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Predictive analytical methods are crucial tools in the design of adsorptive gas separation
processes. While they are widely used for rigid nanoporous solids, there is a lack of flexible
materials, including the very topical and promising dynamic metal-organic frameworks (MOFs),
which display such eye-catching phenomena as gate opening and breathing. We present here the
osmotic framework adsorbed solution theory (OFAST), which predicts the evolution of structural
transitions and selectivity upon adsorption of fluid mixtures in flexible nanoporous solids, using

as a sole input experimental pure component isotherms.

1. Introduction

Porous metal-organic frameworks (MOFs) are an exciting
class of nanoporous materials, displaying an extremely large
range of crystal structures and host—guest properties. Among
their numerous prospective applications, such as gas storage,
catalysis and sensing, adsorptive gas separation is gaining
considerable attention.! Indeed, compared to other classes
of microporous materials currently used in such processes
(e.g., zeolites, activated carbons, and silica gels), MOFs show
a great potential due the wide possibilities of pre- or post-
synthetic functionalization of their organic linkers. Moreover,
a growing number of candidates for adsorptive separation
processes are materials exhibiting a flexible porous framework,
which respond to externally imposed control parameters
(pressure, temperature, or adsorption of guest molecules) by
changes in their structure. These systems have received much
attention recently, and include such diverse phenomena as
swelling (progressive, continuous deformation upon host
adsorption or removal),? gate opening (transition from a closed,
nonporous phase to an open, microporous structure)™* and
breathing (two successive structural transitions, 1 — 2 — 1).°

A large number of adsorptive gas separation processes are
used today in industry, using adsorbents such as zeolites and
activated carbons. The technical design of any adsorption
process relies on information about the adsorption equilibria
of multicomponent systems in a large number of different
thermodynamic conditions, whose experimental determination
is expensive and time-consuming, considering the very large
dimensionality of the parameter space for this problem. Thus,
the industrial success of adsorptive separation processes which
rely on finding optimal conditions for gas separation in a given
adsorbent, is linked to a great extent to the existence of a host
of methods that predict multicomponent equilibrium proper-
ties based on pure component adsorption data. The simplest of
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these methods is the ideal adsorbed solution theory (IAST),®
but many more elaborate methods are used to take into
account the nonideality of fluid mixtures.’

For flexible nanoporous materials, however, the well-known
coadsorption models are not applicable, as they fail to take
into account the guest-induced changes in the structure
upon adsorption. There is thus a need for theoretical models
allowing the prediction of structural transitions and coadsorp-
tion properties of mixtures in flexible nanoporous materials.
This is exemplified by the severe lack of experimental data on
gas coadsorption in flexible MOFs,®” compared to the published
data available for pure component adsorption.!

In this paper, we explain how to couple the standard
adsorbed solution theories with thermodynamic equations of
the osmotic ensemble (which describe the host phase equilibria)
to predict coadsorption in flexible nanoporous materials, with
pure component adsorption isotherms as the only input. We
termed this family of theoretical methods OFAST, for osmotic
framework adsorbed solution theory. The simplest variant of
OFAST, relying on IAST for prediction of coadsorption in
each phase and Langmuir fits of the experimental isotherms,
was very recently illustrated and showcased on archetypical
systems exhibiting gate opening and breathing.!” Here, we
present the generic derivation of the OFAST method from
thermodynamic equations, the approximations made to obtain
the simple “IAST + Langmuir” variant and the particular
properties of its implementation. We then study the sensitivity
of this method to the fits of the experimental data. Finally, we
present and validate a very simple, approximate analytical
expression for the gate-opening pressure upon adsorption of
mixtures.

2. The OFAST method

2.1 Coadsorption in the osmotic ensemble

The appropriate thermodynamic ensemble to describe the
adsorption of fluids in a flexible material is the osmotic
ensemble,''™ ! where the control parameters are the number
of molecules of the host framework, Ny, the mechanical
constraint exerted on the system o, the temperature 7, and the
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chemical potentials of the adsorbed fluids, {yx,}. If we restrict
the current study to materials with only a few metastable
framework structures, it was demonstrated in earlier work that
the use of an “osmotic subensemble’ adequately describes the
equilibrium between host structures upon adsorption.'>'® This
is especially appropriate for materials that present abrupt
phase transitions between well-defined frameworks structures,
as opposed to phenomena like continuous swelling upon
adsorption. The use of equations derived in the osmotic
subensemble was validated on a large range of systems and
phenomena, including such contrasting behaviors as the
“breathing” of MIL-53 (Al) and the “gate opening” of
Cu(4,4'-bipy)(dhbc),. In this section, we present the thermo-
dynamic framework to study the structural transitions induced
in flexible nanoporous materials by the coadsorption of fluid
mixtures. To this effect, we extend the framework developed
for pure-component adsorption in ref. 16 and show what
the necessary assumptions are to obtain reasonably simple
equations linking mixture adsorption, host properties and
structural transitions.

We consider the thermodynamic equations describing the
adsorption of a mixture of fluids, i € {A, B,...}, inside a
porous flexible material that is in equilibrium between a given
number of metastable structures k& € {«, f,...}. Following
the ““osmotic subensemble” approach, to each metastable
phase k of host framework structure is associated a value of
the osmotic potential restricted to that phase, Qg°. This
potential depends on the control parameters of the ensemble:
QP = QP (Nnos» 7, T, {p;})- It is equal to the sum of the Gibbs
free energy of the isolated host structure in phase k, GM. and
the grand canonical potential for the adsorbate in the structure
considered as rigid, Q.

In order to express the grand canonical potential as a
function of quantities directly available from experiments or
simulations, we calculate it from its derivatives, using the
fundamental relation involving the chemical potential of the

adsorbates:!”
Q
a'ui Vie: T oz

As we consider here the process of coadsorption of a mixture
of fluids of fixed composition inside the porous material, the
chemical potentials of the fluids are not at all independent.
Indeed, if we note y = {ya, ¥g....} the molar composition of
the fluid (such that Xy; = 1), and P the total external pressure
of the gas mixture, then the chemical potentials are functions
of P and the composition: u; = u(P, y). In the example of an
ideal mixture of ideal gases, this function would be:

P
w(P.y) =} + RTIn (y}’) ) 2)

Thus, for the adsorption of a fluid mixture in the material, the
variation of the grand potential with pressure is given by:

where V7, ; is the partial molar volume of fluid 7 in the mixture.
The osmotic grand potential restricted to phase k can thus be

written as:!'®
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(4)
where N® (P) is the adsorbed quantity of fluid i (i.e. the partial
coadsorption isotherm) in the rigid framework structure of phase &,
Vi is the unit cell volume of the phase, and we equated the mechanical
constraint ¢ with the total external pressure P.

While eqn (4) is in theory enough to allow us to calculate the
osmotic potential from properties of the mixture (partial
molar volumes) and of the adsorption (isotherms), it can be
significantly simplified in some commonly-encountered cases.
As a first simplification, if the mixture of fluids is ideal, the
molar volume is then independent of the mixture composition:

QP(T, Py) = F(T) + PV

_/0 (ZNI'(T7P7Y)Vm‘i(T,]7)> dp

Moreover, if the fluids themselves can be considered as ideal
gases, then the equation simplifies even further to yield:

()

P (k)
‘ NO(T
(T, Py) = F{*(T) + PV — RT/ M dp
0

dp
(6)

where N&) is the total quantity of fluid adsorbed inside the
pores of the material. In particular, in the very common case
of a host material in equilibrium between two structures (and
of an ideal mixture of ideal gases), the osmotic potential
difference between the two phases follows a very simple
equation:

P pr(k)
) N/ (T
F/tlost(T) PV, — R / wt(p%y)
0

AQ(T, P,y) = AF™(T)

PANtol(T7p7 Y) (7)

+PAV—RT/ dp

0 P

2.2 Predicting structural transitions upon adsorption of fluid
mixtures

In this section, we describe the general principles of the
OFAST (osmotic framework adsorbed solution theory) method
to predict structural transitions upon adsorption of fluid
mixtures in flexible nanoporous materials (schematized in
Fig. 1). In particular, we show how all the terms needed in
eqn (4)—(6), which determine the relative stability of the host
phases, can be derived from experimental, pure-component
adsorption isotherms.
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Fig. 1 Schematic description of the OFAST method for predicting the evolution of structural transition upon adsorption of fluid mixtures in
flexible materials. In addition, the use of Monte Carlo simulations as an alternative to analytical theories for prediction of mixture coadsorption is
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Using eqn (4) (or eqn (5) or (6) if the mixture or the fluids can
be considered ideal), we can compute for a given composition of
the fluid mixture and a given pressure the thermodynamic
potential associated with each host phase. The most stable phase
for each set of thermodynamic conditions is then the structure
corresponding to the lowest osmotic potential, and the guest-
induced structural transitions of the host upon coadsorption
correspond to the pressures at which Q(T, p, y) = Qu/(T, p,y).
In the hypothesis that structural transitions happen near the
thermodynamic equilibrium (i.e. that hysteresis loops are not
too large),?® it is thus possible to predict and rationalize the
behavior of flexible nanoporous materials upon adsorption of
mixtures of fluid, based simply on properties of the mixture—
Vi (T, p, y)—on properties of the empty host material—F"**
and V,—and on the partial adsorption isotherms of the
mixture—N® (T, p, y). These few properties can be determined
in a number of ways and, with the exception of the unit cell
volumes (V) which are known from the cristallographic struc-
tures of the material, they are not trivial to determine.

The determination of the relative free energies (Fy) is a
point of great difficulty. It was demonstrated in previous work
on adsorption-induced structural transitions that they can be
deduced from experimental isotherms and transition pressures,'®
avoiding the uncertainties of an experimental determination by
calorimetry?! or a theoretical prediction by first-principles simu-
lations (which have difficulties calculating entropies accurately).
The determination of relative free energies Fy, up to an additive
constant, is made possible by the special case of eqn (4) for a
pure component fluid:

P
QP(T,P) = GI(T) — /0 NO(T.p) VolT.p) dp (8)

Thus, if “rigid host” adsorption isotherms N®(P) for the pure
component can be extrapolated as partial fits from an experi-
mental stepped isotherm (as shown in Fig. 2, upper panel; each
part of the stepped isotherm is fitted by a separate Langmuir
equation, see ref. 16 for details), the relative free energies of the
host phases can be calculated from the structural transition
pressures and integration of the fitted isotherms. This process is
highlighted in Fig. 2.

Before fitting the experimental sorption isotherms, it should
be noted that the thermodynamic quantities needed for the
analysis are the total adsorbed amount (or “absolute quantities”),
rather than the excess amount adsorbed that is typically
obtained as a result of volumetric or gravimetric experiments.

experimental
isotherm

fitted N, (P) _-

-
- 4 I

v/ ©+" Titted N,(P)

Nads (P)

=0)

(P)-Q.(P

[0}

Q,(P)

Pressure

Fig. 2 Example of determination of the free energy difference AFj g
between two phases of flexible material from fits of an experimental,
stepped pure-component adsorption isotherm.'®
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In particular, these two quantities will differ widely at high
pressure, e.g. in the case of supercritical adsorption. They are
linked by the following equation:

Nabs = Nex + Poulk Vp (9)

where N, is the absolute amount adsorbed, N is the
excess adsorption, p is the fluid bulk density and V,, is the
pore volume of the solid, which can come from experi-
mental measurements of helium adsorption or from molecular
simulation.?*?? This topic has been well explored, notably in
order to link experimental excess data with the results of
molecular simulations of adsorption, whose output is the
absolute adsorption. In the present work, we used the experi-
mental pore volumes reported for each structure studied.

Finally, the partial adsorption isotherms of the mixture
M/‘)(P) (or the total isotherm, N (P), in the case of ideal
gases) can be determined using a variety of means. The direct
measurement by an experimental setup for coadsorption,
while possible, is known to be technically demanding. A direct
determination by molecular simulation is possible and has
been successfully applied in the past for related systems:>* 26
the best tool for such a challenge is certainly the use of Grand
Canonical Monte Carlo simulations coupled with forcefields
validated on thermodynamics properties of the single-component
adsorption of the various fluids considered.?’” However, this
still requires the exploration of a large parameter space,
including mixture composition, pressure and the different
phases of the host material. In order to perform a rapid
prediction of coadsorption of mixtures in flexible materials,
we propose here the use analytical models developped to
predict coadsorption properties based on single-component
quantities. These models include the ideal adsorbed solution
theory (IAST) of Myers and Prausnitz,’ nonideal adsorbed
solution models”*® and the vacancy solution theory (VST).?
While these models are no panacea for the prediction of
mixture adsorption in microporous solids, they have been
extensively studied in the past and both their areas of validity
and their weaknesses have been assessed. In particular, they
are known to be fairly reliable for adsorption of small gas
molecules, or mixtures of apolar fluids of a similar chemical
nature (such as mixtures of hydrocarbons).

In conclusion, by putting the methods described above
together in a single scheme, we obtain the OFAST method.
The method, outlined in Fig. 1, relies on experimental, stepped
pure-component isotherms as an input.*® These isotherms are
fitted to obtain “‘rigid host” pure-component isotherms and to
calculate the free energy differences between phases. An
analytical model is then used to obtain mixture coadsorption
data in each host phase, and the osmotic subensemble
equations then allow the prediction of structural transitions
and a composition—pressure phase diagram for the flexible
framework. The two main choices present in the method are
the choice of isotherm models for fitting pure-component
experimental data, and the choice of an analytical model for
the prediction of coadsorption behavior. The most simple
choice to implement the OFAST method is to use the Langmuir
equation for pure-component isotherms, and the IAST for
coadsorption prediction. More complicated alternatives could

be considered, including nonideal models of fluid mixtures’->*

and other functional forms for the fitting of isotherms.
Indeed, recent work on MOFs with dynamic frameworks by
Wang et al. have successfully used the Langmuir—Freundlich
equation in an extension of our group’s earlier work on the
osmotic ensemble.>! We show in the following that the parti-
cular combination “Langmuir + TAST” is numerically fast to
solve, describes real-life systems in good agreement with
available experimental data, and can even yield analytical
solutions in the most simple cases.

3. Combining IAST and Langmuir
pure-component isotherms

In this section, we show how the generic OFAST method can
be applied when combining Langmuir isotherms for fitting
pure-component isotherms, and IAST for predicting mixture
coadsorption. We first introduce notations and give a quick
summary of the IAST equations, then combine them with
Langmuir isotherms and determine the asymptotic behavior of
their solution.

3.1 The IAST equations

We introduce here the IAST equations for the case of adsorp-
tion of a mixture of two fuilds B and C inside a nanoporous
materials with fixed structure, based on known pure-component
adsorption isotherms of B and C in the pores, noted as
Ng(T,P) and N{(T,P). We use the IAST to predict the
thermodynamics of adsorption of a mixture of B and C inside
the nanopores. The input quantities are the composition of the
external fluid mixture, given by the molar fractions yg and
yc = 1 — yg, and the total fluid pressure, P. The unknown
quantities, which will be calculated by solving the IAST
equations, are the composition of the adsorbed fluid, given
by the adsorbed molar fractions xg and xc = 1 — xp, and the
total quantity of adsorbed fluid, N.,. From these quantities,
the values of other related properties can then be calculated,
such as the adsorption selectivity, o = ;g;fﬁ, and the adsorbed
quantities of B and C, Ng = xgNo and Nc = (1 — xg)Nyor-

In order to compute xg and N, for a certain value of yg
and P (given Nj(T, P) and N{(T, P)), the IAST introduces the
intermediate variables N and Pg. There are then four IAST
equations:

PL—P
XB :% (10)
PC - PB
PyB = XBPE (11)
1 XB 1 — XB

- ¥ 12
New  Np(Py) | Ne(Pe) (12)

Py P
[ Ny amp= [ ey ain (13)

0 0

The last equation can be rewritten as:

P Ni(p) . [PeN(p)
/0 p dp*/o P d (14)
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These four equations involve four unknowns (xp, Niot, Pg
and P{). They can be solved numerically if the expressions of
N§(T, P) and N:(T, P) are known, either as analytical fits or
smoothed interpolation of the experimental data.

3.2 IAST applied to Langmuir pure-component isotherms

We now consider the adsorption of the same mixture of two
gases B and C, with the additional hypothesis that pure-
component adsorption of each fluid inside the porous material
can be appropriately described by a Langmuir isotherm:
K;P
N;(P)=— (15)

i K;
1+ 5F

5

where K;is the Henry constant for adsorption, which measures
the affinity of the gas for the material, and N; is the maximum
adsorbed quantity, i.e. the number of adsorbed gas molecules
at the plateau of the isotherm. In that case, IAST eqn (14) is as
follows:

Kp P KcP:
Ngln(1+=—"B) =NcIn(1 ¢ 16
Bn(+NB) Cn(+NC> (16)

When combined with eqn (10) and (11), it reduces to a single
equation that determines P} in terms of known quantities:

Np
KBPE Nc
1 —1 17
( " NB) (17)

PrcPy N
Py —Pyg  Kc

While eqn (17) is analytical, there is no general expression for its
solution in closed form. It is, however, much simpler to solve
than the full system of IAST equations, especially since it does
not involve numerical integration. In all cases presented in this
article, we found that a simple Newton root-finding algorithm
with a starting value slightly larger than Pyg (typically,
Pyg(1 + 107%)) converges systematically. Because the OFAST
method then needs to numerically integrate the coadsorption
isotherms (eqn (7)), both this steady convergence and the
ability to solve the IAST equations in little computational time
have allowed us to calculate a hundred points of a pressure—
composition phase diagrams in a matter of minutes on a
commodity PC with Mathematica.>?

3.3 Asymptotic behavior

While the IAST equation describing the coadsorption of
two fluids for which pure-component adsorption follows
Langmuir isotherms (eqn (17)) has no analytical solution, it
is possible to establish the behavior of P§(P) in the limits of
low or high pressure, as a power series in P. All quantities of
interest, including the selectivity « and the total adsorbed
quantity N, (of special interest because it is a crucial part
of eqn (7)), can thus be expressed as power series in P. For the
sake of readability, the mathematical derivations of these
power series is not given here but in Appendices A and B
(see ESI).T We show here the (first order) asymptotic behavior
of o and Ny, because, to our knowledge, these expressions for
the high-pressure asymptotes are not available in the existing
literature.

T T T T T
1.5
‘I -
3 high pressure
_81 0.5 asymptote |
of G -
05— ———— o E
L L7 L L
-2 4

log P

Fig. 3 An example of selectivity for a mixture of two fluids following
Langmuir pure-component isotherms (solved numerically, in black),
compared to the low-pressure (blue) and high-pressure (red) asymp-
totic behaviors established in the text.

At low pressure (P — 0), the first-order expressions are:

o= KB/KC (18)
Niot = P(J/BKB +}’CKC)

In the limit of high pressure (P — o0), the first-order terms are
(in the case where Ng > N¢):

N, K % %
2(P — 00) 2 §E x (K2) " (Pyg)Ve

_Np (19)
w31 - (452 5) () ]

Fig. 3 presents a numerical example of selectivity in a binary
mixture of fluids that have single-component Langmuir-type
adsorption, compared to both the low-pressure and high-pressure
expressions. The high pressure asymptote can clearly be seen as a
straight line (of slope Ng/Nc — 1) in this log-log scale.

4. Application to two archetypical flexible MOFs

In this section, we apply the OFAST method as described
above to two cases of flexible metal-organic framework. Well-
characterized flexible porous MOFs where adsorption iso-
therms for more than one adsorbent has been recorded are
scarce, and experimental data for mixture coadsorption are
even rarer. Hence, we show here how the OFAST method
applies to of two quite different phenomena observed in
flexible MOFs: gate opening (or gated adsorption) in
Cu(4,4'-bipy)(dhbc),, and breathing (two successive structural
transitions, in the form 1 - 2 — 1) in MIL-53 (Al).
While preliminary results on these archetypical materials were
reported in a previous study,'® we extend here these results to
include approximate, simple analytical expressions for gate-
opening and breathing pressures, an analysis of the sensitivity
of the results to uncertainties in the parameters extracted from
experimental data, and a discussion on the universality of the
shape of the pressure-composition phase diagrams observed in
the two specific cases reported here.
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4.1 Gate opening of Cu(4,4’-bipy)(dhbc),

A number of flexible hybrid frameworks present a structural
transition from a nonporous structure to a porous one upon
adsorption of guest molecules. This process is called gate
opening (or gate adsorption) and has been reported in a
number of compounds.***7** These materials are expected to
find applications as sensors, switches or actuators. Because the
pressure at which the structural transition (referred to as
“gate-opening pressure’’) happens generally depends on the
guest, these materials are stated as having an important
potential for gas separation. The reason for this is probably
that the pure component adsorption isotherms lead to belief
that in a mixture, one component would adsorb but the other
would not. We show, on the example of Cu(4,4’-bipy)(dhbc),,
why this is not generally true and we predict how the gate-
opening pressure for adsorption of a mixture evolves as a
function of its composition.

Cu(4,4'-bipy)(dhbe),-H,O (4,4'-bipy = 4.4'-bipyridine;
dhbc = 2,5-dihydroxybenzoate) was synthesized by Kitagawa
et al. a few years ago® and is known to exhibit a guest-induced
structural transition upon adsorption of a large variety of
gases (CO,, O,, CH4 and N,) at 298 K. The as-synthesized
structure of this compound has been solved, and the crystal-
to-crystal structural transition occurs between two phases
hereafter labeled 1 and 2, whose structures have not been
solved. The dehydrated material (1) shows no microporosity
and, upon gas adsorption, its channels open up at a given
(guest-dependent) gate-opening pressure to yield a fully open
structure (2). The framework structure of 2 is the same as that
of the as-synthesized material, and is shown in Fig. 4.

In order to predict the behavior of Cu(4,4'-bipy)(dhbc),
upon adsorption of mixtures of O,, CH; and N,, we use
Langmuir fits of the experimental adsorption isotherms for
the pure components® and the value of free energy difference
between structures 1 and 2, which was calculated from the
isotherms to be 4 kJ mol~! (+0.5 kJ mol™!) at 298 K.'® Using
the OFAST method with IAST and the Langmuir fits, we can
numerically calculate the integral in eqn (7) and determine the
gate-opening pressure for each possible mixture, as well as
adsorption selectivity as a function of composition and

Fig. 4 Structure of the Cu(4,4’-bipy)(dhbc), coordination polymer
shown as a 2 x 2 x 2 supercell viewed along the a axis. Atom colors
are as follows: Cu—orange, N—blue, C—black, O—red, H—gray.

Gate-opening pressure (bar)

0 0.2 0.4 0.6 0.8 1
Mixture composition (x,)

31.2

225

13.8

5.0

X(CH,)

Fig. 5 Gate-opening pressure (in reciprocal scale) for adsorption of
binary mixtures in Cu(4,4’-bipy)(dhbc),, as a function of mixture
composition. Top panel: for O,/N, (red), CHy/N, (black), and
CH,4/O, (blue) binary mixtures; symbols correspond to numerical
solution of the equations, while lines show the analytical expression
obtained: 1/Ppixure = X1/P1 + Xx2/P>. Lower panel: for the CH4/O,/N,
ternary mixture.

pressure. Fig. 5 shows the evolution of gate-opening pressure
for the N,/O,, N,/CH,4 and O,/CH,4 binary mixtures (top panel)
as well as for a ternary mixture of the three gases (bottom
panel). The gate-opening pressure varies smoothly and
monotonically between the gate-opening pressures for the
respective pure components. It is also to be noted that, because
the gate-opening pressure for CH4 (around 8 bar) is much
lower than that of O, and N, (i.e. Pcuy, < Po, & Pn,), the
main factor determining the transition pressure upon adsorp-
tion of the ternary mixture is the CH, molar fraction, xc,.

Because the evolution of the gate-opening pressure with
mixture composition is so smooth, we investigated the possibility
to derive an analytical formula for it from the IAST/Langmuir
equations. Noting that, for all adsorbents, the gate opening
happens before the plateau of the isotherm is reached, we
developed a Langmuir-type solution to the IAST equation,
exact at low pressure to the second order in P (see Appendix
C100, in the ESI).+ This approach allows to obtain a simple,
approximate expression for the gate opening pressure of a
mixture:

-1
Pgate(Y) = (Z “ ) (20)

i Pgale,i

where the sum over 7 runs over all components of the mixture.
In this approximation, the gate-opening pressure of the mixture
is thus the weighted harmonic mean of the gate-opening
pressures for its components, the weights being the molar
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fraction of the components. This approximation is plotted for
all three binary mixtures as solid lines on the upper panel of
Fig. 5, and can be compared to the numerical solution of the
full OFAST equations (the symbols). It can be seen that the
agreement is excellent for all mixtures, showing the value
of this approximation. Furthermore, the agreement is also
excellent for the ternary mixture, though it is not represented
here. This is especially noteworthy because the approximation
proposed here for the gate-opening pressure is very simple,
and can be used without any calculation at all to predict
roughly the gate-opening pressure for adsorption of mixtures,
as long as it happens before the plateau of the isotherms.

4.2 Breathing in MIL-53

The MIL-53 metal-organic framework family*® has attracted
a great deal of attention due to the massive flexibility it
exhibits and the so-called “‘breathing” phenomenon, which
consists of two successive guest-induced structural transition
upon adsorption. The MIL-53 framework topology is formed
of unidimensional chains of corner-sharing MO4(OH), octa-
hedra (M = A", Cr’") linked by 1,4-benzenedicarboxylate
(BDC) ligands, which results in linear lozenge-shaped channels
large enough to accommodate small guest molecules. This
structure may oscillate between two distinct states, a large pore
form (Ip) and a narrow pore form (np; see Fig. 6), upon
adsorption and desorption of gases. There is a 38% difference
in cell volume between these two forms. The list of guests that
induce this breathing includes CO», H,O, C,H,,:> (n > 2)
and para-xylene, but neither H,, CHy, nor ortho- and
meta-xylene at room temperature.>*’*® This was shown to
be due to the difference in adsorption affinity for the gas
between the Ip and np phases.'® In the simplest case of
Langmuir adsorption, it was further demonstrated that the
difference in adsorption enthalpy AH,qys = HYY — H®
conditions the occurrence of breathing at a given temperature:
if AH 4 18 above a certain critical value, breathing takes places
because gas adsorption favors strongly the np phase at inter-
mediate pressure; if AH,4s is too small, breathing does not
occur.*® Finally, at low enough temperature, the stable phase
of the empty MIL-53 (Al) is the np phase,** and the breathing
phenomenon is replaced by a single phase transition akin to
gate opening.*!

Knowing that only some fluids induce breathing at a given
temperature raises the question of what happens for a binary
mixture of two components, one of which does trigger the two
successive structural transition while the other does not. The first
report of adsorptive gas separation using MIL-53 was published
by Finsy et al., who studied CH4/CO, separation using a fixed-
bed of MIL-53 (Al) pellets.® We applied the OFAST method to
MIL-53 (Al), and showed that its prediction were consistent
with the data collected by Finsy.!® Here, we briefly summarize
these results before studying their dependence on all models
parameters (such as parameters obtained while fitting the
experimental isotherms) and discussing the generality of the
features of the composition-pressure phase diagram obtained
in the particular case of a CH4/CO, mixture in MIL-53 (Al).

Relying on Langmuir fits of the experimental adsorption
isotherms for CO, and CH, performed in ref. 39, and applying

Fig. 6 View of the 2 x 2 x 2 supercell of the Ip (top) and np (bottom)
forms of MIL-53 (Al).

the OFAST method, we can calculate a composition—pressure
phase diagram of MIL-53 (Al) upon adsorption of CH,4 and
CO,. This phase diagram, shown in Fig. 7, has many features
worthy of note: firstly, there is a critical CO, composition of
around 12% below which no breathing occurs. Secondly, the
evolution of the reopening transition (the higher-pressure
np — lp transition) with composition is nonmonotonical,
and has a maximum around 8 bar. This maximal pressure is
significantly higher than that of pure CO,, which is around
5 bar. Thirdly, and last, the CO,/CH4 adsorption selectivity
predicted by IAST (Fig. 7, bottom panel) is much higher in the
narrow-pore phase of the material than in its large-pore
structure, as can be expected from the pure-component
isotherms.

We now turn our attention to the sensitivity of the results to
changes in the model parameters. The parameters fitted from
experimental pure-component isotherms are reported in
Table 1, along with estimated the uncertainty for each para-
meter. It can be seen that the parameters carrying the larger
uncertainties are those pertaining to CO, adsorption in the np
phase. The reason for this is that the low-pressure part of the
experimental adsorption isotherm, which corresponds to the
np phase and from which these two parameters are fitted,
includes only a few disperse points. These uncertainties could
be reduced if more detailed low-pressure data were available.
We have also analyzed the uncertainty on AFj., the difference
in free energy of the two empty phases of the material, which is
a result of our model, calculated from the isotherm fits and the
pressure at which structural transitions happen. This quantity,
as a result, has two sources of uncertainty. The first is the
uncertainties in the fitting parameters; it yields an uncertainty
of roughly +£10%. The second is due to the fact that the
equilibrium pressure of the structural transition, on which the
model is based, can only be determined within a certain range,
because of the presence of hysteresis in the experimental
isotherms. Thus, the free energy difference can be located in
a certain range, but may not be given a precise value if,
for example, adsorption—desorption hysteresis is too broad.
In the case of CO, adsorption in MIL-53 (Al) at room

10910 | Phys. Chem. Chem. Phys., 2010, 12, 10904-10913

This journal is © the Owner Societies 2010



Pressure (bar)

np phase

o 0.2 04 06 08 1
%(CH,)

Pressure (bar)
Selectivity
B

0.0 02 0.4 0.6 0.8 1.0
X(CH,)
Fig. 7 Phase diagram of MIL-53 (Al) upon adsorption of a mixture
of CO, and CHy, as a function of pressure and mixture composition.
Top: the dashed blue line shows the analytical approximation to the
closing pressure. Bottom: CO,/CHy selectivity is superimposed on the
phase diagram.

temperature, we have further refined the value initially
published (2.5 kJ mol™!) and propose here the more accurate
range of AFyoq = 2.0 kJ mol™! (0.8 kJ mol™").

Having now determined uncertainties of all parameters in
the model, we can wonder what is their influence on the
outcome of the OFAST method, i.e. on the pressure-composition
phase diagram of MIL-53 (Al) and on the predicted coadsorp-
tion selectivities. We show in Fig. 8 the effect of varying model
parameters on this phase diagram; for reasons of clarity, only
four parameters with the larger uncertainties are represented.
It can be seen that, while the exact positions of phase transi-
tions and particular points on the diagram are modified
0.1 < xjjm < 0.15, 7 < Prax < 8 bar), its shape and general

Table 1 Uncertainties of the parameters fitted from experimental
CO, and CH, isotherms in MIL-53 (Al)s‘“"39

Parameter Value Uncertainty
K]cpo, 2.2 bar™! +0.1 bar™!
N]Cpoz 10.1 +0.1

KR, 11 bar™! +2 bar~!
NEo, 2.7 +0.2

K&, 0.55 bar™ +0.01 bar™!
N?HA 8.0 +0.2

K, 0.55 bar™"' “

Ng;—u 2.1 “

¢ Indicates parameters that are not determined from experimental
data, but derived from molecular simulation data.*’

x(CO,)
0.8 0.6 0.4 0.2 0 -

T T T T —— opti par

g -10%K(CH,Ip)
-5% OF,

—— -5%K(CO,np)

—— -3%N(CO,np)

Pressure (bar)

0 T T 1 I

0 0.2 0.4 .6 0.8 1

0
X (CH,)

Fig. 8 Composition—presure phase diagrams of MIL-53 (Al) upon
CO,/CHy adsorption, with symmetric variations of the model para-
meters with the largest uncertainties.

features are preserved. In particular, the value of the critical
CO, composition required for breathing does not change
much, and the nonmonotonical behavior of the reopening
pressure as a function of composition is independent of the
exact values of the model parameters. Similarly, we studied the
influence of parameters to the CO,/CH4 selectivity. We
showed that small variations of the parameters can lead to
large changes in the values of selectivity (e.g., the selectivity
range of the np phase can vary between 10-20 and 18-40), but
the general behavior remains the same, with the narrow-pore
structure having a much higher selectivity than the fully open
structure.

We showed in previous work'® that the {CO,/CH,, MIL-53
(Al)} pressure-composition phase diagram resulting from
OFAST predictions is consistent with the experimental results
of Finsy er al.® The results of this work were obtained by
breakthrough experiments on a fixed-bed of MIL-53 (Al)
pellets and, as such, do not directly represent the thermo-
dynamic adsorption equilibrium. However, Hamon et al.’ very
recently published a study of adsorption of CO,/CH,4 mixtures
in the pores of MIL-53 (Cr). These newer results, in a material
rather close to MIL-53 (Al) in structure and pure-component
adsorption properties, include stepped adsorption isotherms
and in situ Raman spectra. From the later, np/lp phase
compositions were calculated as a function of mixture compo-
sition and vapour pressure. Both sets of data show that the
evolution of closing and reopening pressure is in qualitative
agreement with the predictions of OFAST. For example, the
high-pressure reopening transition is seen to take place at
increasing pressure (8, 9 and 11 bars) for mixtures with an
increasing composition in methane (xco, = 0, 0.25 and 0.5,
respectively). Similarly, the low-pressure closing transition
pressure is seen to increase with the composition in methane
(as seen from the curves of phase composition calculated from
Raman results), although this effect is hard to quantify due to
the large uncertainties of the data at low pressure. Moreover,
there is a certain critical composition of the mixture for which
the breathing effect disappears or is barely noticeable (even
though the exact composition value differs, from xco, ~ 0.12
in the model to xco, ~ 0.25 in the experimental data{). Thus,
all the experimental results available to date are in qualitative
agreement with the predictions of the OFAST method.

Finally, we present here an analysis of the {CO,/CHy,,
MIL-53 (Al)} pressure—composition phase diagram based on

This journal is © the Owner Societies 2010
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approximate analytical expressions obtained in section 3.3 and
Appendix C, with the aim of determining whether the shape
and features of the phase diagram observed in this particular
system can be expected to be more generic. We first focus on
the low-pressure, Ip — np closing transition. Since it happens
at low pressure, before the plateau of the adsorption isotherms
is reached, we can propose an analytical expression for the
closing pressure that resembles eqn (20):

X(COz) X(C02)
P]l,ﬁnp ~ 7])(:02 + 7PCH4 (21)
Ip—np Ip—np

However, because CH4 does not induce breathing at room
temperature, the term Pﬁ}i“np is a negative, fictitious transition
pressure. In this case, by fitting the numerically-obtained phase
diagram, we determine its value to be Plclﬂ“np ~ —3 bar. The
analytical approximation, which is displayed as a blue dashed
line in Fig. 7, is in excellent agreement with the numerical
transition pressure for compositions down to 0.15. This shows,
as in the case of gate opening, the very wide range of validity
of this approximation. Based on this, we expect this part of the
composition—pressure diagram of MIL-53 to be a generic
feature, that would be applicable to other gas mixtures and
other breathing materials.

In contrast, the analytical expression for the higher-pressure
reopening np — lIp transition is much more complicated. The
existence of the nonmonotonical evolution of the reopening
pressure Ppy_,1p, and thus that of a maximum, is linked with
the negative slope of Ppy_1p (xco,) for Xco, close to 1. It can be
shown that the existence of this maximum is not a generic
feature of the OFAST equations for breathing materials, but
only exists when the equation below holds true:

np

Knp Knp *#
(an _ an ) CHy CO,y CHy
CO, CH
’ AWk, ) \Neo,

Ip

1 1 <P
Nlp Nlp K(?H;; Ké’Oz N(?HA
> | (Néo, — Néu,) NP NG
CHy CO,

The existence of this maximum relies on a balance between the
adsorption affinities (enthalpic in nature) and the maximal
adsorbed quantities (an entropic effect). It might not hold for
some combinations of gases in MIL-53, or in other breathing
materials, though we have not found to date a specific counter-
example to present.

5. Conclusion

The coupling of adsorbed solution theories and the thermo-
dynamic osmotic ensemble, composing the OFAST method,
allows the prediction of coadsorption of mixtures in flexible
nanoporous materials undergoing guest-induced phase transi-
tions, with pure component adsorption isotherms as the only
input. The quantities that can be calculated concern both the
material (stability of each host phase with respect to total fluid
pressure and composition) and the mixture (coadsorption

selectivity, total adsorbed quantity). Herein, we derived the
generic equations for OFAST, as well as the specific equations
using Langmuir fits and the ideal adsorbed solution theory.
We gave examples of applications of this method to binary
and ternary gas mixture adsorbed in two archetypical flexible
MOF, exhibiting phenomena called gate opening and breath-
ing. We detailed some of the properties of the numerical
resolution of the method, determined the low- and high-
pressure asymptotic behavior of the analytical solutions, and
tested the generality of the predicted pressure—composition
phase diagrams and studied their sensitivity to parameters of
the model. We derived a simple, approximate analytical
expression for the gate-opening pressure of a mixture.

Finally, we would like to stress the fact that the OFAST
method can be used with any choice of adsorbed solution
theory, and any choice of isotherm model for fitting experi-
mental data. As such, the quality of the results obtained is not
limited to ideal solutions, but can be refined as much as
the conventional methods for rigid hosts have been. We
believe the OFAST method should prove crucial in designing
adsorptive separation processes, by guiding the difficult and
expensive experimental search for optimal materials and working
conditions for gas separation.
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