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Abstract

Adsorbents that undergo structural changes inthgepce of adsorbate molecules are an interesting
new class of materials, which could offer enharsmdectivity, purity and recovery in separation
technology. To date however, their applicationdatstechnology is hampered by the lack of a
simple, consistent thermodynamic framework, whiah effectively describe and predict their
adsorption behaviour under a range of conditiohss Becomes especially true for their behaviour in
multicomponent adsorbate mixtures, for which expental data is limited and cumbersome to
obtain. Here we present how the relatively simglgidRAdsorbent Lattice Fluid model successfully
and accurately predicts stepped isotherms in thathing MOF, MIL-53 (Al) in the presence of €0
and CH. Breathing transitions are predicted solely onlthsis of the different densities of the
material’s two structural configurations and thessociated Gibbs energies. Hysteresis effects can
easily be included by considering the structureshatic stress, which can be calculated readily from
the lattice fluid expressions. The model can bamaterised with a minimum of experimental or
simulated data, subsequently becoming predictive,since the model has its origins in statistical
mechanics, no prior assumptions, such as Langyperthiehaviour are required, presenting a major
advantage over existing (semi)-empirical model® &pproach shown in this study should

furthermore be generic and should equally well applother flexible adsorbents.



Introduction

Separation processes typically make up 40 — 90 &occbiemical plant’s capital cost, so their
importance can hardly be overstated. Separatiadbgrption is versatile, robust and highly scalable
and its use is therefore commonplace. Adsorptiguaricularly promising for selectively capturing
carbon dioxide, for instance from effluent streampower plants and industrial processes but also
directly from air, and may thus be a key technolwgsnitigating climate change. Many adsorbents
exhibit some level of flexibility upon adsorbingest molecules and indeed this has become the focus
of much research in recent yeatsMetal organic frameworks (MOFs) are an obviousneple of

such flexibility, since their organic linkers prae them with varying degrees of configurational
freedom. This may manifest itself simply in contiag/expansion upon adsorption, but more unusual
behaviour, such as gate-opening and breathingléa®deen widely reportédStructural changes are
not exclusively induced by adsorption, but mayriggered by temperature and mechanical pressure,
for instance. Even adsorbents that traditionakkya@msidered rigid, such as zeolites, often show a
limited degree of structural flexibility and thiart be used effectively to tailor adsorptive behawio
and selectivity*®. Gating effects for instance, allow only certainletules to enter a solid’s
micropored’, whereas structural breathing could provide adavgrking capacity over a small
pressure range in pressure swing adsorption pre€ésBue to their high degree of customisability,
flexible adsorbent are evidently highly sought mfte next generation materials in adsorptive
processes. Their successful application into iéalddustrial processes however, is as of yet not
straightforward, as the flexibility can have unpotable effects on critical process parameterdh suc
as recovery and purity. This is because the effeaéesign and optimisation of these processes
requires a thorough understanding of the systemesriodynamics, but including the materials’

flexibility in such a thermodynamic description @aeved very challenging to date.

Traditional thermodynamic models, such as thosedas Gibbs isotherms or the Ideal Adsorbed
Solution Theory (IAST), are powerful tools, but @erived on the assumption that the adsorbent
material is inert, with the consequence that ampgerelating to the adsorbent drop out of the
equation¥ ™, It is clear however, that the adsorbent’s fldkipis a direct result from the interaction
with the guest molecules and hence a full thermadya description of such an adsorption system
should include the thermodynamic properties ofsiblel material as well as the adsorbate molecules.
Alternative models that introduce adsorbate-adserbad adsorbate-adsorbent interactions to
describe non-idealities have indeed been develdpedhese still do not account for a changing
solid. As it is fiendishly difficult to retrofit the adsbent’s flexibility into existing thermodynamic
models, most research in this area resort to mialesimulations to reproduce and predict isotherms.
Although this method is generally very successifid,an the appropriate ensemble, can provide
valuable insights from molecular to macroscopidesta’®, the obvious drawback is the

computational demand, which is prohibitive in pregeimulation. A semi-empirical approach was
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instead pursued by Coudert and co-workers for #néqoular case of breathing MOFs and related
structural transitions, by developing a thermodyitamodel, which determines phase stability in the
osmotic ensembté’. The model was further developed by Neimark etoaihclude osmotic stress as
a means to explain hysteresis eff€ct®espite describing experimental results accuyratet being
generic, the model requires many fitting parametarkis rather reliant on experimental data and is
therefore not entirely predictive. Dunne and Madegeloped a quasi-one dimensional statistical
mechanical model in the osmotic ensemble, whiclteptually describes breathing and requires little
computing powéef?°. Simon et al. also developed a one-dimensionaleitoddescribe the effect of
rotating ligands in MOFs on isotherms and furthgramded the model using a mean field
approximatiof. It is clear that the pursuit of a thermodynamimdel which can both accurately
predict the adsorption behaviour of flexible matkriwith few modelling parameters and which is

computationally light would be highly relevant iegigning and optimising separation processes.

Here we propose to build such a model by usingtiaéafluid (LF) model, specifically developed for
crystalline solid adsorbents. The LF is a concdptivwas initially developed by Sanchez and
Lacombe to describe the thermodynamics of polynimrssince it is essentially an equation of state,
it can apply equally well to any fluid or solid cpoment*2*. Danner and co-workers have shown that
an LF based approach can be used to describe &daayp solids, whilst allowing for non-
idealitie$>?¢. LF models lead to relatively simple expressiangiie Gibbs free energy of the system
and hence, through differentiation with resped¢htocomponent number of moles/molecubésthe
chemical potentials of these components. This ambrdras previously been used by Doghieri and
Sarti with co-workers to successfully predict agéion behaviour in glassy polymét3°. The main
purpose of their non-equilibrium lattice fluid (NE)Lwas to generate isotherms however, which does
not require any thermodynamic expressions for ts®ibent. In addition, the expressions for the
Gibbs energy in previous versions of the LF modelreeither excess nor residual energies, which
leads to issues at low partial pressures. To adsdnese two issues, Brandani introduced the Rigid
Adsorbent Lattice Fluid (RALF) model, which was shmoto describe the adsorption behaviour of
various molecules on silicalite with good accura®y,better than the empirical Toth mofieThe

model is additionally well suited for describing lhimomponent adsorption systems from pure

component isotherms, making it a powerful predectivol, despite its relative simplicity.

Whereas the work by Brandani assumed the solié io thefrozenlimit, i.e. not undergoing
dimensional changes upon adsorption, in this papeare extending the RALF model to describe the
adsorption behaviour of a flexible material. Theus will be on MIL-53 (Al), a breathing MOF,

which has been described in great detail in reltenaturé®3'-3°, This material exhibits dramatic
volume changes of approximately 40% between a lpoge (p) and narrow porenf) structure. A

number of studies have attempted to model this\betg from the semi-empirical work by the



groups of Boutin, Fuchs and Neimaté? to full thermodynamic descriptions through molacul
simulationg>*>3740-42 \We will show that, using just the density of #wid material and a small
number of fitting parameters, the relatively simRIBLF model can capture the effect of breathing on
the experimentally observed isotherms. AlthougHaeeis on this particular material, the approach

we use is generic and should apply to any comhinatf guest molecule/adsorbent.

Theory

The Rigid Adsorbent Lattice Fluid and its equatibase been described in great detail in¥efThe
equations can also be found in the supporting mé&ion, Appendix 1. In essence, the RALF model
represents an equation of state with a correspgredipression for the Gibbs energy for the solid
phase. Even though the RALF model is perfectlyesiib deal with multicomponent systems, here
we opt for a single adsorbate model to describdteathing behaviour of MIL-53 (Al). For such a

system, the residual Gibbs energy is given by:

GR(T,P,N) _

p_(1—pIn(1—p) 1
RT 7T 5

rN +1|+N(z—-1-1nz)

Here we opt for the chemical engineering nomendadis used in various textbooks, where the term
residual refers to the departure of a thermodynaumdperty from that of an ideal gas at the same

temperature and presstié.

Equation. 1 is the expression for the residual &ibergy of the adsorbed phase given ifref.
written for a single adsorbate, given that the cowiorial term for a single adsorbate becomes zero

due to the rigid nature of the solid. The redugedntities are defined by:

o P=v p=1
T R p

The compressibility factor is as usual, ke= % = r%. For an adsorbent, the density of the

mixture does not correspond to the equilibrium gads given by an Equation of State. For the

compressibility factor of a single component iniglgum, z£°5, the following holds:



As is evident from equation 1, knowledge of thegilgrof the system is essential to obtain the Gibbs
energy and the chemical potentials in RALF. Thair@ of the adsorbent including the micropores,

V;, is taken as the system volume and thereforeehsity is given by:

ijj: mg =& 3
Voo owsls o ws

wherews is the weight fraction of the solid.
A generic formula fo¥, was proposed by Brandani:

V= V= + (0 — Vi2)e PP + AV, 4

Wherel,* andV,? are the volumes at infinite pressure and in vaguespectivelyp; is the

isothermal compressibility and the final term déses the volume changes due to adsorption. The
compressibility term is expected to be negligibbeler typical conditions for adsorption systems, and
thus

V=V + AV, 5

The termAV; can be determined from situ diffraction experiments under adsorption condsioor,
if such data is not available, it can be used asdfunstable term to allow the model to accurately

describe experimental data.

For the calculation of adsorption isotherms, wedree equilibrium condition. The condition is foeth
chemical potentials of compongrib be equal in the adsorbed and fluid phase. ThsecsiptA is
added for clarity in equation 6 to describe theodaksd phase, but will be dropped from now on.
Isotherms can be constructed by solving equatifum the number of moles adsorbed at any given

combination of pressure and temperature.

:uk,F(P' T) = .uk,A(Nk'P' T) 6

In the RALF model the chemical potential of thea@bed phase is expressed on a molar basis,

whereas that of the solid phase is expressed asa basis.

HkR 1 <GGR

= —| — =1
RT RT aNk)T,P,Njik n(pk



MSRm_ 1 aGR
RT ~ RT\om,
T,P,N jus

Since these are residual chemical poten#}%fsdirectly yields the logarithm of the fugacity

coefficient for componer, ¢,.

Chemical potentials

The chemical potential for a single adsorbate carapbis given by equation 7. The derivations for
the chemical potentials can be found in the Appendi

Pt _ ﬁ<22j¢,-P}fl_1>rl+[(1—ﬁ)111(1—2i>+1 o /

RT T P 1

r1ps ON4

rN 0 r z—1rN o
+ (1 + Ps)(ons_ 1)71—lnz— Ps

Where z£°5 has been defined previously (equation 2). In caispa with the equivalent expression
given for thefrozensolid in ref.?°, the expression in equation 7 now includes twmseto reflect the

volumetric changes in the solid, namely.

ﬂlR'ﬂexible _ I/llR'fmzen _ rN dp; (ZEos _ 1) 1‘_1 — z- 1ﬂ 9ps 8
RT RT r1Pps ON, r r psOdN,;

The corresponding chemical potential for the idge is:

#1IG _ M11G(P0:T) +ln£ 9
RT RT PO

The chemical potential for the fluid phase is gitgn
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Whereg, is the reduced density of the single componettiérfluid according to the equation of

state, which is calculated by solving:



Py Pt ~ ~ 11
M =—=|-%—p1——In(1-p)|r} + 5,
T, T,
The chemical potential for the solid is given by:
u'm_ prNg (2L 4Pis | P4, [A-pIn(1-p) 12
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And for the pure solid at system presshrg.e. with no adsorbates):
Bm 1 [1-p)In(1-p ps m; d 13
Hs,0 = ( P)~( p)+1_&+ os pS(ZEos_l)
RT PsVs T, rgps amg
b (1m0
RTp; ps Omg
The additional terms as compared to the expredsighefrozensolid are:
ﬂSRm,flexible _ ﬂSRm,frozen _ i (& aps) (ZEoS _ 1) _ i (Z _ 1) (& aps> 14
RT RT mg\ pg Omg mg ps Omyg
us’oRm,flexible _ ﬂs’oRm,frozen _ 1 mg aps (ZEoS _ 1) _ P (& aps> 15
RT RT pivs |rlp, omg RTp \ p, amg

Equation 13 allows for an internal consistency &h@fche RALF model, by allowing 2 distinct ways

for calculating the reduced grand potenf#al For a single component:

Rm
ﬂsRm —Hspo _ _ Jf
RT

16
Y= nq,dinf

0

wheren, is the adsorbed amount in moles per unit mass.



Parameterising adsorption on MIL-53 (Al)

In order for the lattice fluid model to accuratdiyscribe the thermodynamics of the adsorbate —
adsorbent system under consideration, it requines omponent characteristic parameters as
outlined in ref3, Consequently, through a set of mixing rules,éhmsre component parameters yield
the characteristic parameters for the solid phigself(a mixture oV, 4, + 1 components in the case

of N4, adsorbatesy,,, = 1 in this work) at varying composition. Here we tptlefine the pure
components by their close-packed dengity,energy density?* and interaction energ¥,*. For

several molecules these parameters can be fouhe literature or, when no such information is
available, can alternatively be extracted from isdéd vapour pressure data as suggested by Sanchez

and Lacombé***, Table 1 lists a number of adsorbate molecules thi¢gir characteristic parameters.

Table 1: Characteristic parameters for Lattice FlUE0S for various adsorbate molecules

Molecule P* (MPa) T* (K) p* (kg/mp) M (kg/mol)
Cco 141 204 919 0.028
N> 145 160 943 0.028
CH. 215 250 500 0.016
CaoHs 320 330 640 0.030
CO. 300 630 1515 0.044
Xe 304 351 3360 0.131

Characteristic parameters for the solid

The adsorbent under consideration in this work lis-BB (Al). This material should serve as a good
candidate material to evaluate the versatilityhef RALF model with respect to flexible materiats. |

is composed of metal oxide octahedra, linked bywigmoieties, in this case terephtalate o118.

The material and its breathing behaviour are masityeimagined through an analogy of a
collapsing/expanding wine rack. Under the apprepri@nditions, the material essentially collapses
from an orthorhombic structure with large porngs,(into a monoclinic one with reduced pore
volume, denoted as narrow porg). Whereas this transition involves a large incedassolid

density, no bonds are broken upon this configunatichange. The transition is depicted in Figure 1.
Due to the fact that the chemical coordination dugschange on going from one configuration to the
other, it is expected that the characteristic patans also remain unchanged. In other words, dne se
of characteristic parameters should describe baith ghases, with the only difference being thedsol

density. This is equivalent to keeping the foreddfiparameters constant in a molecular simulation.
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Figure 1: Structural transition in MIL-53 (Al) fromarrow pore (np) to large pore (Ip). Structure essally opens up, like a
wine rack, without creating or breaking chemical bsn8tructural information obtained from réf.

Brandani suggested a suitable method to extragithecomponent parameters for the solid, as no
vapour pressure data is available for such pPfasese solid density, is based on the volume of the
solid including the micropores and is directly abéal from crystallographic data. When the
micropore volume is known, for instance throughgyenometry, the close-packed dengifycan be
obtained by:

* __ Ps 17
SN CETS)

wherev, is the pore volume fraction. Based on unit cetadar thelp structure under vacuum,
psip = 967 kg nr2at T = 295 K. Literature values fop, in thelp phase are approximately 0.54,
giving p: = 2103 kg nt34647,

The characteristic pressuf, can be obtained from adsorption energies or guittght zero loading
through®:

AUy = AHy — RT = prdvji2Pp 18

Adsorption energies for alkanes with differing carmumber are ideally suited for regression #jth
being the adjustable parameter. Here Monte Camalsition data for another breathing MOF, MIL-
53 (Cr) is used, assuming the difference in adsor@nergies between the two structures for both
materials is simildf. Figure 2 shows how the adsorption energies ftir buctures can be fitted
satisfactorily, assuming one common valueHAorThis confirms that the difference in adsorption

enthalpies is due to the difference in densitidg.on
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Figure 2: Regression of adsorption energy data fidonte Carlo simulatiorf§ for both np and Ip structures. Both sets of
data can be fitted using one value Rjr= 980 MPa, due to the different densities of the strresu

One final characteristic parameter is requiredescdbe the solid in the LF model. Wjgh andP," in
place, equation 21 can be used to determin@ndT" through equation S10 in the supporting
information) from experimental or simulated Heraiylconstantspe. Carrying this out for a number
of molecules provides an initial estimate Tyt Subsequent refinement can be achieved by full
isotherm fitting. In order to obtain a reliable walforT,’, we have used isotherms of MIL-53 (Al) in
thelp structure for cases where breathing is absensWisequently use the sarfig for both
structures. Optimisation of the fits are additibpakerformed through adjusting values for the bjnar

interaction parameteky,, and confinement parameté,,, which are allowed to differ between the

two structural configurations. These two paramedeesdefined bY:

via=(1+ ka)v; 19
Pis = Pi = (1 — k)P Py 20

Wherevy, is the close packed volume of a lattice site, pmliby moleculé.

Figure 3 shows the fits of RALF with experimentatalfrom various laboratories usiffy = 750 K

33,35,47

mg Ps 0 v 0 (1 - ps)In(1 - ps) ] ovlt In(1 - p;) ] 21
InKp =1n + —=r v 2P, — 1 — +1|—-r—|—-———1
P U pgRT T RTFTRTS K Ps v, Ps
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Figure 3: Experimental isotherms for various molesun the Ip structure of MIL-53 (APF>47 and RALF fits using

T, = 750 K.

Gibbs energy of the system and determining phaabitity

The process of breathing involves a structuralsitaom between thk andnp phases. In

thermodynamic terms, this breathing transition nalistv for a minimisation of the adsorbate —

adsorbent system’s free energy. In our system,omsider a system at constant pressure,

temperature, mass of solid and number of molesigdrpate molecules, described graphically in

Figure 4. The system can be envisaged as contairiregly moving piston, which maintains the

system pressure and thereby gas phase chemicatipbtgoon adsorption or desorption. The solid

can transition between its two configurations veithiresponding chemical potentigls,,, and i .

This transition involves exchanging adsorbate mdeecwith the gas phase. The Gibbs energy is the

appropriate thermodynamic property to describedistem and the most stable configuration is the

one with the lowest total Gibbs energy at any gieenditions.
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Figure 4: Schematic diagram of the adsorption gysté constant pressure, temperature mass of sotidhamber of moles
of adsorbate molecules. The solid can transitiowbeen two configurations, which involves exchangioteoules with the
gas phase and a change in chemical potential fersthlid itself. The piston can move freely anduah £nsures constant
pressure and hence constant chemical potentidleftisorbate molecules.

The Gibbs energy is given by:

G=U+PV-TS 22

And in differential form

dG = VdP — SdT + Z s dn 23
K
Therefore at constant pressure and temperature:
— — 9,9 ads 4,,ads 24
dG = ) wedng = ) wIddng + ) w*“dng™ + psdmg
k K K

Where the superscriptsandadsstand for gas phase and adsorbed phase, respedtivean
adsorption system in equilibrium, moles in the ghase exchange with moles in the adsorbed phase,

i.e.

dn = —dng® 25
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And

uy = up® 26

Additionally dmg = 0 and therefore:

dG = Z(ukg — 1 %)dn = 0 27
K

Which shows that the minimum in Gibbs energy isedithe equilibrium condition. The total Gibbs

energy is obtained by integrating equation 24:

28
GTotal = Z .ukgnléz + 2 ’ukadsn]c;ds + usmg = Z(nl‘g + nlcclds)ﬂkg + pusmg
k k k

Since at a given set of conditions the total nunaf@dsorbate molecules, i€} + ng%* is constant,
as areng andu;‘j, to determine the solid phase stability, one ra@y consider the chemical potential

of the solid .

This derivation is entirely equivalent to the u$¢he osmotic ensemble and osmotic potential to
determine phase stability, as previously used iioua studies>*°. These studies consider a system
with two phases, one of which does not contairstiiel component. By separating the fluid reservoir
and solid phase using a semi-permeable wall, oneletermine phase stability in the solid phase by

considering its osmotic potential:

'QOS =U+PV-TS-— Zﬂkadsngds =G — z#kadsn;{lds 29
k k

The two solid phases in réfs® are considered rigid and the system is hencerestant volume and

temperature. By invoking the grand canonical paa&n® they show that:

d 30
Qe = + f (—) du
0S = Ys,0 o o

Whereg,® is the molar (or equivalent mass based) Gibbsggrfer the solid at zero loading. For a

single adsorbate component and us(i%@ =
nv

_nads:

14



P P 31

Bos = goo — | ndp® = goo = RT [ nesdinfe®s = g+ RTW
0

0

=gso T+ (.usR - Ms,OR)

In the final equation, the integral can be recogphias the grand potential, as previously defined in

equation 16. Finally recognising that, = gs0™ + gsof = 95" + s 0¥, equation 31 reduces to:

Qos = gso™ + us® = ps 32

Here we usgs,oref as a reference state instead of an ideal gas wdrioh is more appropriate for a
solid. It is clear that determining phase stabilityough the osmotic potential is equivalent talfiny

the minimum in total Gibbs energy, i.e. equation 28

As shown in the previous section the RALF modeldgean explicit expression for the residual
chemical potential for the solid and for the redligeand potential. Rather than definigg,™ for
the solid phases, it is more straightforward tedaine phase stability through the reduced grand
potential in equation 31 and usigg, as an adjustable parameter to the model. Thignedes now
effectively describes the Gibbs energy differenegvieen the two phases at zero loading. If we

choose to make the emppyphase the reference state for the solid and intetlg?® = Inp,o —

Jip,0, then:
QOS,lp _ Ms,lpRm - lls,lp,ORm -y 33
RT RT v
QOS,np _ Ms,npRm - Ms,np,ORm + Ago -y 4 A_go 34
RT RT RT " RT

SinceAg® = Ah® — TAs®, we have the reference molar enthalpy and entddfsrences of the empty
structures as parameters to bring the solid’sdresgy in line with experimental observations and
simulations. Both structures have been shown te bz same heat capaciG and it is therefore
reasonable to assume th#’ andAs® can be kept constant with temperattir&he relationship
between reduced grand potential and reduced ospatiéntial is shown schematically in Figure 5
and Figure 6. The structure with the lowest osmotiential is thermodynamically the most stable
configuration. The profile in Figure 6 thereforgygasts that two structural transitions take plgzte:

- npat lower pressures and the reverse transitiolghehpressures. The thus predicted structural
transitions would correspond to the true equilibrisituations, i.e. it assumes the system can freely

transition from one configuration to the otherréality however, the free energy profile for thédso

15



— adsorbate system is likely to exhibit energyibasr which will prevent the system from

transitioning at the conditions as predicted bydemotic potential.

T

T

Reduced grand potential

W (mol kg™)

—Wip
—WYnp

p (Pa)

Figure 5: Schematic representation of reduced grpotential ) vs. pressure for both np and Ip structures
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Figure 6: Schematic representation of reduced oknpattential (2,5/RT) vs. pressureQ,s/RT is obtained fron¥ by
applying a reduced Gibbs energy differentgq/RT) which offsets the curves. The figure on the riagiams in on the low

pressure region.

Osmotic stress

Whilst finding the minimum in Gibbs energy provideswith the thermodynamically stable
configuration and yields information about phasdfity, it cannot account for the experimentally
observed hysteresis loops in MIL-53 (Al) isotherfasiumber of explanations for this behaviour has
been put forward in recent literature. Neimarklehave suggested a stress-based model, requiring
the material to reach a critical stress during gatgm/desorption, upon which a phase transition
occurs®. As the stresses (and critical stresses) arelasifor each phase, an asymmetry arises on
the adsorption and desorption branches of theasathsince the phase transitions occur in reverse.
Triguero et al. expanded on this by expressingtiess in terms of an energy barrier for the stnadt

transitiort’. Introducing this barrier in Monte Carlo simulatsoresults in the emergence of hysteretic
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behaviour. Moreover, by increasing the correlatiotheir simulated system, the steps in the
isotherms became more abrupt, as seen in expesnigm authors argue that this suggests that the
collective nature of a solid prevents single ueltcfrom transitioning through thermal fluctuation
which would lead to more gradual steps over a widessure range. Instead, entire layers within the
crystal will transition as a whole, triggering ascade type effect. Whilst energy barriers are &iggn
feature in computational studies on the hystelmttaviour of MIL-532°3, Ghysels et al. argue that,
due to the solid’s collective behaviour, the preseof any energy barrier would in fact prevent a
structural transition from happenfifglnstead they show, through molecular simulati¢imat the free
energy profile can change from exhibiting the tgbtevo minima (corresponding tp andnp phases)
separated by an energy barrier to a profile witinflaction, having only one minimum. Since there
are now two conditions for a phase transition, Hgradower free energy and the disappearance of

the energy barrier, the transition occurs at dgffieipressures upon adsorption or desorption.

The macroscopic nature of RALF is well suited tadgaincorporating the osmotic stress as proposed

in ref 8, defined as:

(6!205) 35
Ops = —
0s v -
Since at constant temperatyrg, is a constant, we can define the reduced stress as
Oos (05”) + a® 36
RT ~ \ov/r, RT

0
Here, a pre-stres%;, has been introduced to be consistent with thgorgag in ref®. The authors

argue that the stresses on linstructure at thip — nptransitions are necessarily negative due to the
attractive forces of the adsorbate molecules, ogusicollapse of the structure. The stress oipthe
may eventually become positive at high pressuregnwhe structure approaches saturation. In
contrast, theap structure is mainly subject to positive stressesra from repulsive forces when the
structure approaches saturation. The pre-stresbmayterpreted as a pre-existing stress on the
empty structures, due to, for instance, latticaistThe derivative in equation 36 can be solved
analytically through the Jacobian methbdout for the purpose of this paper it has beevesbl
numerically within the RALF model. The only paraemstto be adjusted now are the critical stresses,
c”. Based on experimental isotherms it is found éffathanges approximately linearly with

temperature, so that for each transition the alistress is defined by andy:

o*(T) =05 +yT 37

Since RALF has specifically been developed to asttar volume changes in the solid, no further

adjustable parameters are required to fit experiahelata. This is a marked advantage over the
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osmotic ensemble model as used in previous studhgsh uses Langmuir based expressions, whilst

assuming that the two phases are fitfitt. It then required additional model parametersetditbed

to experimental data.

Typical stress profiles for GGadsorption in both thep andlp structures of MIL-53 (Al) are shown

in Figure 7. Figure 8 exemplifies how upon reachimgcritical stress, a step in the isotherm is

observed.
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Figure 7: Stress profiles for Ip and np structuegdow and high pressure with critical stresses, showing transition

pressures.
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Figure 8: Effect of (critical) stresses on isothemasulting in hysteresis loop.

A further optimisation to the general isotherm @& be obtained if one assumes a distribution of

critical stresses, as proposed by Boutin ét. alhis leads to a smoothing of the transition skégre

we use a normal distribution, equation 38, withstemdard deviatiors, as an adjustable parameter.
1 0'05—0'*)2 38

P= e_( sV2
sV2m

Density model of MIL-53 (Al) — two discrete structs

In order for the RALF model to describe the thergmaimic behaviour of a flexible material, an
understanding of its volumetric changes on adsamgs required. It is well established that the
volumetric adsorption behaviour of MIL-53 (Al) isdt of a breathing material. Under vacuum and
ambient temperatures it exists in its large panectre (p, unit cell volume of 1430 Aunder

vacuum and” = 295 K, as reported by Liu et &af). Upon adsorbing a certain amount of molecules
however, it may collapse into a narrow pore stmgop, unit cell volume of 887 Aunder vacuum,

T = 295 K 3%). When increasing the partial pressure of the dugsa further, the structure eventually
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opens up again, thereby accommodating additiorsziraeéd molecules. The breathing effect is
dependent on the nature of the guest moleculagelhas temperature and presstite>>>33. The
rationale for the breathing behaviour is thatlghstructure is thermodynamically favoured under
vacuum and typical temperatures for adsorption ixgats. It is suggested here that the collapse to
np structure upon adsorption happens as a resuleddtthactive forces between guest molecules and
the solid. The re-opening tp occurs due to thep structure becoming saturated. Further adsorption
would allow a lowering of the system’s Gibbs enettgyt this requires reverting to thestructure.

This reasoning makes the breathing phenomenonhasif;t(or p,), explicitly a function of the
adsorbed amount (as opposed to, for instanceygters pressure). Despite the large amount of
experimental adsorption data being available initaeature, littlein situ data is actually available on
the unit cell volume for MIL-53 (Al) with varyingdsorbate pressure or amount adsorbed. In this
work, we will therefore explore plausible modelg@scribe the density of MIL-53 (Al). Since

volumes are additive within the lattice fluid moa@eld to keep the number of model parameters to a

minimum, we will use linear functions of the specifolume,v, = m—s with the amount adsorbed,
S

although other expressions could of course be Bmskd on experimental work, thpeis only
allowed limited expansion with amount adso®&d’, up to a unit cell volume of 1455 Aor solid

densityp; = 950 kg nTd). Its slope with amount adsorbed is thereforedilg using experimentally

i i _NSat
observed saturation capacmer%,—.
S

0 39

Sat
Us,ip — Usip
’ ’ N/ms

NSat/mS

— 0
vs,lp - vs,lp +

Thenp phase is more flexible and its slapés assumed to be determined by the size of thetgue

molecules.

Vsnp = 17s,npo ta N/ms 40

The lattice fluid model explicitly predicts thiszsi effect from different molecules. This can bensee

by considering the derivative of the close-packstide volume with respect to number of molgs,

ov* 0 . 0. 41
a ocm=mva =T Vg

It is clear that the effect is determined by pusmponent parameters of the adsorbate. The effect of

equation 41 is easily illustrated by consideringo®and CQ@ The much bigger xenon molecule will
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0 . *
cause an increase in the slepby a factor ofr?‘e% = 1.59 as compared to COIn a
C0,%CO0,

multicomponent adsorbate mixture, the slope oftfieme of thenp structure with amount adsorbed
simply becomes:

ov i 42
a =W=A2xkr,?vk

WhereA is a scale factor which can be is fixed by fittjngre component isotherms to experimental
data. Upon phase transitions, step changes irpttafie volume are assumed, as described in Figure

9. This has been found to provide the best figdatia. We have included thermal expansion data from

ref. 3! to account for temperature effects ontipandlp volumes.

A gradual expansion between thygandlp structure has also been explored, but this yielded
unsatisfactory results, as shown in the supplemgmtormation. Additionally, the formation of a
phase of intermediate density, labelietlby Bousquet et df.was investigated. This phase would
form on the second transition, irg — int, after which thisnt phase gradually expands until it
reaches its maximum cell volume, 1455 As shown in the supplementary information, titisrerio
also provides satisfactory results in the case@f &isorptionin situ diffraction data would be

required for a correct representation of the volniméehaviour of MIL-53 (Al).
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1.0x10° L
° Ip
mﬁ\‘ structure
E
o
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0 5 10
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Figure 9: Schematic diagram of volumetric functieith amount adsorbed.

Case study — CQand CHs adsorption on MIL-53 (Al)

The suitability of the RALF model to predict isothes for flexible materials is now assessed by
considering two case studies: the adsorption of &© CH on MIL-53 (Al). With the main
characteristic parameters for the solid in plasejescribed in a previous section, the RALF model

can now be used as a predictive model. For an atecteproduction of experimental data however,
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adjustment of the binary interaction parameajgrand confinement parametgy, should be carried
out. Here we use experimental data from¥eto carry out this final parametrisation, with tredues
used in our model listed in Table 2. It is wortting that bothg,; andé, , are temperature
independent, so that once these parameters handiked, the solid— adsorbate system is essentially
defined by two parameters. In comparison, eversithple Langmuir expression still requires three

parameters to fit an equivalent system at diffetemiperatures.

The result of the final parametrisation for £&aisorption at 273 K and 298 K can be found in F&gu
10. Satisfactory fits were in fact obtained betw2ta K and 320 K, as can be seen for additional

isotherms in the supplementary information.

Table 2: Parametrisation for C£and CH adsorption on MIL-53 (Al) by fitting to experimahisotherms from ref?

Parameter Co CH,
Kip 0.15 0.07
Knp -0.02 -0.10
& 0.16 0.20
lp
& 0.15 0.0
np
12 T T T 10 T T T T
T=273K T=298K
10 . 84 .
)
—~ 84 e °© i - e o
9 o 9 64 )2 o 4
S 6 . . °
E E °
c i c 4 i
44 - )
g o © *
5 ——RALFLP | 24 & ——RALFLP .
RALF NP RALF NP
© Exp. data (Boutin, 2010) o Exp. data (Boutin, 2010)
O T T T 0 T T T T
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10°  1.0x10°
p (Pa) p (Pa)

Figure 10: Fits to experimental data (réf) of the separate isotherms for Ip and np structuas predicted by the RALF
model.

Finally, by using the osmotic potential and osmetiess, we can predict the true equilibrium and
actual transition pressures. The resulting isotkeara shown in Figure 11. By applying a critical
stress distribution, as explained in the previadisns, close fits to the experimental isotheren ar

obtained. CHlisotherms are similarly obtained and the resuatslme seen in Figure 12, with model
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parameters also listed in Table 2. It should bechthat the predictions of timp section of the CiH
isotherms are somewhat underestimated. This mayresult of the initial parameterisation of the

solid energy density?", by using simulated data on MIL-53 (Cr), sincesngh data was available

for MIL-53 (Al). Table 3 finally provides a listf@ll the model parameters involved in calculating

the critical stresses and distributions.

Table 3: Model parameters for calculating the @it stresses and distribution at the high pressyre= Ip transition

Stress parameter GQr =273 K) CH (T =213K)
np - Ip (adsorption)
ag (mol kgt nr3) 8.6-10° 1.0 - 107
y (mol kg? nT2 K1) -2.3-10% —3.9-10*
S 1.0-10° 2.7-10°
Ip - np (desorption)
ag (mol kg™ n3) 3.0-10° 1.9-10°
y (mol kg* nT8 K1) —6.6-103 -4.2-103
S 1.5-10° 3.2-10°
12 T T T 12 T T T 1
——————————————————————————————————— 1.0
104
8 e
2 2
© 64 © 405
E E
c ad c
Ty e Data (Boutin)| | 2 ; ’ / _ _._ gzth(BGSutin)
:ﬁﬁti chess \éy—————'—' ———————— ’ —RALFstress \f,
ok i i : ot i I s F:hase fracuonI
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10°
p (Pa) p (Pa)

Phase fraction (wt.%)

Figure 11: CQ isotherm at 273 K for MIL-53 (Al) as predicted b&LEF and comparison with experimental dataThe
sharp transitions from using a single critical gtsg(left) can be smoothed out through using aibigtion of critical stresses
(right). The distribution of critical stresses rdtsuin co-existence of np and Ip phases over asuresrange.
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Figure 12: CH isotherms at temperatures where no breathing o¢c@ggorrectly predicted by RALF (right). @isotherm
and reduced density at T = 213 K with critical sgehstribution.

As discussed in the section on the system’s Gihbayy, a key model parameter is the Gibbs energy
difference between the empty structureg?, (or Ah® andAs®). We have found that usith® =

—6.5 kJ kg* andAs® = —30 J kg* provide good agreement with experimental obsesuatiThese
values would give rise to a thermally induded- nptransition at T = 217 K, as shown in Figure
13a. This is somewhat higher than 125 — 150 K ggested by diffraction studies by Liu et al., but a
large thermal hysteresis was also observed in w@ik, suggesting a large window of the phases’
bistability, and potential stabilising effects fr@nergy barriefs. Another way of assessing the
suitability of the values fahh® andAs?, is by constructing B, T phase stability diagram for tg
phase as predicted by the RALF model in differémiogpheres. This is shown in Figure 14a for,CO
and CH. Experimental data points for G@dsorption fall expectedly on either side of thage
diagram as shown in Figure 14b, due to stress adibgsteresis. Figure 13b shows that relatively
small changes inh? (+ 1 kJ kg%) andAs® (+ 2 J K* kg™) have a significant effect on ting phase
stability. Our values foAh® andAs® are in reasonable agreement with those used bijrBetal. in
their Langmuir based expressions for the osmotiendi@ls (15 kJ kg and 74 J Kt kg™,

respectively). The resulting Gibbs energy diffeene.g. 2.5 kJ k§at 300 K) also seem to be in line
with experimental work by Rodrigu&z Computational studies however seem to estimathrauger
free energy differences between the two structuvits,values ranging from —70 to —130 kJkat

300 K in force field based wotk®¢, whereas DFT studies predict energy differencestofto —50

kJ kgt at 0 K. The discrepancies are probably partly due tosinglifications in the RALF model.
The actual Gibbs energy differences between thestruatures results from a delicate balance
between attraction/repulsion by the inorganic chailispersive forces from the organic moieties and
entropic factor. Nevertheless, the aim of the RALF model is nqinavide molecular insight, but to

accurately reproduce isotherms in order to aidac@ss simulations.
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Figure 13: Gibbs energies of the empty Ip and mpcstires, showing thermally induced transition at 217 K. The dashed
lines correspond to maximum deviation ushi§ = +1 kJ kg~ andAs® = £2 ] K~1kg~!, with transition temperatures of
T =172 K and 268 K, respectively (a). The np phaskility diagram is rather sensitive to relativedynall changes inh°
andAs® as shown in the P, T phase diagram for-Gk).
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Figure 14: CQ and CH phase stability diagrams as predicted by the RAldgel (a). CO2 phase stability diagram with
data points, showing predicted equilibrium trangitidoetween experimentally observed transitions.(b)

Discussion

The results presented in this paper show that &leFRnodel, despite its simplicity, yields a
surprisingly accurate representation of the bregtbehaviour in MIL-53 (Al). Whereas other
simplified models exist to describe this type dfidé@our, such as the osmotic ensemble model
proposed by Coudert et al., these rely on Langexpressions, which may not be appropriate for
certain combinations of solids and adsorbates. thaldilly, for every such combination, the
Langmuir parameters and heat of adsorption wilehavbe determined from experiments or

molecular simulations for the model to become ptadt. The lattice fluid expressions used in this
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study on the other hand, directly account for seliolecule and molecule — molecule interactions,
through the various characteristic parameters. figians that once the solid has been parameterised
on a small number of adsorbate molecules, the nmmmimes predictive for any other molecules. For
an improved match with experimental data, the liivateraction parametes;, . and confinement
parameteg, , can be introduced, but since these are temperiaependent, one fewer parameter
requires fitting as compared with using Langmupetexpressions. The model RALF also offers the
flexibility of being able to accommodate any voluneerelationship, allowing for a more accurate

representation of the non-rigid nature of adsorhent

As compared to earlier incarnations of latticedimodeld’, a distinct advantage of the RALF model
is the derivation of the chemical potential of Hudid. As shown in this work, phase stability is
predicted directly through this thermodynamic fimiet The osmotic stress can also be calculated
explicitly from this quantity, as long as an exies is available which describes the volumetric
behaviour of the adsorbent. It has been showrthleadsmotic stress allows for an accurate

representation of the hysteretic behaviour in MB_(B\).

One of the key modelling parameters to describéthathing behaviour in this paperAig®(or Ah°
andAs®). These values were chosen such that the elmstyucture is more stable than the

structure at room temperature, in line with experits showing that tHe structure is observed under
vacuum and ambient conditich®. Whilst computational studies certainly seem teaghat this is
the correct interpretation for MIL-53 (Cr), receanblecular simulation studies have instead suggested
that it is thenp phase in MIL-53 (Al) that is more stable underséaeondition¥“°. Due to synthetic
conditions, thdp phase is generally obtained, and it could be argjuat it is simply stabilised
through an energy barrier as previously discuddediever, this would also mean that once the
material assumes timp phase and remains at low pressures, which wouttlébease during a typical
desorption experiment, it should remain in its ngtablenp configuration. This seems to be in
contradiction with experimental observations. Fis teason, and for the purpose of showing how a
relatively simple lattice fluid model can reprodube complicated breathing behaviour of a flexible
MOF, we have opted for the conventional view offitee energy relationship betwekprandnp
phases. By adjustinig® we could easily account for the alternative fraergy difference, however,

which would then result in only one transitionp(- Ip) per adsorption/desorption cycle.

In the RALF model, ultimately, the only parametdrieh effects a typical breathing transition in the
isotherms, is a step change in the solid denstftis fiesult is afforded by keeping all characteristi
parameters for the solid constant. We have arduwegtdhie chemical coordination does not change on
going fromnp to Ip structure, leading to one set of characteristraqaters for both phases. This may
be an oversimplification, as the organic linker show increased dispersive interaction in iipe

phase due tainteractions from the benzene rings, whilst soittiag of the metal octahedra takes

26



place additionally, both affecting the interactemergy®*¢. However, these changes should be
reflected in the use of separajg parameters for both phases. Indeed, one may #nigtithe values
for xis for np andlp structures are in fact too dissimilar for two tethstructures. However, it is
evident from separation studies that the two stinesthave distinctly different affinities for moides
such as C@and CH, leading to step changes in separation selectiaitgl hence dissimilad,
parameters are to be expeét€dThroughout this study we have also assumed lieatalues forg,
andé, , assume two constant values for each phase anldusrendependent of the solid’s density.
This seems a reasonable assumption for MIL-53 (#hpse volumetric behaviour seems accurately
described by large step changes and small lingereskons within each structure. In materials with
more subtle structural changes however, such anaabvement or minor symmetry changes,

allowing for x,; to be expressed as a function of solid volume beagonsidered.

Conclusions

We have shown that a relatively simple model based lattice fluid accurately captures the
breathing behaviour in MIL-53 (Al) for C&and CH. By treating the solid phases as having different
densities, but otherwise being identical, the RAhédel predicts breathing transitions based on the
Gibbs energy of the adsorbate — adsorbent systeimbisic model, which predicts true equilibrium
transitions, is based on only few parameters, mibghich can be determined (and thereafter fixed)
using available data from experiments or molecsitaulations. Hysteresis effects can easily be
incorporated by calculating the osmotic stresshematerial’s structure. More importantly, the
RALF model is versatile and should be able to mteglilsorption in a plethora of materials that
undergo physical changes during this process. Byging the expressions for the solid volume or
binary interaction parameter for instance, différfects on the adsorbent, which occur on the
molecular level, could be described in an othenmseroscopic model. Ultimately, RALF represents
a thermodynamic model that is capable of prediatngure behaviour in adsorbent systems without
additional assumptions and may thus serve as ahedpjul engineering tool in process simulation

and design.
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