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ABSTRACT

Immersion calorimetry into liquids of different dimensions is a
powerful tool to learn about the pore size and shape in nanoporous
solids. In general, in the absence of specific interactions with
the solid surface, the accessibility of the liquid probe molecule
to the inner porosity, and the associated enthalpy value decreases
with an increase in its kinetic diameter (bulkier molecules have
lower accessibility and packing density). Although this is true
for majority of solids (e.g. activated carbons and zeolites), this
study anticipates that this is not straightforward in the specific
case of MOFs. The evaluation of different hydrocarbons and their
derivatives reveals the presence of reverse selectivity for Cg
isomers (2,2-dimethylbutane>2-methylpentane>n-hexane) in Ui0-66
and HKUST-1, while size exclusion effects take place in ZIF-8. The
immersion calorimetric findings have been compared with wvapor
adsorption isotherms and computational studies. Monte Carlo
simulations suggest that the reverse selectivity in Ui0O-66 are
attributed to the strong confinement of the di-branched
hydrocarbons in the small tetragonal cages, while the presence of
strong interactions with the open metal sites account for the
preferential adsorption in HKUST-1. These results open the gate

towards the application of immersion calorimetry for the pre-
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screening of MOFs to identify in an easy, fast and reliable way
interesting characteristics and/or properties such as separation
ability, reversed hierarchy, pore-window size, ©presence of

unsaturated metal sites, molecular accessibility, and so on.

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

1. INTRODUCTION

The separation of Cs; and Cg isomers in the petrochemical industry
is a crucial process for multiple applications, such as the
increase of the octane number of the gasoline. For example, the
octane number for n-hexane (n-hx), 2-methylpentane (2-MP) and 2,2-
dimethylbutane (2,2-DMB) varies largely due to their linear or
branched characteristics, with values that range between 24.8 and
91.8. In a typical isomerization reactor, the product stream
contains a mixture of linear, mono- and di-branched isomers that
must be separated and for what preferential adsorption of the
higher octane number isomer is desired, so that the non-isomerized
products can Dbe recycled Dback to the isomerization wunit.!
Traditionally, isomers separation in conventional adsorbents such
as activated carbons, =zeolites and clays with narrow porous
networks follow the natural order of size and shape selectivity,
i.e. the linear hydrocarbons are preferentially adsorbed due to
their smaller kinetic diameter, while bulkier ones are partially
or totally excluded.?* However, some specific zeolites (e.g., MCM-
22, CFI and MFI) also show the so-called inverse alkane adsorption
hierarchy, where branched hydrocarbons are preferentially adsorbed
versus their linear analogues.!'®7 In this context, the development

of novel ©porous materials capable of retaining isomerized
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compounds would allow to improve the process significantly,

improving efficiency and reducing the final cost.

Metal-organic frameworks (MOFs) are one of the most widely
investigated porous materials nowadays due to their exceptional
performance in a wide range of industrial applications, including
gas storage and separation processes, catalytic applications, and
sensors.® ! With more than 88,000 structures in the Cambridge
Structural Database (CSD), the excellent performance of MOFs lies
in the diverse potential combinations of metallic
clusters/centers, and bridging organic ligands, which provides an
almost infinite number of structures with diverse physical and
chemical properties that can be tuned to, in principle, any
application.!'%"!3 The high performance of MOFs is usually based on
a highly developed porous structure, such as large accessible
surface area and large pore volumes, and tunable surface chemistry.
However, this large combination of possibilities bring challenges
regarding the understanding and prediction of their adsorption

behavior.

To help the understanding of the adsorption phenomena in MOFs,
numerous research has been reported combining advanced
experimental techniques and molecular simulations. Related to the
adsorption of branched alkanes, Dubbeldam et al. used

configurational-bias Monte Carlo simulations on a large variety of
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nanoporous adsorbents, showing the potential of MOFs to exhibit
the “abnormal” inverse hierarchy.!? These theoretical predictions
have been experimentally confirmed for UiO-66 using breakthrough

15 Barcia et al. attributed the preferential

column experiments.
adsorption of bulky hydrocarbons versus the linear counterparts on
Ui0-66 to the free rotation of the branched molecules — the
rotational entropy effect — inside the small tetrahedral cavities,
results that were further confirmed by Ramsahye et al. using
chromatographic experiments.!>/16 Despite the technological
importance of this phenomenon, the number of experimental studies

dealing with inverse selectivity is scarce, whereas the adsorption

phenomena at the molecular level is difficult to understand.

To tackle this challenge, we propose the wuse of immersion
calorimetry combined with vapor adsorption and molecular
simulations. Immersion calorimetry is a powerful technigque for the
characterization of the porous texture and surface chemistry of
nanoporous solids. In the absence of specific interactions at the
solid-liquid interphase, the enthalpy of immersion of a certain
molecule into a solid is proportional to its accessible surface
area.® In other words, the technique allows analyzing the pore size
distribution of a porous solid by using probe molecules with
different kinetic diameters. Although this is straightforward for

activated carbons, zeolites, and ordered mesoporous silica, herein
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we show that this is not the case for MOFs. To our knowledge, this
is the first time that this technigque has been applied in a deep
evaluation of MOFs and in this critical industrial application. We
evaluate the potential of immersion calorimetry for MOFs, not only
to provide information about the size and shape of the porosity,
but also to identify the adsorption properties of MOFs, including

the reverse hierarchy adsorption behavior.

2. EXPERIMENTAL SECTION

2.1. Sample preparation and characterization

For this study three different MOFs have been selected: ZIF-8,
HKUST-1 and Ui0O-66. The first two MOFs were commercially available
from Sigma-Aldrich (Basolite 21200 and Basolite C300,
respectively), while UiO-66 was synthesized following the
following receipt: 0.125 g of ZrCl,.H,0 was dissolved in 5mL DMF
and 1 mL HC1l (37%). 0.125 g of terephthalic acid was dissolved in
10 mL DMF. The two solution was mixed and left in an oven at 353
K for 16 hours. After centrifugation, the collected solid was
washed by DMF (3x15 mL) and ethanol (3x30 mL) before drying in an

incubator at 353 K.

The quality of the MOFs was evaluated by X-ray diffraction and gas
adsorption measurements at cryogenic temperatures (N, and Ar at 77

K) . XRD measurements were performed in a Bruker D8-Advance with
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mirror Goebel and an X-ray generator KRISTALLOFLEX K 760-80F
(power: 3000W, wvoltage: 20-60 KV and current: 5-80 mA) using a
copper anode. Gas adsorption measurements were performed in a home-
made high-resolution manometric equipment, now commercialized by
G2Materials (http://www.g2mtech.com) . Before the adsorption

measurements the samples were degassed at 383 K for 12 h.

Immersion calorimetry measurements were performed in a SETARAM
C80D calorimeter working at 303 K. A more detailed explanation of
the experimental set-up can be found elsewhere.?® For each MOF-
liquid probe molecule pair, immersion enthalpy measurements were
repeated 2-3 times, the standard deviation obtained being < 5% in
all cases. Vapour adsorption isotherms were performed at 298 K in
a homemade manometric equipment, now commercialized by
Quantachrome Corp. as VSTAR equipment. Before the calorimetric
measurements and the vapour adsorption experiments, samples were

degassed under ultra-high vacuum conditions at 383 K for 12h.

2.2. Computational Methods

C¢ isomers adsorption in ZIF-8, HKUST-1 and UiO-66 was investigated
using configurational bias grand canonical Monte Carlo (CB-GCMC)
simulations implemented 1in the multipurpose simulation code
RASPA.!'" In the grand canonical ensemble, the chemical potential,
the volume and the temperature are kept fixed to mimic adsorption

experiments. The chemical potential 1s related to the system
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pressure by the Peng-Robinson equation of state. In the simulation,
molecules are randomly moved, grown, inserted and deleted allowing

the number of molecules in the framework to fluctuate.

An atomistic model was used for the MOFs, where the framework atoms
were kept fixed at the crystallographic positions (details can be
found in Tables S1-S3). The standard 12-6 Lennard-Jones (LJ)
potential was used to model the dispersive interatomic
interactions. The parameters for the framework atoms were obtained
from the DREIDING force field (DFF)!® where available and the
Universal Force Field (UFF)!° otherwise. All Cy; isomers were
modelled using the united atom TraPPE potential.?’ The Lorentz-
Berthelot mixing rules were employed to calculate adsorbate-
framework and adsorbate-adsorbate parameters. Interactions beyond

12.8 A were neglected in the simulations.

3. RESULTS AND DISCUSSION

Powder X-ray diffraction (PXRD) analyses of the porous materials
were performed to evaluate the purity of the crystalline phases in
ZIF-8, HKUST-1 and UiO-66. Figure S1 shows the PXRD patterns for
the three materials evaluated. As it can be appreciated, there is
a perfect agreement between the experimental and the simulated
patterns. This observation confirms the quality of the evaluated

MOFs and rules out the formation or presence of secondary phases.
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Besides the crystallographic fingerprint, one of the most
important parameters defining the quality of a given nanoporous
material 1s 1its textural properties, 1i.e. the knowledge of the
framework and channels network. Among the different possibilities
for the textural characterization of MOFs, N, and Ar adsorption at
cryogenic temperatures have been proposed in the literature as the
most recommend probe molecules for the characterization of this
kind of solids.?! Although N, adsorption at cryogenic temperatures
has been the most widely applied method, nitrogen is a diatomic
molecule with a quadrupole moment and 1t can give rise to
uncertainties when dealing with samples with small micropores or
a rich surface chemistry.?? On the contrary, Ar is spherical and
it does not possess a quadrupole moment. The lack of quadrupole
moment for Ar is very important because it avoids the presence of
specific interactions with most surface functional groups and
exposed ions, thus providing a more accurate description of the
narrow micropore region. Figure S2 shows the N, and Ar
adsorption/desorption isotherms at 77 K for the three MOFs
evaluated in logarithmic scale. In general, the
adsorption/desorption profiles for N, and Ar for each specific MOF
are rather different, thus reflecting a different nature of the
probe molecule-framework interactions depending of its
physicochemical properties. As it can be observed in Table 1, there

is a good agreement between the textural parameters obtained with
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both probe molecules, mainly in the micropore and total pore
volume, while larger differences area encountered in the BET are
(effective cross-sectional area for nitrogen considered is 0.162
nm’ and 0.138 nm? for argon). In any case, the obtained parameters
are in perfect agreement with previous results described in the
literature for these MOFs. A detailed description of the gas
adsorption measurements can be found in  the Supporting

Information.

Table 1. MOF textural properties derived from the N, and Ar
adsorption data at 77 K. Micropore volume (Vy) 1is estimated from

the Dubinin-Radushkevich equation and total pore volume 1is

estimated at p/po = 0.9.

N, adsorption data at 77 K | Ar adsorption data at 77 K

SBET VO Vt SBET VO Vt
(m?/g) (cm3/g) (cm3/g) | (m?/g) (cm3/g) (cm3/g)

ZIF-8 1674 0.62 0.67 1260 0.63 0.68

Sample

HKUST-1 1766 0.64 0.73 1740 0.65 0.67

UiO-66 1400 0.57 0.72 1590 0.62 0.65

To our knowledge the number of studies reported in the literature
dealing with immersion calorimetry applied to MOFs is rather
scarce.?3?% To begin the calorimetry experiments, we first focused

on measuring the enthalpy of immersion for a range of hydrocarbons
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in the three MOFs. Figure 1 compares the enthalpy values, in a MOF
weight basis, for dichloromethane (DCM - kinetic diameter = 0.33
nm), n-hexane (n-hx - kinetic diameter = 0.43 nm), 2-methyl-pentane

(2-MP - kinetic diameter = 0.5 nm), 2,2-dimethyl-butane (2,2-DMB

— kinetic diameter = 0.62 nm), alpha-pinene (kinetic diameter =
0.7 nm) and 1,3,5-triisopropylbenzene (1,3,5-TIPB - kinetic
diameter = 0.85 nm). ZIF-8 exhibits a similar behavior than that

of activated carbons and zeolites, with -AH;,, decreasing with an
increase in the kinetic diameter of the probe molecule. Indeed,
DCM exhibits the largest degree of interaction with an enthalpy
value close to 90 J/g. ZIF-8 possess a sodalite (SOD) topology
containing relatively large ©pore cavity of ca. 1.16 nm
interconnected by small windows of ca. 0.34 nm (6 MR windows) and
ca. 0.08 nm (4 MR windows) .?> Despite the predicted small window
for ZIF-8, it is widely accepted that ZIF-8 is able to adsorb
larger molecules, including butane with a kinetic diameter of 0.43
nm, due to the swinging of the methylimidazole (mIm) linker.?°
Immersion calorimetry into molecules above 0.4 nm clearly confirms
this assumption. For instance, n-hexane with a kinetic diameter of
0.43 nm and 2-methylpentane with 0.50 nm are somehow able to access
partially the inner porosity in ZIF-8 (enthalpy values 65 and 25
J/g, respectively). The partial accessibility of these two
molecules to the inner cavities in ZIF-8 could be associated with

a different swinging of the mIm linkers depending on the nature of
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the hydrocarbons or to their lower packing density inside the
cavities. However, MCGC simulations described later on rule out
the last assumption. Larger molecules such as 2,2-dimethylbutane
(2,2-DMB) with 0.62 nm are completely excluded from the inner
porosity. Consequently, these calorimetric measurements clearly
show that window size in ZIF-8 can flex and open up to ca. 0.5 nm,
i.e. slightly above the simulated window size, the heat of
immersion decreasing with the molecular size. This normal size and
shape selectivity trend is in close agreement with the results
obtained wusing activated carbons and =zeolites.® However, the
expected tendency observed in the majority of nanoporous materials
is not straightforward in the case of some MOFs, as described below
for HKUST-1 and UiO-66. At this point, it is important to highlight
that the total enthalpy values obtained for ZIF-8 must be somehow
underestimated due to the associated energy penalty required to
swing the methylimidazolate 1linkers upon adsorption. In fact,

Hobday et al. reported an energy value of 6.2 kJ/mol per mIm linker
(ca. 27 J/g), for the rotation of the linker 6 (angle between

planes of the mIm atoms and the (100) crystallographic plane) from

65.1° to 87.8°.7
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Figure 1. Enthalpy of immersion (J/g) for dichloromethane (DCM),
n-hexane (n-hx), 2-methylpentane (2-MP), 2,2-dimethylbutane (2,2-
DMB) , alpha-pinene (o-pinene) and 1,3,5-triisopropylbenzene

(1,3,5-TIPB) in ZIF-8, HKUST-1 and Ui0O-66.

HKUST-1 exhibits larger enthalpy values for all the molecules
evaluated compared to ZIF-8 and UiO-66. For instance, DCM exhibits

a total enthalpy of 260 J/g of HKUST-1, this value being close to
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3 times larger than those obtained in Ui0O-66 and ZIF-8, as well as
other nanoporous solids such as activated carbons and zeolites.?
This observation clearly points to the presence of specific
interactions between the evaluated molecules and the accessible
acid Lewis centers in HKUST-1. Concerning the linear, mono- and
di-branched C¢ isomers the order of enthalpy values does not follow
the expected trend, i.e. the enthalpy increases from n-hx (167
J/g) to 2-MP (192 J/g), but then it decreases for 2,2-DMB (174
J/g) . Alpha-pinene, a molecule with a kinetic diameter of 0.7 nm
is also able to partially access the inner porosity (115 J/qg),
while 1,3,5-TIPB (kinetic diameter = 0.85 nm) 1is completely
excluded. These results confirm that the maximum window size
determined experimentally for HKUST-1 is around 0.7-0.85 nm, in
close agreement with the simulated structure where the large cages
in HKUST-1 (1.32 and 1.11 nm in diameter) are connected by 0.9 nm
windows of square cross section.?® Furthermore, the large cages are
also connected to tetrahedral shaped side pockets of roughly 0.6
nm through triangular shaped windows of about 0.46 nm (0.35 nm in
the hydrated form), thus explaining the larger enthalpy and

accessibility for DCM as compared to the other hydrocarbons.

A similar reversed hierarchy performance is observed for UiO-66.
In this MOF, the enthalpy of immersion decreases from DCM (108

J/g) to n-hx (64 J/g), as expected for a larger molecule. However,
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the enthalpy rises up to a maximum of 120 J/g for 2,2-DMB, the
enthalpy decreasing thereafter. Surprisingly, in Ui0O-66, even a
large molecule such as 1,3,5-TIPB is able to access partially the
porosity (enthalpy = 64 J/g), indicating that the maximum window
size must be above 0.85 nm. This observation anticipates an
underestimation in the simulated pore size window for Ui0O-66, since
crystallographic predictions identify two different cavities, the
large octahedral pores with 1.1 nm diameter and the small
tetrahedral pores with 0.8 nm, the cavities being accessed through
windows of 0.7 nm.?° Table S4 summarizes the calorimetric data in

gravimetric basis, i.e., per gram of MOF sample (J/g).

In summary, 1immersion calorimetry measurements into liquids of
different molecular dimensions are able to anticipate, in a very
simple, fast (a complete experiment takes ~ 1-2h) and reproducible
way, three very important features defining the structure and
performance of MOFs, i.e., 1) the experimental pore-window size,
ii) the presence of specific interactions between the probe
molecule and the framework structure (e.g., due to unsaturated
metal sites), and 1ii) the presence of normal or inverse size/shape

selectivity.

In order to corroborate the liquid phase calorimetric
observations, we also measured vapour adsorption isotherms for n-

hex, 2-MP and 2,2-DMB in all three MOFs at 298 K. Figure 2 shows
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Figure 2. Vapour adsorption/desorption isotherms for ZIF-8, HKUST-
1 and Ui0O-66 at 298 K in logarithmic (left column) and linear

(right column) scales.

For ZIF-8, n-hex exhibits an S-shape isotherm with saturation
uptake close to 4.3 mmol/g. The larger 2-MP is also able to access
the porosity in ZIF-8 although with a smaller adsorption capacity
(ca. 3.6 mmol/g). At low pressure regimes up to 0.1, both molecules
start filling the cavities following a similar profile, thus
suggesting the absence of specific interactions between the
hydrocarbon and the solid framework. At this point it is important
to highlight that the vapour adsorption isotherm for 2-MP took
more than 2 weeks to reach equilibrium, pointing to the presence
of serious kinetic limitations, in close agreement with the narrow
ca. 0.5 nm pore window size identified with immersion calorimetry.
The diffusional problems for 2-MP can be clearly reflected in the
desorption branch, with a very small desorption even at very low
relative pressures. Finally, 2,2-DMB does not adsorb over the
entire pressure range. These results are in excellent agreement
with the calorimetric data. Despite being a very simple, fast and
easy experiment, immersion calorimetry was able to anticipate the

full accessibility to the inner porous network for n-hx, the
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partial accessibility for 2-MP and the complete exclusion for 2,2-
DMB. To shed more light on the adsorption of hexane isomers in
ZIF-8’'s flexible pores, two sets of GCMC simulations were carried
out for ZIF-8 (Figure S3-S5). In the first set (Figure S3), the
imidazolate linkers acting as windows to the cavities were kept
open (corresponding to the high-pressure structure), while in the
second one (Figure S4) they were kept closed (low-pressure
structure) . For both systems, the order of adsorption is predicted
to Dbe similar to the experiments with hexane adsorbed
preferentially at lower pressures, especially in the closed ZIF-8
model. In contrast to experiments, the simulations predicted non-
zero 2,2-DMB adsorption which stems from the fact that GCMC
simulations do not take into account the accessibility of the
windows connecting ZIF-8 large cavities —-molecules are inserted at
random positions- while in reality they would have to first pass
through the narrow windows. The simulated saturation loading for
all isomers is around 3.0 mmol/g, which is slightly smaller than

those measured experimentally.

In HKUST-1, the adsorption isotherms show important differences
depending on the hydrocarbon evaluated (Figure 2c-d). 2,2-DMB is
the first molecule to fill the pores at 107° p/po, followed by 2-
MP at 1072 p/py and n-hx at 1072 p/py. This order of vapor adsorption

clearly suggests the presence of reversed hierarchy in HKUST-1,
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and further corroborates the results obtained from the immersion
calorimetry, see Figure 1. However, we note the presence of certain
differences Dbetween the two measurements. Among all the Cq
molecules, the calorimetry experiments provided a larger enthalpy
value for 2-MP (192 J/g) compared to 2,2-DMB (174 J/g) and n-hx
(167 J/g), whereas vapour adsorption measurements show stronger
solid - 2,2-DMB interactions since it adsorbs first at the Henry
regime, i.e. low pressures. At saturation loading, the order of
adsorption changes: the total amount adsorbed for 2-MP and n-hx
exhibits higher adsorption capacity (5.4 mmol/g) compared to 2,2-
DMB with a total uptake of 4.9 mmol/g. This indicates that the
enthalpy of immersion we measured in the liquid phase will not
only depend on the adsorbate-framework interactions at low
coverage but also in the number of molecules filling the inner
cavities and the external surface. 1Indeed, the enthalpy of
immersion corresponds to the heat generated when the solid surface
is put in contact with a liquid wetting the whole surface. To
further probe this phenomena, the enthalpy of immersion per gram
of MOF (J/g) was converted into a “normalized” molar enthalpy of
immersion (kJ/mol), i.e. enthalpy of immersion per mol of adsorbed
hydrocarbon (Table 2). Although this 1is only an approximation
because each technique evaluates a different state (liquid versus
vapour), it can be useful to estimate the interaction of any single

molecule filling the cavities (considering that the number of
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molecules wetting the external surface is minimal compared to those
wetting the inner porosity). The molar enthalpy is indeed similar
for 2,2-DMB and 2-MP (ca. 35 kJ/mol), while the value for n-hx is
smaller (ca. 31 kJ/mol). We note that although our calculations
are merely an approximation because we cannot 1isolate the
interactions between adsorbates filling the cavities and those
wetting the surface in the calorimetry experiments, the normalized
molar enthalpy values are in close agreement with those described
in the literature for HKUST-1 at low coverage for n- and i-butane
(isosteric heat of adsorption estimated experimentally ca. 32-35
kJ/mol), but far away from the GCMC predictions (ca. 60-80 kJ/mol

for Cy isomers in Ui0-66 and HKUST-1). 16,30

Table 2. “Normalized” molar enthalpy of immersion for the different
MOFs evaluated (kJ per mol of adsorbed hydrocarbon) estimated from
the immersion calorimetry measurements and considering the total
amount adsorbed in the vapor adsorption experiments. Ratio of the
tetrahedral pore volume and that of the molecule taken from

reference [16].
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Molar enthalpy of immersion Ratio volume (small
-AH;,,, (kJ/mol) pore/adsorbate)
UiO-66 HKUST-1 ZIF-8 Uioe66 HKUST-1
n-hx 20.9kJ/mol  30.7 klJ/mol 15.2 ki/mol 2.96 1.35
2-MP 27.9 kJ/mol 35.5kJ/mol  16.9 kl/mol 1.39 1.12
2,2-DMB  41.4 kJ/mol 35.4 kJ/mol 0.0 kiJ/mol 1.34 1.01

Simulated adsorption isotherms showed very good agreement between
the saturation loading for 2-MP and n-hex but overpredicted 2,2-
DMB adsorption by 1 mmol/g (Figure S6). This led us to the
conclusion that 2,2-DMB may not fit inside the tetrahedral pores
of HKUST-1. To further investigate the accessibility of 2,2-DMB to
these pores, we repeated the simulations by denying Cg isomers
access to small tetrahedral pores. To do this, we “geometrically”
blocked these pores in the simulations by not allowing any Monte
Carlo moves in pre-defined region. Interestingly, the resulting
isotherm (Figure S7) after pore blocking accurately predict the
saturation loading of 2,2-DMB but not of n-hex or 2-MP - further
proof that 2,2-DMB 1is too Dbulky to access HKUST-1's small
tetrahedral pores. As shown in Figure S8, the combination of
blocked tetrahedral pores for 2,2-DMB and open pores for the other

isomers perfectly fit the experimental isotherms.

Moving forward to our last sample, UiO-66, the total amount
adsorbed at relative pressures close to condensation is rather

similar for all three hydrocarbons with uptakes around 2.9-3.0
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mmol/g. However, significant differences exist between the amount
of hydrocarbons adsorbed at low relative pressures. In the region
between 1073-102 p/po, 2,2-DMB exhibits an enhanced adsorption
(concave knee), followed by 2-MP with a linear profile and finally
n-hx with a certain delay in the micropore filling threshold
pressure. Taking into account that all three molecules are adsorbed
to the same extent, one would expect that either the enthalpy per
weight (J/g) or the molar enthalpy (kJ/mol) are able to predict
the adsorption behavior. A closer look to Tables 2 and S4 confirms
this assumption. Immersion calorimetry measurements into 2,2-DMB
exhibit a large enthalpy wvalue (119 J/g) and a larger molar
enthalpy (41 kJ/mol), followed by 2-MP (80 J/g; 28 kJ/mol) and
n-hx (64 J/g; 21 kJ/mol), in perfect agreement with the wvapour
adsorption performance at low coverages. Previous theoretical
calculations described in the literature have indicated
preferential adsorption of di-branched hydrocarbons in Ui0O-66,
versus mono-branched and linear hydrocarbons.!?3! The reverse
hierarchy in Ui0-66 has been recently confirmed using
equimolecular breakthrough curves experiments and
chromatography.!® 1'% 31 Qur GCMC simulations (Figure S10) also
confirmed the experimentally observed reverse hierarchy of
adsorption (2,2-DMB > 2-MP > n-hx); however, they predict the
saturation loading of around 2.0 mmol/g which is ca. 30% less than

the experimental values for all isomers. Simulation snapshots at
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low pressure (1 Pa) revealed that 2,2-DMB and 2-MP fill the small
cavities as well as the large cavities in Ui0O-66 whereas n-hx only
adsorbs in the large cavities at low pressure regime (Figure S11).
At higher pressures, n-hex eventually fills the smaller pores and
at saturation loading (Figure S12) 1 molecule of each hexane isomer
resides in either small or large cavities of Ui0O-66 - suggesting
that higher saturation loading measured in experiments is due to
the presence of defects and hence larger pores in the experimental
sample. We note that the presence of defects is also evident from
the experimental N, adsorption isotherm not exhibiting a distinct

plateau (see Figure S2).

Despite ZIF-8 with small cavities where strong confinement and
size exclusion effect are observed, the reverse selectivity in
MOFs can only be explained due to the interplay between specific
confinement effects raising from the level of match between the
pore and the adsorbate shape and size. Monte Carlo simulations
performed by Dubbeldam et al. predicted inverse hierarchy only for
pores around 0.6-0.7 nm, where branched hydrocarbons fit more
snugly and exhibit stronger interactions with the multiple walls,
while larger cavities must exhibit normal hierarchy.!* This is for
instance the case for the 3D cubic pore systems in UiO-66 and
HKUST-1, consisting of octahedral and tetrahedral pores (although

with different shape and size) connected by triangular windows.
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The tetrahedral pores are considered the most energetically
favorable adsorption sites. Recent results from Ramsahye et al.
have confirmed that the degree of confinement of 2,2-DMB is larger
in the tetrahedral cavities of Ui0O-66 and HKUST-1 (lower ratio of
tetrahedral pore volume to the molecular volume - see for instance
Table 2), followed by 2-MP and finally n-hx.!'® Although the order
of confinement in tetrahedral cavities (2,2-DMB>2-MP>n-hx) 1is in
close agreement with our vapour adsorption data, our calculations
perfectly fit for UiO-66 but do not allow to explain the larger
affinity of HKUST-1 for di-branched hydrocarbons following this
hypothesis since tetrahedral cavities are inaccessible to 2,2-DMB.
Rather the presence of stronger interactions with the open metal

sites must account for the observed behavior in HKUST-1.

Last but not least, previous GCMC simulations only predict this
selectivity order (2,2-DMB>2-MP>n-hx) for Ui0O-66 but not for
HKUST-1. According to Ramsahye et al., GCMC simulations predict a
normal selectivity (n-hx>2-MP>2,2-DMB) for HKUST-1 due to the
presence of “open” tetrahedral pores in HKUST-1 that allow n-hx to
be adsorbed preferentially over the branched isomers.!'® However,
this is not the case in our vapor isotherms and calorimetric data.
In our case, both techniques predict inverse hierarchy for Ui0O-66

and HKUST-1.
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4. CONCLUSIONS

Here, we introduced ligquid-phase immersion calorimetry as a fast
and powerful technique to enable reverse hierarchy analyses for
the adsorption of liquids with different size, shape and chemistry
in three different MOFs: ZIF-8, HKUST-1 and UiO-66. Vapour
adsorption measurements at 298 K confirmed preferential adsorption
of the di-branched Cq isomer versus n-hx and 2-MP at low pressures
in Ui0O-66 and HKUST-1, in agreement with the calorimetry
measurements. Using molecular-level simulations, we showed that
this behavior is due to the preferential adsorption of 2,2-DMB in
the small tetrahedral cavities, in the case of UiO-66, and the
presence of strong interactions with the open metal sites, in the
case of HKUST-1. Finally, we showed that whereas the enthalpy per
unit gram depends on i) the number of molecules adsorbed and ii)
the framework-adsorbate interactions, the molar enthalpy (kJ/mol)
largely depends on the liquid-framework interactions, thus
defining the adsorption performance of the MOFs at low relative
pressures. These results open the gate towards the application of
immersion calorimetry for the pre-screening of MOFs to identify in
an easy, fast and reliable way interesting characteristics and/or

properties such as separation ability, reversed hierarchy, pore
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window size, presence of unsaturated metal sites, molecular

accessibility, and so on.
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