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Abstract: Materials science of metal open frameworks is a

state-of-the-art field for numerous applications, such as gas

storage, sensors, and medicine. Two nanoporous frame-
works, g-Mg(BH4)2 and MIL-91(Ti), with different levels of

structural flexibility, were examined with in situ X-ray diffrac-
tion guest adsorption–desorption experiments. Both frame-

works exhibit a cooperative guest adsorption correlated
with a lattice deformation. This cooperativity originates from

the long-range interactions between guest molecules,

mediated by elastic response of the host porous structure.

The observed experimental scenarios are rationalized with a
mean field Gorsky–Bragg–Williams (GBW) approach for the
lattice-gas Ising model. The adjusted GBW model, in combi-

nation with in situ synchrotron powder diffraction, demon-
strates an efficient experimental and phenomenological ap-

proach to characterize thermodynamics of the adsorption in
MOFs not only for the total uptake but also for every specific

guest site.

Introduction

Cooperativity is an intriguing phenomenon manifesting itself

as a collective response of many (weakly) bound entities on
the external stimuli.[1–3] If a response to external stimulus starts

locally, its propagation through the system is affected by inter-

actions of the responding units. An example of a cooperative
process is given by a spin crossover in molecular crystals,

where a local change of the spin state in a spin-active mole-
cule may promote or suppress a similar change in the neigh-

boring unit cells ;[4, 5] a binding of oxygen to hemoglobin is an-
other archetypal example of cooperativity at a supramolecular
level.[6] In the case of spin-crossover, the cooperative response

is promoted by long-range intermolecular interactions, while
the binding of oxygen to hemoglobin represents an intra-
molecular cooperativity.

Porous frameworks[7–9] is a blossoming field of research due

to a versatile chemistry and great potential for selective ad-
sorption, separation, and storage of guest molecules of inter-

est.[10–12] Their selective properties are predominantly a func-
tion of local host-guest binding, however the adsorption also

manifests in long-range effects such as a volume change and

breathing deformations.[13] Elastic response may mediate corre-
lation of the guest uptake between distant pores and therefore

provides inter-pore “interactions” and a cooperativity of the
adsorption process; this kind of cooperative response is quite

different from an “intra-pore” interaction between guest mole-
cules where the latter form a liquid phase filing empty pores

of otherwise rigid host structure. Cooperativity has been ob-

served quite a few times for the gas/molecule adsorption in
the recently explored porous frameworks but a systematic ex-

perimental examination of this phenomenon together with a
theoretical analysis accounting for the host-mediated guest-
guest interactions is still missing.

The abrupt response to a tiny external stimulus, promoted

by cooperativity, is of a great interest for practical applications.
This effect can be used for sensing, switching, and even
memory-related applications. A combination of the composi-
tional and structural affluence of porous frameworks, such as
MOFs (metal-organic frameworks), with cooperativity, could be

a powerful tool for a flexible design of materials with tailored
magnetic and dielectric properties, thus expanding potential

applications of MOFs far beyond gas storage and separation.
There are numerous observations of continuous or step-wise
framework deformation conjugated with selectivity of gas ad-

sorption, also linked to polar or non-polar character of the ad-
sorbed molecules.[14] Such collective phenomena clearly indi-

cate that selectivity might depend on cooperative interactions
mediated by the framework. A coherent understanding should
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be therefore based on a cooperative thermodynamics of guest
uptake in MOFs; this thermodynamics however is still to be

formulated.
As a step towards understanding of cooperative phenom-

ena, here we examine with in situ diffraction experiment two
nanoporous frameworks, g-Mg(BH4)2

[15] and MIL-91(Ti) (MIL for
Materials of the Institute Lavoisier),[16, 17] with different levels of
structural flexibility and cooperativity of guest adsorption. We
parameterize cooperative response with a mean field Gorsky–

Bragg–Williams (GBW) approach for the lattice-gas Ising
model.[18–20] The adjusted GBW model, in combination with in
situ synchrotron powder diffraction, demonstrates an efficient
experimental and phenomenological approach to characterize

thermodynamics of the adsorption in porous frameworks with
a site-specific resolution. A further development of the pro-

posed approach accounting for a distribution of the site-specif-

ic thermodynamics parameters and intra-pore guest-guest
interactions is also discussed.

Results and Discussion

The results will be presented in three stages. First, we show

the necessary experimental information on the structural evo-
lution for two different porous frameworks. Second, the model

intended to rationalize experimental observations is derived.
Finally, we compare the experimental data with the theoretical

model and give the thermodynamic estimates based on the
model.

The crystal structures of two studied porous frameworks
have been reported before;[14, 15] in this work we give the basic

structural information necessary for further understanding. The
crystal structures of two microporous materials of g-Mg(BH4)2

and MIL-91(Ti) are shown in Figure 1, where guests in the
pores are indicated as colored spheres. The framework topolo-
gy of g-Mg(BH4)2 is isomorphous to a porous zinc imidazolate

framework ZIF-72,[21] and MIL-91(Ti), which belongs to Ti piper-
azine bisphosphonate materials with narrow pores containing
free-standing P@OH terminal bonds, is found to be monoclinic,
similar to its first reported MIL 91(Al) analogue.[15] Our trial to

transform the experimental structure of MIL-91(Ti) in accord-
ance with the recently revised ordered triclinic structure of

MIL-91(Al)[22] did not succeed. The ADDSYMM routine from

PLATON suggested the previously known C2/m symmetry
(86 %).[23] The empty voids of g-Mg(BH4)2 are located in the hex-

agonal channels along the body diagonal in the cubic struc-
ture (Figure 1 a), while MIL-91(Ti) is characterized by four differ-

ent water sites (the spheres are depicted by different colors),
where the packing of piperazine organic ligands show main

porosity along the b axis (Figure 1 b). Thus, there is only one

crystallographic pore site in g-Mg(BH4)2, while the water mole-
cules occupy four independent sites in MIL-91(Ti) (see Figures 1

and 2 for the nomenclature of the guest sites).
No polymorphic transitions associated with change of sym-

metry have been detected in the 100–450 K temperature
range for both compounds. The temperature dependent

Figure 1. The projections of g-Mg(BH4)2 (a) and MIL-91(Ti) (b) crystal struc-
tures along [111] and [0 1 0], respectively. The vacant sites are shown as
lime spheres in g-Mg(BH4)2, and the large yellow (O102), lime (O100), aqua
(O101), and violet (O103) spheres correspond in MIL-91(Ti) show sites occu-
pied by guest molecules.

Figure 2. The nomenclature of water occupied guest sites for MIL-91(Ti). The
coordination polyhedra of water molecules (spheres depicted by yellow,
teal, olive, and violet) are shown in the right column. Color code of the
framework atoms: O—red; N—blue, C—grey, P—pink.
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evolution of the crystal structures (the unit cell parameters and
occupancies of guest sites) are presented in Figures 4 (also in

Figure S3 in the Supporting Information) and 5. A characteristic
sigmoidal shape is observed for N2 and ethane in g-Mg(BH4)2,

while a hysteresis behavior is found for three out of four sites
for H2O in MIL-91(Ti). A similar response is found for unit cell

dimensions indicating a link between occupancies and elastic
deformation.

Theoretical model

We propose to parametrize guest adsorption together with ob-
served structural changes with a mean field Gorsky–Bragg–Wil-
liams approach for the lattice-gas Ising model. For this model,

a filled or empty guest site can be considered as an example
of a two level system with energy difference between the

levels 2D ¼ Efull @ Eempty. The state of a guest site can be char-

acterized with a scalar pseudospin variable s that is set to + 1
if the site is occupied by a guest molecule, or to @1 if the site

is empty. A generic guest-host system can be therefore re-
duced to a system of interacting bi-stable units. A convenient

way to model collective effects in such a system is an Ising-like
Hamiltonian [Eq. (1)]:

H ¼
X

j

X
i

Disij þ
X

i

X
i0

X
j

X
j0

Jii0 jj0 sijsi0 j0 ð1Þ

Here, we assign to a guest site i in unit cell j a variable sij.
The first term in the Hamiltonian sums up the single-site ener-

gies while the second term accounts for the interactions be-
tween guest sites i and i’ located in unit cells j and j’. Jii0 jj0 is a

coupling constant for the corresponding interaction, which is

somehow mediated by the flexible porous host framework and
its exact microscopic nature is not relevant for this phenomen-

ology.

The Hamiltonian [Eq. (1)] maps adsorption of guest mole-

cules by porous solid to a lattice-gas model and resembles
very similar models for spin-crossover phenomena.[24] For the

sake of simplicity we neglect intermolecular interactions be-
tween the guest molecules within the same pore and interac-

tions between different sites in different pores keeping only
same site–different pore terms. Under such an assumption dif-

ferent guest sites can be considered separately. In the mean-
field approximation Gibbs free energy is expressed as follow-

ing [Eq. (2)–(3)]:

DGtot &
X

i

DGi ð2Þ

DGi ¼ @ðDHi @ TDSiÞgi @ TSmix @ Gð1 @ giÞgi ð3Þ

Here gi is a fraction of the adsorbed guest molecules at the
crystallographic site i, gi ¼ 1þ sih i

2 . The values of DHi and DSi

denote enthalpy and entropy associated with guest adsorption

by the site i. Smix is a configurational (mixing) entropy [Eq. (4)]:

Smix & R½gi lngi þ ð1 @ giÞlnð1 @ giÞA ð4Þ

The sum of enthalpies calculated from occupancies for crys-
tallographically independent guest sites may serve as an esti-
mate for the isosteric heat of adsorption neglecting its de-
pendence on the amount of adsorbate.

The last term in [Eq. (3)] accounts for cooperative interac-
tions between guest molecules, in the next neighbor approxi-

mation G i / zJi , where z is a number of nearest neighbors.
From the equilibrium condition @DG

@g ¼ 0 one derives the follow-

ing useful expression [Eq. (5)]:

T ¼ DHi @ G ið1 @ 2giÞ
DSi @ Rlnð1@gi

gi
Þ ð5Þ

According to this expression, the temperature of a half-filled

state gives an estimate of the ratio between entropy and en-

thalpy [Eq. (6)]:

T1=2i
¼ DHi

DSi

ð6Þ

A few possible scenarios of cooperative adsorption/desorp-
tion with different degrees of cooperativity G i can be ob-
served, see Figure 3. Depending on the G i value versus a criti-

cal G c ¼ 2RDH
DS ¼ 2RT1=2, the cooperativity is negligible for

G i < G c, low if G i & G c and strong if G i > G c (Figure 3).

Model versus experiment

Experimental scenarios of nitrogen and ethane adsorption by

g-Mg(BH4)2, together with water uptake by MIL-91(Ti), are
shown in Figures 4 and 5. The transition curves have been par-

Figure 3. The shapes of the adsorption/desorption curves for T1=2 ¼ 400 K,
depending on different G values: G < Gc (I), G=Gc (II), and Gc > Gc (III).
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