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ABSTRACT: We demonstrate here that microporous
materials can exhibit softening upon adsorption of guest
molecules, at low to intermediate pore loading, in paral-
lel to the pore shrinking that is well-known in this re-
gime. This novel and counter-intuitive mechanical re-
sponse was observed through molecular simulations of
both model pore systems (such as slit pore) and real
metal-organic frameworks. It is contrary to common
belief that adsorption of guest molecules necessarily
leads to stiffening due to increased density, a fact which
we show is the high-loading limit of a more complex
behavior, namely a non-monotonic softening-then-
stiffening.
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Fluid adsorption in nanoporous materials
activated carbons, carbon nanotubes or zeolites has been
the subject of numerous studies in the past two decades,
owing to its practical importance in such processes as
separation, ion exchange, catalysis, biosensing and con-
trolled drug delivery. For a long time these materials
were considered as sufficiently stiff so that their intrinsic
flexibility needed not be taken into account in the mod-
els employed to understand and predict equilibrium
adsorption properties.*> Indeed the magnitude of the
adsorption-induced strain in zeolites is usually of the
order of 107 to 10~*. It was only when transport proper-
ties were considered that flexible materials models were
tested”® in order to ascertain whether or not it could help
in better reproducing and explaining the observed exper-
imental trends. Nonetheless, during these years an im-
portant amount of data were collected by the Russian
adsorption school of Dubinin and coworkers on the ad-
sorption-induced deformation of microporous carbons
and zeolites. These studies were nicely summarized in
2006 in a book by Tvardovskiy.’

These features were at least partly overlooked until the
issue of adsorption-deformation in mesoporous systems
such as MCM-41, SBA-1S, or controlled pore glasses
(CPGs) was addressed through the study of the phase
behavior of confined fluids, with a specific focus on the
capillary condensation phenomenon.'® In such mesopo-
rous materials, a continuous swelling is observed upon
fluid adsorption, up to capillary condensation, and this
can be understood in terms of the so-called Bangham
effect,’! which qualitatively relies on interfacial energy
change upon internal surface adsorption. Models have
been developed to rationalize this effect.!>!?

In the case of microporous materials however, the vapor
adsorption phenomenon displays a trend different from
what happens in mesoporous materials. At low vapor
pressure the system undergoes a structural contraction
followed by swelling at higher vapor pressure.” This pe-
culiar non-monotonic behavior been observed experi-
mentally and documented dating back to the 1940%,'*
and was recently reported very clearly by Reichenauer
and coworkers'® in a series of detailed in situ dilatometry
experiments of various gases adsorption in synthetic
microporous carbons. This non-monotonic deformation
is generic to microporous materials and does not depend
on the specifics of host-guest interactions. It contradicts
the common intuition that gas adsorption in a confined
system increases internal pressures and leads to a contin-
uous volumetric expansion as long as the host framework
is flexible (the “sponge” or “balloon picture”).!

On the theoretical side, Neimark and coworkers devel-
oped a non-local density functional theory,'®!® that was
able to reproduce this contraction-expansion behavior of
adsorption strain in zeolites. Density functional theory
and Grand Canonical Monte Carlo simulations were also
applied to study adsorption deformation in micropores
of activated carbons.*® The concept of adsorption stress



enabled to rationalize this phenomenon.'®*!? At low gas
loading, contraction of the material is driven by the
host-guest dispersion attractive interactions, leading to a
negative adsorption stress. At higher loading, once the
adsorbed phase becomes denser, short-range repulsive
interactions come to play which lead to a reversal of the
adsorption stress, and the material expands in order to
accommodate additional guest molecules.

This was a first step towards a comprehensive under-
standing of the adsorption-deformation coupling phe-
nomena in microporous materials. The next issue to be
dealt with is the mechanical stability of the microporous
frameworks in the presence of adsorbate species.

Pressure-Induced Amorphization (PIA) was observed in
several porous clathrasils and zeolites?*?**2°
metal-organic frameworks of the ZIF family (Zeolitic
Imidazolate Framework).?®*” This structural transition
was attributed to the framework mechanical instability
due to softening of low-energy phonon modes.*® We note
in passing that such a mechanism was also proposed for
the PIA process in non-porous a-quartz?® and ice I5.*
More recently, PIA in ZIF-8 and some other porous ZIFs
was attributed to the framework mechanical instability
due to shear mode softening.>"*

as well as in

The phenomenon of pressure-induced amorphization is
quite sensitive to the presence of molecules inside the
pore space. Insertion of guest molecules was shown to
either shift amorphization to higher pressure than in the
evacuated material, >>*>3! or even to suppress (“deacti-
vate”) PIA as in the case of silicalite-1.% It was then de-
duced that the presence of adsorbate molecules enhances
the stability of the microporous frameworks. This was
later supported by a Monte Carlo simulation of silicalite-
1 which showed an increase of the computed bulk modu-
lus upon CO; adsorption.’* It should be mentioned how-
ever that there are some scarce indications in the litera-
ture of opposite behaviors. For instance, Canepa et al.3
studied by ab initio simulations the response of MOF-74-
Zn when loaded with several molecular gases. They ob-
served that “for almost all adsorbates, the molecular adsorption
in the MOF pores induces a substantial increase of the elastic
constants — i.e. the MOF looses some of its flexibility”. A close
examination of their data (Table III of reference 35),
shows that, while the bulk modulus increases with the
insertion of gas molecules, the individual Ci; and Cis
elastic constants as well as two of the Young’s modulus
components decrease when the MOF is loaded with CO,
or CH; (but not H,0). In many of the cases studied
experimentally, the precise value of the gas loading is not
well known, and we presume that many of the experi-
ments were performed at high, if not full, loading. Given
that the PIA mechanism involves a collapse of the
framework structure around the empty pores,>* it seems
clear that the mechanical properties can only be en-

hanced when the pore voids are fully filled with adsorb-
ate molecules. This might, however, not be the case at
low gas loading. There is thus a great need to better un-
derstand the mechanical response of nanoporous materi-
als upon adsorption, and in particular of soft framework
materials such as flexible and stimuli-responsive MOFs.3

In this work we examine the elastic response of two
model microporous frameworks upon gas adsorption,
with a special focus on the initial stage of the adsorption
process, i.e. at low gas loading, in order to try under-
standing the effect of the non-monotonic volumetric
behavior upon adsorption described above on the simul-
taneous change in the framework mechanical stability.

Figure 1: Sketch of the two model microporous frame-
works. Left: slit-pore; right: lozenge-shaped pore. The red
arrows represent the direction of the stress exerted on the
solid frameworks, and the unique order parameters of the
deformation are represented in green.

We performed Monte Carlo (MC) simulations of a Len-
nard-Jones fluid adsorption in pores of two different
geometries: a slit-pore which mimics a MOF framework
such as ELM-11,%7 and a lozenge-shaped pore which is a
simplified model of the MIL-53 family of “breathing”
materials*®3>%° (Figure 1). In both cases the walls of the
framework were made of regularly spaced Lennard-Jones
particles (more details on the unit cell setup and the
forcefield parameters are given in the Supporting Infor-
mation). These are very simple model systems for flexi-
ble nanoporous materials. They exhibit only one order
parameter describing the framework deformation, name-
ly the width of the slit-pore (/) and the opening angle of
the lozenge-shaped pore (a); all other dimensions are
kept constant. It enables to perform accurate direct Mon-
te Carlo simulations in the osmotic statistical ensemble
(Nhosty phadsy 0, T) where Npogt is the number of host unit
cells, paas is the adsorbate chemical potential, T is the
temperature, and o is the mechanical stress (in our case a
uniaxial stress) exerted on the system boundaries. It is
the appropriate thermodynamic ensemble to treat ad-
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sorption in flexible open porous materials,
the Grand isostress ensemble used to describe Surface
Force Apparatus (SFA) experiments.*>** For each sys-
tem, simulations of adsorption were performed at in-
creasing values of guest chemical potential y.q4;, and from
each osmotic simulation the following quantities were
extracted: the loading, or average number of adsorbed
particles; the deformation of the unit cell, quantified by
the average value of & or a, and which is directly related
to the strain; and the elastic modulus (or stiffness con-
stant) along the deformation mode, calculated from the
fluctuations of the unit cell (in Voigt notation, Cs; for the
slit pore, and Ces for the lozenge-shaped pore; see sup-
porting information for details).

We first performed a series of simulations in the case of
the slit pore. The width of the empty pore ho was fixed to
the value of 15 A, which corresponds to a typical mi-
croporous pore. This width should not be too small in
order to avoid spurious effects due to layering that is
known to take place in this particular geometry in very
narrow pores.*>*> We allow the pore width to fluctuate in
the osmotic MC simulations and the free energy of the
empty host is simply written in the elastic regime as:
Frost(h) = Y2 k (h = ho)? (1)

The harmonic constant k is chosen such that the elastic
constant of the bare framework C%; (the Young’s modu-
lus of the host) is equal to 10 GPa, a rather typical value
for MOFs or zeolite microporous materials. The same
approach is followed for the lozenge-shaped pore, whose
free energy also follows linear elasticity (the mathemati-
cal expression for the free energy can be found in a pre-
ceding paper®).
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Figure 2. Changes in the slit-pore width (upper frame) and
in the elastic constant Cs; (lower frame) as a function of the
number of adsorbed molecules. The black curves corre-
spond to the direct osmotic simulations, with uncertainties
indicated (when not visible, they are smaller than symbol
size). The blue curves to Grand Canonical simulations in
which the elastic constant is obtained through the second
derivative of N4 with respect to h, using the data of a series
of simulations ranging from h = 14 to 15 A (details in Sup-

porting Information). Simulations were performed at
298 K.

In Figure 2, we report the evolution of the slit-pore
width and the elastic constant Cs; as a function of the
number of adsorbed molecules (pore loading) at 298 K.
A slight increase in the pore width at very low N4, values
in the osmotic simulations is observed, which is due to
an oscillating solvation pressure effect that is still pre-
sent, although of small amplitude, in such a 15 A width
slit-pore (as well as in additional simulations performed
for widths of 18 A and 21 A). This is in keeping with the
fact that this effect is not present in the grand canonical
simulations. A rather similar feature was observed by
Schoen and coworkers in their simulations of pores of
several guest molecular diameters.** This effect is of
small amplitude, and strongly dependent on the relative
guest size and pore width ho.

After that low-pressure effect, the volumetric behavior is
non-monotonic, as expected, and shows a contraction at
low to intermediate gas loading followed by an expansion
of the pore at high loading. This is the standard contrac-
tion—expansion mechanism commonly observed in mi-
croporous materials.”’® What is absolutely new and strik-
ing is the observation of a non-monotonic change in the
elastic constant upon fluid adsorption. Even in such a
simple model as the slit pore, the continuous evolution
of elastic stiffness upon adsorption loading has never
been reported before. In this particular system, we see
that the initial contraction of the porous volume is ac-
companied by a lowering of the Young’s modulus along
the z axis, i.e. a softening of the framework. The subse-
quent expansion at high loading is, on the contrary, ac-
companied with a stiffening of the framework, as guest
molecules fill the micropore. It is worth noting that, on
this model whose elastic modulus (10 GPa) is repre-
sentative of a MOF, the variations in mechanical proper-
ties (up to S GPa change in Cs;, i.e. a 50% variation) are
quite large, much larger than variations in the pore size
itself (0.6 A in a pore of 15 A).

To investigate the influence of geometry, we then studied
the evolution of elastic constants upon adsorption in the
lozenge-shaped pore, from GCMC simulation data at
varying pore opening and chemical potential (see Sup-
porting Information). We report in Figure 3 the changes
in the order parameter a (lozenge angle) and the elastic
constant Css (shear modulus), as a function of the num-
ber of adsorbed molecules at 298 K. Again the non-
monotonic volumetric contraction-expansion behavior is
accompanied by a softening-stiffening process upon fluid
adsorption. In this particular pore model, adsorption-
induced softening reaches 20% while the transition from
softening to stiffening occurs at lower relative loading.
The generic features of adsorption-induced softening—



stiffening are, however, strikingly similar to the case of
the slit pore.
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Figure 3. Changes in the lozenge-shaped pore order param-
eter a (upper frame) and in the elastic constant Ces (lower
frame) as a function of the number of adsorbed molecules.

The question arises now as to whether or not this behav-
ior of the elastic response of microporous frameworks
disclosed here is generic, i.e. whether we can expect to
see an adsorption-induced softening of host-guest sys-
tems at partial loading. Obviously more work is needed
to be able to fully answer this question; for this, experi-
mental studies at low loading are sorely needed. We have
begun however to address this question by closely exam-
ining the simulation data from our previous Molecular
Dynamics (MD) work on series of MOFs. In the case of
cubic material ZIF-8,3! no such behavior was observed at
low loading in our simulations of methane adsorption.
The {ZIF-8 + CH,} system exhibits a continuous in-
crease in the computed elastic constants upon methane
adsorption. However another ZIF material, which we
have previously studied in order to predict the high pres-
sure stability of ZIF frameworks,3* was observed soften-
ing upon CH4 adsorption. The Zn(imidazolate), frame-
work of nog topology*® exhibits the same non-monotonic
softening-stiffening behavior as our two model pore
systems, upon methane adsorption at 300 K. For this
material, we show in Figure 4 the evolution of the softest
elastic deformation mode, Anin, as a function of methane
loading. It exhibits a softening by a factor of two at low
loading, with the modulus going down from 2 GPa to
1 GPa at 20 molecules per unit cell.
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0 ' 20 ' a0 60 ' 80
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Figure 4. Change in the elastic response of the ZIF nog* as a

function of the number of methane molecules adsorbed

species, obtained from isostress-isothermal MD simulations

at 300 K.** The ordinate is the smallest elastic modulus of

the material, i.e. the lowest eigenvalue Ami, of the elastic

stiffness tensor. Uncertainty on each value is of the order of
0.1 GPa (see ref. 32).

We conclude from this first systematic study of mechani-
cal properties of microporous materials under adsorption
that a non trivial softening of the microporous {guest +
host} system can be observed at low loading, paralleling
the contraction of the system. This counter-intuitive
effect is followed, at higher fluid loading, by the tradi-
tionally expected materials stiffening. This phenomenon
is rather generic and does not stem from specific interac-
tions, as we have seen it occurring for methane adsorp-
tion in pores of various geometries (slit pore, diamond-
shaped pore, and nog ZIF). However, some microporous
frameworks such as ZIF-8 do not show such a behavior
for reasons that are not yet clear. It is possible that only
some of the components of the framework elastic re-
sponse experience such a temporary softening in the low
loading regime. Work on a larger number of host-guest
systems is in progress to clear up this point.

This non-monotic softening-stiffening evolution of me-
chanical properties, proposed on the basis of molecular
simulations, can explain some results from the earlier
literature. In particular, it explains the MOF softening
upon adsorption found (but not commented upon) by
Canepa et al. in their ab initio studies of CO, and CH,
adsorption in MOF-74-Zn.* It can also help explain the
recent counter-intuitive experimental results of Alabarse
et al., who showed that the presence of water within the
pores of AIPO4-54 lead to a decrease in mechanical sta-
bility, attested by the occurrence of pressure-induced
amorphization at lower pressure than in the guest-free
AlPO4-54.% This last example shows the importance of
better understanding the influence of guest adsorption
on mechanical properties of microporous materials, as it
can have a drastic impact not only on the modification of
the elastic behavior (thus augmenting, through soften-



ing, the magnitude of adsorption deformation) but also
on the stability under pressure, a key property for many
industrial applications.
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