acknowledgements
	ACKNOWLEDGEMENTS
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




