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Supramolecular interactions are fundamental to host-guest binding in chemical and biological processes.
Direct visualisation of such supramolecular interactions within host-guest systems is extremely challenging
but crucial for the understanding of their function. We report a comprehensive study combining neutron
scattering with synchrotron X-ray and neutron diffraction, coupled with computational modelling, to define
the detailed binding at a molecular level of acetylene, ethylene and ethane within the porous host NOTT-300.
This study reveals the simultaneous and cooperative hydrogen-bonding, a---& stacking interactions and inter-
molecular dipole interactions in the binding of acetylene and ethylene to give up to twelve individual weak
supramolecular interactions aligned within the host to form an optimal geometry for intelligent, selective
binding of hydrocarbons. We also report, for the first time, the cooperative binding of a mixture of acetylene
and ethylene within the porous host together with the corresponding breakthrough experiment and analysis

of mixed gas adsorption isotherms.



There is great current interest in the use of porous materials for substrate storage and separations, catalysis, drug
delivery, and sensing."® Understanding the host-guest interactions in these systems is vital if new generations of
improved materials are to be developed. However, gaining such insight is challenging and often not feasible in large
void materials due to lack of order in porous systems such as carbon, mesoporous silica and zeolites,® and also
because the nature of these host-guest interactions is often based upon very weak and dynamic supramolecular
contacts such as hydrogen-bond, m---m stacking, van der Waals, electrostatic or dipole interactions. Such
supramolecular binding usually involves many hydrogen atoms and undergoes dynamic processes that are difficult
to probe directly by experiment.?®

Recent studies on porous metal-organic frameworks (MOFs) for hydrogen storage,”® carbon capture,’ and
hydrocarbon separations®*® have shown, in exceptional cases, location of guest molecules within the host via
advanced crystallography studies, providing invaluable structural rationale for their function and properties. Most of
these successes have been achieved within host systems that display strong confinement effects on the guest
molecules and/or have specific relatively strong binding sites such as open metal centers.”** However, host-guest
systems involving primarily soft supramolecular interactions usually lead to serious positional disorder of the guest
molecules, and hydrogen atoms involved in these binding processes are not readily seen or defined from
crystallography studies,™** leading to problems in defining the dynamics and motions of such host-guest systems.
As a result, information on molecular binding dynamics and the motion of guests within the confined space of MOF
hosts is largely lacking. Herein, we report the application of combined inelastic, quasi-elastic and elastic neutron
scattering and synchrotron X-ray diffraction coupled to density functional theory (DFT) calculations to directly
visualise the dynamics of host-guest interactions between adsorbed C,-hydrocarbons and the hydroxyl-
functionalised porous MOF NOTT-300, which exhibits high selectivity and uptake capacity for unsaturated
hydrocarbons. Moreover, direct observation of the mobility and diffusion for these adsorbed hydrocarbons within
NOTT-300 has been achieved, representing important methodologies for their potential kinetic separations. These
complementary experiments using dynamic, kinetic and static approaches lead to the same conclusion: four types of
soft supramolecular interactions cooperatively bind guest molecules in these functionalised cavities, and these fine-
tuned interactions lead to optimal uptake kinetics and binding dynamics affording excellent selectivities between
these hydrocarbons.
Results and discussion

Material and characterisation. The complex [Al,(OH),(L)] (L = biphenyl-3,3’,5,5-tetracarboxylate)
(NOTT-300)" was selected for this study since it exhibits both high thermal, chemical and water stability and a
polyfunctional pore environment. Its large scale (~20 grams) synthesis can be achieved via traditional hydrothermal

batch reactions enabling multiple studies by neutron scattering. NOTT-300 exhibits an open structure comprising



chains of [AlO,(OH),] moieties bridged by tetracarboxylate ligands L* to afford a porous structure with channels
formed by corner-sharing [AlO4(OH),] octahedra linked via two mutually cis-p,-OH groups. Desolvated NOTT-300
displays a surface area of 1370 m? g*and 6.5 A-wide channels.

Analysis of gas adsorption isotherms and selectivity. At 293 K, the total adsorption uptakes for C,H,, C,Hy,
C,Hs, and CH, in NOTT-300 were measured as 6.34, 4.28, 0.85, 0.29 mmol g™, respectively at 1.0 bar (Figure 1a).
The difference in the uptakes between C,H, and C,H,is 2.06 mmol g'l, and is significant (~48% of the total alkene
uptake) compared to the complexes [M(dobdc)] (M = Mg, Mn, Fe, Co, Ni, Zn; dobdc? = 2,5-dihydroxybenzene-
1,4-dicarboxylate)®*° (Table 1). Although the alkyne/alkene uptake difference in NOTT-300 is comparable to that
observed in HOF-1'® and M’MOF-3a"", the latter systems display much lower absolute uptakes with separation
achieved using narrow pore windows, leading to an intrinsic trade-off between selectivity and capacity, two
important factors for practical separation systems. The difference in the uptakes between ethylene and ethane in
NOTT-300 is 3.43 mmol g*, approximately twice that observed in the best performing alkene/alkane separation
solids [M,(dobdc)] (~1.5 mmol g™)° and PAF-1-SOsAg (~1.6 mmol g™)."® NOTT-300 shows an especially low
uptake capacity for CH,.

Analysis of the pure-component isotherms at 293 K via ideal adsorbed solution theory (IAST)* was carried
out to estimate selectivity between these hydrocarbons as a function of varying composition (from 10:90 to 90:10)
since hydrocarbon compositions will vary in different applications (Figures 1b-c and Supplementary Figure 70).
Results for equimolar mixtures at 1.0 bar are discussed here (Table 1). The C,H,/C,H, selectivity of 2.30 for NOTT-
300 by IAST is higher than that oserved for [Fe,(dobdc)] (1.87)," but is lower than for M’"MOF-3a (5.23),"
although the latter system exhibits a relatively low total capacity owing to the narrow pore. The selectivity for
C,H4/C;Hg in NOTT-300 was calculated to be 48.7. Significantly, this value is higher than that observed for zeolites
NaX (9.5),% NaETS-10 (15),* and for the MOF materials [Fe,(dobdc)] (13.6),° [Co,(dobdc)] (6),°% [Mn,(dobdc)]
(8),° HKUST-1 (4),%° and the polymer PAF-1-SO;Ag (26.9),*® which are the current state-of-the-art ethylene/ethane
separating materials. Thus, NOTT-300 shows the highest selectivity reported so far. Moreover, the alkene/alkane
selectivity in [My(dobdc)] (M = Fe, Co, Mn) and HKUST-1 relies upon strong binding of unsaturated hydrocarbons
at open metal sites, and these materials lose activity (and often porosity) rapidly on exposure to moisture. In
contrast, NOTT-300, with soft functional groups and a saturated coordination sphere at Al(IIl), demonstrates
excellent structural stability to water and other organic vapours with retention of porosity upon regeneration.® The
C,H,/CH,, C,H4/CH,, and C,He/CHy, selectivities in NOTT-300 were estimated by IAST analysis as >1000, ~380,
and 5, respectively. These selectivities are, however, subject to uncertainties associated with isotherm measurement

of the extremely low methane uptake in NOTT-300. The above IAST selectivity data are entirely consistent with the



direct comparison of the uptake ratios between the corresponding hydrocarbons derived from the experimental
isotherms (Table 1, Supplementary Figure 35).

To validate these selectivities, we also measured dual-component adsorption isotherms for equimolar
mixtures of C,H,/C,H,4, C,H4/C,Hs, C,H,/CH,4, and C,H,/CH,4 at 293 K under flow mode. In contrast to a typical
static isotherm experiment, flow experiments enable the gas in the sample station to be constantly refreshed by a
flow of an equimolar gas mixture to ensure that the composition of the mixture is unchanged throughout the
experiment. The measured uptakes were compared with those predicted by IAST™ calculations (Figures 1d, 4c,
Supplementary Figures 71-74), and excellent agreement between the observed experimental isotherms and IAST
calculations are observed in all cases, confirming the applicability and complementarity of these approaches. A
slightly higher experimental uptake was recorded in the C,H,/C,H, mixture measurement, indicating the presence of
slightly enhanced selectivity in practical C,H,/C,H, separations (i.e., ~4 versus 2.3 predicted by IAST). Given that
NOTT-300 displays a different kinetic profile for each C,-hydrocarbon (i.e., fast, moderate and slow for C,H,, C,H,
and C,Heg, respectively, Supplementary Figure 33), its practical selectivity for C,-hydrocarbon separation may be
enhanced further by contributions from kinetic aspects.?® Comparison of both the capacity and selectivity data
confirms that NOTT-300 has potential for the separation of C,-alkyne/alkene, C,-alkene/alkane, C,/C,-hydrocarbon
mixtures, which is relevent to the purification of ethylene, to olefin/paraffin separations, and natural gas upgrading,
respectively. We therefore sought to understand these properties at the molecular level.

Studies of the preferred binding sites and supramolecular interactions. The binding sites for C;H,, C;Hg,
and C,Hg were studied by in situ synchrotron X-ray and neutron powder diffraction experiments, with deuterated
substrates used in neutron experiments. Two independent binding sites (I and I1) were observed in each case: the
unsaturated C,-molecules at Site | exhibit a side-on interaction to the HO-AI group via formation of weak hydrogen
bonds that are supplemented by additional supramolecular contacts to the aromatic hydrogen atoms and =%
stacking interactions to the phenyl rings; C,-molecules at Site Il are located in the middle of the pore and interact
primarily with the molecules at Site | via intermolecular dipole interactions. The bond distances obtained from
independent analysis of synchrotron X-ray diffraction, neutron diffraction, and DFT calculations are compared in
Figure 3 with very good agreement observed between the three methods.

In addition to the static crystallography study, we have, for the first time, successfully combined inelastic
neutron scattering (INS) and DFT?*to visualise the binding dynamics for adsorbed C,H,, C,H,, and C,Hg molecules
in NOTT-300 (Figure 2). Comparison of INS spectra, measured at temperatures below 7(x0.1) K to minimise the
thermal motion of the adsorbed hydrocarbons and the host, reveals five major changes in peak intensity on going
from bare NOTT-300 to NOTT-300-3C,H, (Figure 2d). Peaks | and Il occur at low energy transfer (5-24, 25-50

meV, respectively) and Peak Ill, IV, and V at high energy transfer (80, 95, 120 meV, respectively). Peaks I, Il and
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IV can be assigned to translational, symmetric and asymmetric C-H vibrational motions of adsorbed C,H,
molecules, respectively, based upon the INS spectra for condensed C,H; in the solid state. Peaks Ill and IV are
changed compared to free C,H, from singlets to doublets, indicating removal of the degeneracy of the C-H
vibrational modes upon binding of C,H, to the host via its w-electrons (Supplementary Figures 36-40). Moreover,
the peaks in the range 100-160 meV are slightly shifted to higher energies in NOTT-300-3C,H, (Figure 2d)
compared to bare NOTT-300, indicating a stiffening of the motion of the NOTT-300 host upon C,H, adsorption. To
understand the changes, DFT calculations have been used to simulate the INS spectra and optimise the structures for
NOTT-300 and NOTT-300-3C,H,.25% Initially, the structural models obtained from synchrotron diffraction
experiments were adapted in calculations. Upon convergence, excellent agreements between calculation and
experiment for the structural models were obtained. In the case of diffraction experiments, disorder of molecules
was observed owing not only to the thermal motion, but also to the nature of the soft binding to these molecules
within the pore. Therefore, models from calculations are shown here (Figure 3) for clarity and disordered models
are shown in Supplementary Information. The INS spectra derived from these calculations show excellent
agreement with experimental spectra and confirm that the adsorbed C,H, molecules interact side-on to the hydroxyl
groups (Figure 3a). The CO distance between C,H, and the O-centre of the Al-OH group is 4.12 A, indicating a
weak hydrogen-bond between the m-electrons of C,H, and the HO-AI moiety. The optimised C=C and C-H bond
distances in C,H, are 1.21 and 1.07 A, respectively, and the <HCC bond angle is 179.2°, indicating no major
distortion of the C,H, molecules. Additionally, each adsorbed C,H, molecule is surrounded by four aromatic C-H
groups and two phenyl rings, forming weak cooperative supramolecular interactions between C(8-) of C,H, and
H(3+) from -CH [C---H = 2.96-3.64 A] and moderate-to-weak n-- -7 stacking interactions between the electron in
the n-orbitals of C,H, and the aromatic n-electrons [C=C---C¢ = 3.81 A]. Peak Il can be assigned to the —OH groups
bending/wagging perpendicular to the <Al-O-Al plane and Peak V to the bending and out-of-plane wagging of the
four aromatic C-H groups on two benzene rings adjacent to each C,H, molecule in conjunction with the bending of
the OH group along the <AI-O-Al plane (Figure 2d). The significant changes observed for Peak Il and V suggest
that adsorbed C,H, molecules have direct interaction with the -OH and -CH groups, thereby affecting their
molecular motions and inducing the changes in INS spectra. Peak I, corresponding to translational motions of C,H5,
shifts to lower energy due to the geometry confinement in the pore. C,H,(11) interacts primarily with C,H,(1) via
electrostatic dipole interactions between C(5-) and H(8+) of adjacent C,H, molecules [C'---H" =3.24 A; C"...H' =
3.12 AJ; this is comparable to the inter-molecular distance observed in solid C,H, [C'---H" = 3.09 A] confirming
that the adsorbed C,H, in NOTT-300 has a restricted solid-type motion. Thus, in total, four types of weak
interactions interact cooperatively to bind C,H, molecules in the functionalised cavity, and leads to the removal of

the degeneracy of some vibrational modes of C,H,. To our knowledge the Al-OH to n(C=C) hydrogen-bond
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interaction described herein has not been observed previously, and thus represents a new type of supramolecular
contact in host-guest systems.

Comparison of the INS spectra of bare and C,H,-loaded NOTT-300 reveals a broad peak at low energy
transfer (below 25 meV) without any other distinct energy transfer peaks (Figure 2e). This is characteristic of the
one dimensional, almost free, recoil rotational motion of C,H, molecules along its C=C axis. Indeed, DFT
calculations based upon these INS spectra suggest two models with different orientations of C,H, in the channel
(Figures. 3b-c). In the first model, the plane of C,H, molecule is perpendicular to the —OH group (denoted as
“ground-state”, NOTT-300-C,H,G); in the second model, the plane of C,H, molecule is parallel to the —OH group
(denoted as “excited state”, NOTT-300-C,H4E). The energy barrier for this rotational motion between the “ground”
and “excited” states of NOTT-300-C,H, is estimated to be 0.93 kJ mol*. NOTT-300-C,H,G has a lower energy and
is, therefore, thermodynamically more stable. Because of the orientation of the n-orbital of C,H, molecules, the n-
electrons of C,H, have better overlap with the hydroxyl group in the “ground-state” than that in the “excited-state”.
This is also confirmed by the neutron diffraction experiment: the refinement based upon the model of NOTT-
300-C,H,4G yields much improved R factors than that of NOTT-300-C,H,E, indicating the favourable orientation of
NOTT-300-C,H,4G that dominates the bulk sample. But, due to the reduced n-electron density in C,H, compared to
C,H,, the C---HO distance between the C,H, molecule and the O-centre of hydroxyl group is elongated as 4.62 A,
suggesting a weaker hydrogen-bond in comparison to that in NOTT-300-3C,H,. The C---O distance is further
increased to 4.97 A in NOTT-300-C,H,E, indicating weaker hydrogen bonding. However, better overlap of the
n---m stacking interaction between the m-electrons of C,H, molecules and phenyl rings can be achieved in this
“excited state” moiety, thus stabilising this orientation. Interestingly, a comparable hydrogen bond interaction
between n-electrons of C,H, molecules and bridging —OH group in a zeolite has been observed recently via infrared
spectroscopic experiments.?” Similarly, comparison of the INS spectra for bare and C,Hs loaded NOTT-300 reveals
a major peak at low energy transfer corresponding to the 1D recoil rotational motion of C,Hg molecule along its C-
C axis. Further DFT calculations suggest that C,Hs is aligned at a very long distance to —OH group [C---O = 5.07 A]
as a result of zero m-electron density and repulsion between the hydrogen atoms. Therefore, C,Hg has very weak
interactions with the NOTT-300 host, consistent with the observed low uptakes. INS experiments on CH,-loaded
NOTT-300 were unsuccessful due to the ultra-low uptake of this gas.

The separation of C,H, and C,Hy, is a technologically important goal, but is highly challenging due to their
similar molecular sizes, volatilities, and electronic structures based upon unsaturated carbon-carbon bonds. This
leads to very similar binding interactions for these substrates to open metal sites, with low preferential
adsorption.**? Selective adsorption C,H, over C,H, has only been achieved recently via the molecular sieving

mechanism in HOF-1'® and M’MOF-3a*’ with optimal pore windows to separate these two molecules. Due to this



molecular sieving mechanism, these systems usually display relatively low total uptakes and higher selectivities are
often achieved at lower temperatures. Simulated breakthrough experiments of C,H, and C,H, mixtures have also
been carried out in [Fe,(dobdc)],*® which suggest promising selective removal of C,H, and purification of C,H,.
However, to date there is no experimental report on direct competing binding between these two molecules within a
porous host, and such information is fundamental if new improved separation systems are to be developed. We
therefore sought to study the dynamics of NOTT-300 loaded with an equimolar mixture of C,H,/C,H, to determine
the relative binding of these two guests. Upon loading of this mixture, a more significant increase in the scattered
neutron intensity was observed compared to the single component system, indicating that both guest molecules are
adsorbed in NOTT-300 (Figure 4a-b). Integration of the increased scatterings gives a C,H, to C,H, ratio of
approximately 3:1, consistent with the selectivity obtained from IAST analysis and the mixed gas adsorption
isotherm. Comparison of the difference spectra for C,H,-, C,H,-, and C,H,/C,H,-loaded NOTT-300 clearly suggests
that the INS spectra of the mixed gas system contain all the features for pure C,H, INS spectra (peaks I to V), and
an increase in intensity of Peak | due to the incorporation of additional C,H, in the cavities. Moreover, a small
increase in Peak VI is observed at 135 meV corresponding to the change of —CH motion on the phenyl rings as
confirmed by DFT calculations. This calculation and INS spectra further suggest that C,H, interacts with the -OH
group in a similar way to that observed in NOTT-300-3C,H,, consistent with Peaks (I —V). Interestingly, C,H4 has
been found at the centre of the cavity and to interact predominantly with the C,H, molecules via electrostatic dipole
interaction between H%(8+) of C,H, and C%8-) of C,H, [C?--H® = 3.37 A] (Figure 5). These observations are also
consistent with the findings obtained from corresponding neutron diffraction experiments on a C,D,/C,D4 mixture
loaded into NOTT-300, although C,D, and C,D, molecules cannot be distinguished definitively at each site
(Supplementary Table 11) indicating the possible presence of mixed site occupancy. This result confirms that in this
binding competition, C,H, has a stronger interaction to the host than C,H, and directly supports the optimal
selectivity and uptake capacity observed in the isotherm experiments. To the best of our knowledge, this INS study
represents the first dynamic study of competing C,-hydrocarbons binding in a functional host material. This most
challenging alkyne/alkene separation has also been confirmed in experimental breakthrough experiments in which
an equimolar mixture of C,H,/C,H,was flowed over a packed bed of NOTT-300 under ambient conditions (Figure
4d). As predicted, C,H4 was the first to elute through the bed, whereas C,H, was retained. Upon saturation, C,H,
breaks through from the bed and reaches saturation rapidly. As measured from this breakthrough experiment, for an
entering equimolar mixture of C,H,/C,H,4, C,H,composition can be purified to 99.5% dropping to 97.5% until C,H,
starts to break through. To the best of our knowledge, this is the first example of an experimental breakthrough

separation of a C,H,-C,H, mixture by a MOF material.



Analysis of storage density for acetylene and ethylene. The storage density of C,H, in NOTT-300 was
recorded to be 0.48 g cc™ at 273 K and 1.0 bar corresponding to 65% of the solid density at 189 K; this is 232 times
greater than the safe compression limit for C,H, storage at 2.0 bar. In comparison, the storage density of C,H, in
NOTT-300 was recorded to be 0.40 g cc™ at 273 K and 1.0 bar corresponding to 70% of the liquid density at 169 K.
Considering that the storage temperature is well above their melting/boiling points, these high precentage values
suggest that C,H, and C,H, can be compressed efficiently in NOTT-300 even at near room temperature. Thus,
NOTT-300 may also find possible application in high density acetylene storage.

Analysis of quasi-elastic neutron scattering (QENS) data. In order to analyse the mobility of adsorbed
hydrocarbon molecules, we employed in situ QENS, a technique specifically targeted to the study of diffusion
processes of small molecules within confined host systems.?®* QENS spectra were recorded for bare NOTT-300 as
well as NOTT-300 loaded with C,H,, C,H4 and a 1:1 mixture of C,H,-C,H, at 5-293 K (Figure le and
Supplementary Figures 53-65). At 5 K, all QENS spectra are purely elastic with no active motions observed in
either the bare or C,H,- and C,H4-loaded NOTT-300 materials, suggesting adsorbed hydrocarbon molecules are
immobile. At higher temperatures (190-293 K) significant QENS broadening is observed for bare NOTT-300,
corresponding to the localised motion of free hydroxyl groups. Adsorption of C,H, into NOTT-300 leads to only a
slight increase in QENS broadening suggesting that the adsorbed C,H, molecules have limited mobility within the
channel. In comparison, QENS spectra for C,H,-loaded NOTT-300 show significant broadening, indicating that
adsorbed molecules of C,H,; have much higher mobility within the channel than for C,H,. Interestingly, QENS
spectra for 1:1 C,H,-C,H,4 loaded NOTT-300 are nearly identical to that for C,H4-loaded NOTT-300, indicating that
adsorbed C,H, molecules are weakly bound to the host and are dominating the mobility of the system, with C,H,
bound more strongly to the host and barely playing any role in the observed QENS broadening. These preliminary
conclusions are entirely consistent with the INS study and confirm that adsorbed C,H, has solid-type binding
dynamics, while C,H,4 shows strong recoil motion that is a reminiscent of liquid ethylene. Overall, the combined
INS and QENS experiments have enabled the interrogation of molecular motion at the nano-scale and thus the
microscopic phase behaviour of adsorbed hydrocarbon molecules. These findings are vital for the understanding of
their selective bindings and hence separations, and are entirely consistent with the calculated of isosteric heat of
adsorptions (see below). Importantly, this QENS study confirms directly that in the binding of the C,H,-C,H,4
mixture within NOTT-300, C,H, molecules will selectively occupy the strongest binding sites (close to -OH group),
while C,H, molecules are poorly bound and therefore have greater mobility and diffusivity.

Conclusions
These studies confirm that the M-OH groups, aromatic —CH groups and phenyl rings in NOTT-300 can

participate in weak additive, supramolecular interactions with unsaturated hydrocarbons, and that these are
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supplemented by cooperative inter-molecular dipole interactions between adsorbed hydrocarbon molecules. The
binding energy of these weak supramolecular bonds can be viewed as soft dynamic interactions and are distinct
from the direct bond formation between metal centres and the n-electron density of C,H, or C,H,.21%8 The latter,
often observed for MOFs containing open metal sites, leads to high isosteric heats of adsorption (40-60 kJ mol™),
which affords a potential energy penalty in the regeneration process.®*®? The isosteric heat of adsorption for C,H,
in NOTT-300 decreases slightly initially from 32 to 30 kJ mol™, and increases slowly after 1.0 mmol g™ loading to
the original value of 32 kJ mol™. This suggests a cooperative binding mechanism, consistent with the INS/QENS
study. In contrast, the isosteric heat of adsorption for C,H, in NOTT-300 increases continuously over the whole
range from initially 16 kJ mol™ to 28 kJ mol™ at 1.0 bar. This confirms the appearance of strong C,H,-C,H,
interactions (reminiscent of liquid ethylene) during the adsorption process, and the absence of strong C,H4-host
interaction is consistent with its lower uptake and the INS/QENS studies. The moderate isosteric heat of adsorption
in NOTT-300 [16-32 kJ mol™ (Figure 1f)] confirms that the relatively weak supramolecular bonding interactions
within this multiple functionalised host system are sufficiently strong to selectively recognise and bind guest
molecules and induce a difference in their molecular motions, thus achieving the observed high selectivity and

uptake capacity simultaneously.

Methods

Gas adsorption experiment: CH,, C,H,, C,H,4, and C,Hg sorption isotherms were recorded at 273-303 K on an IGA-003
system under ultra-high vacuum. CH,4, C,H,, and C,Hg gases used were ultra-pure research grade (99.99%). C,H, was purified
by dual-stage cold trap systems operated at 195 K (dry ice) before introduction to the IGA system. For the flow experiments,
the flow rates, typically 25ml/min for each gas A and B, were controlled by two identical mass flow controllers and gas A and
B were mixed in the pipe before introduction to the sample station, the volume of which is about 1.8 L. This was kept under a
dynamic flow environment in order to maintain constant composition of mixture in the sample station throughout the
experiment. Breakthrough experiments were carried out in a 7 mm diameter fixed bed tube of 130 mm length packed with ~3 g
of NOTT-300 powder (particle size < 5 microns). The sample was heated at 100 °C under a flow of He overnight for complete
activation. The fixed bed was then cooled to room temperature and the breakthrough experiment with an equimolar mixture of
acetylene and ethylene was performed at atmospheric pressure and room temperature. The flow rate of the entering gas mixture

was maintained at 2 ml min™, and the gas composition at outlet determined by mass spectrometry.

Neutron scattering experiment: INS, QENS and neutron powder diffraction experiments were carried out at the ISIS
beamlines TOSCA, IRIS, and WISH, respectively. In a typical experiment, 2-5 g of desolvated NOTT-300 sample was used.
The loading of gases was performed volumetrically at room temperature in order to ensure that gases were present in the gas
phase when not adsorbed and also to ensure sufficient mobility of gases inside the crystalline structure of NOTT-300. It is
important to note that the computations and modelling were performed simultaneously as the measurement of INS spectra. The
result of the calculations allows us to identify the vibrational motions present in the experimental INS data immediately and in

this way the INS experiment could be optimised rapidly and efficiently.

Structure determination of guest-loaded NOTT-300 from synchrotron X-ray and neutron powder diffraction
experiment: The structure solutions were initially established by considering the structure of the bare NOTT-300 framework,

and the residual electron density maps were further developed from subsequent difference Fourier analysis. The final structure
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refinement of guest-loaded NOTT-300 was carried out using the Rietveld method with isotropic displacement parameters for all
atoms. The final stage of the Rietveld refinement involved soft restraints to the C-C bond lengths within the benzene rings and
carboxylate groups. Rigid body refinement was applied to define the molecular geometry for the hydrocarbon molecules in the

pore. The details for the structural refinements are given in supplementary information.

Crystal data for NOTT-300-4C,H;: [Al,(OH),(C16HeOg)](CoH,)s. White powder. Tetragonal, space group 14,22, a = b =
14.82280(13), ¢ = 11.79190(10) A, V = 2590.86(5) A3, M = 518.34, T = 273(2) K, Z = 4. The final Rietveld plot corresponds to
satisfactory crystal structure model (Rgrgq = 0.050) and profile (R, = 0.056 and R, = 0.077) indicators with a goodness-of-fit
parameter of 1.73. Atomic fractional coordinates and relevant bond lengths for NOTT-300-4C,H, are listed in Supplementary
Table 1 and Table 2, respectively.

Crystal data for NOTT-300-2.5C,H,: [Al,(OH),(C16HsO0g)1(CoH,)25. White powder. Tetragonal, space group 14,22, a = b =
14.80469(3), ¢ = 11.80173(3)A, V = 2586.69(1) A3, M = 484.33, T = 273(2) K, Z = 4. The final Rietveld plot corresponds to
satisfactory crystal structure model (Rgrgg = 0.050) and profile (R, = 0.059 and Ry, = 0.084) indicators with a goodness-of-fit
parameter of 2.74. Atomic fractional coordinates and relevant bond lengths for NOTT-300-2.5C,H, are listed in Supplementary
Table 3 and Table 4, respectively.

Crystal data for NOTT-300-2.7C,D,: [Al,(OH),(C1HeOg)](C2D,),7. White powder. Tetragonal, space group 14,22, a =b =
14.78536(8), ¢ = 11.77396(15) A, V = 2573.87(4) A®>, M = 489.90, T = 10(0.2) K, Z = 4. The final Rietveld plot corresponds to
satisfactory crystal structure model (Rgrgq = 0.006) and profile (R, = 0.013 and R, = 0.014) indicators with a goodness-of-fit
parameter of 3.31. Atomic fractional coordinates and relevant bond lengths for NOTT-300-2.7C,D; are listed in Supplementary
Table 5 and 6, respectively.

Crystal data for NOTT-300:1.8C,D,: [Al;(OH),(C1HeOg)](C2Dy4)1 5. White powder. Tetragonal, space group 14,22, a = b =
14.79423(10), ¢ = 11.77851(18) A, V = 2577.95(5) A3, M = 471.94, T = 10(0.2) K, Z = 4. The final Rietveld plot corresponds to
satisfactory crystal structure model (Rgrgq = 0.015) and profile (R, = 0.015 and Ry, = 0.016) indicators with a goodness-of-fit
parameter of 3.83. Atomic fractional coordinates and relevant bond lengths for NOTT-300-2.7C,D; are listed in Supplementary
Table 7 and 8, respectively.

Crystal data for NOTT-300-1.3C,Ds: [Al;(OH)2(C16HeOg)]1(C2Dg)1 5. White powder. Tetragonal, space group 14,22, a =b =
14.79549(11), ¢ = 11.77847(20) A, V = 2578.38(6) A%, M = 461.15, T = 10(0.2) K, Z = 4. The final Rietveld plot corresponds to
satisfactory crystal structure model (Rgrgg = 0.014) and profile (R, = 0.016 and Ry, = 0.018) indicators with a goodness-of-fit
parameter of 4.17. Atomic fractional coordinates and relevant bond lengths for NOTT-300-2.7C,D; are listed in Supplementary

Table 9 and 10, respectively.
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Figure 1. Hydrocarbon adsorption isotherms and selectivity data for NOTT-300, QENS spectra, and variation of
thermodynamic parameters for hydrocarbon adsorption in NOTT-300. (a) Adsorption isotherms of C,H,, C,H,, C,Hs, and
CH, in NOTT-300 at 293 K; data at other temperatures are shown in supplementary information. Comparison of IAST
selectivities for equimolar mixtures of (b) C,H,/C,H,4 and (c) C,H4/C,Hg of varying compositions at 1.0 bar for NOTT-300
and the state-of-the-art porous materials.”'®*8%%?2 The |AST selectivities of equimolar mixture of C,H,/C,H, for NOTT-300
and Fey(dobdc) are 2.30 and 1.87, respectively. (d) Comparison of the adsorption isotherms for C,H,4, C,Hsg, and an equimolar
mixture of C,H;-CyHg at 293 K in NOTT-300. Data were measured in flow mode. Prediction from the IAST calculation is
shown in cyan. () QENS spectra for bare NOTT-300, NOTT-300-2C,H,, NOTT-300-3C,H,, NOTT-300-C,H,, and NOTT-
300-1:1C,H,-C,H, at 293 K. (f) Variation of the thermodynamic parameters of isosteric heat of adsorption (Qg) and entropy
(4S) for C,H,, C;H4 and C,Hg uptakes in NOTT-300. The values of Qg for C,H, uptake lies in the range 30-32 kJ mol™* and do
not vary much with increased C,H, loading. In contrast, values of Qg for C,H, uptake lie in the range 16-28 kJ mol™? and
increase with increased C,H, loading, indicating the presence of a strong C,H,-C,H, interaction. Overall, 4S decreases with
increasing surface coverage over the whole loading range for both C,H, and C,H,;. Qg of C,Hg adsorption is subject to
uncertainties due to the low isotherm uptake.
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Figure 2. Inelastic neutron scattering (INS) spectra for NOTT-300 as a function of hydrocarbon loadings. Comparison of
the experimental (top) and DFT calculated (bottom) INS spectra for bare NOTT-300 and the (a) C;H,, (b) C,H4 and (¢) C,He-
loaded NOTT-300. Comparison of the difference plots for experimental INS spectra of bare NOTT-300 and the (d) C,H,, (e)
C,H,4 and (f) C,Hg-loaded NOTT-300, and the experimental INS spectra of condensed (d) C,H,, (e) C,H,; and (f) C,Hg in the
solid state. A difference plot for DFT calculated INS spectra of bare and the C,H,-loaded NOTT-300 is shown in (d),
confirming good agreement with the experimental difference INS spectra. Due to the strong rotational recoil motion of
adsorbed C,H, and C,Hg molecules, and the lack the resolved energy transfer peaks, the corresponding difference plots for
solid-state DFT calculations are not shown here. In the DFT calculation of NOTT-300-C,H,, two models with different
orientation of adsorbed C,H,; molecules were found. NOTT-300-C,H,G and NOTT-300-C,H4E in (b) represent the “ground-
state” and “excited-state” structural models, respectively. Peaks I, 111 and IV in (d) are assigned to translational, symmetric and
asymmetric C-H vibrational motions of adsorbed C,H, molecules, respectively. Peaks Il and V in (d) are assigned to the
bending/wagging motions of the —OH groups and four aromatic C-H groups on two benzene rings, respectively.
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1D Rotational Motion
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277-285S AE = +0.93 kJ/mol
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Figure 3. Views of the structural models for (a) NOTT-300-3C,H,, (b) NOTT-300-C,H,G, (¢) NOTT-300-C,H,E and (d)
NOTT-300-C,Hg (Al: green; carbon: grey; oxygen: red; hydrogen: white). These models were generated from DFT
optimisations based upon the structural analyses obtained from synchrotron and neutron powder diffraction
experiments. The details of the host-guest binding as shown in the blue square are enlarged and shown in the bottom
row for each of the corresponding model. Hydrocarbon molecules in the channel and the host functional groups involved in
cooperative binding are highlighted by the use of ball-and-stick mode. The n---HO hydrogen-bonds, n---n stacking, C---H
supramolecular interactions, and inter-molecular dipole interactions are highlighted in cyan, grey, orange, and purple,
respectively. The carbon atoms of second site of C,H, are highlighted in blue. Sites I and Il represent two preferred binding
sites within the pore: molecules at Site | interacts with the AI-OH groups and those at Site Il bind primarily with molecules at
Site | via dipole interactions. The energy barrier for 1D rotational motion between NOTT-300-C,H,G and NOTT-300-C,H,E
was estimated to be 0.93 kJ mol™. The bond distances obtained from DFT calculations, synchrotron X-ray diffraction and from
neutron diffraction experiments are labelled as D, S and N, respectively, and are shown in A. Throughout this report, the
uncertainties for the bond distance obtained from synchrotron X-ray diffraction and neutron diffraction experiments are below
0.01 and 0.02 A, respectively. To simplify the positional disorder of the guest molecules owing to the thermal motion,
optimised models from calculations are shown here for clarity, and disordered models are shown in supplementary information.
Due to the uncertainty of the hydrogen atom location, the n---HO hydrogen-bonds are described via the distance between the O-
centre and the centroid of the C, bond of hydrocarbon molecules.
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Figure 4. Inelastic neutron scattering (INS) spectra for C,H,-C,H, hydrocarbon-mixture-loaded NOTT-300 and views
of the C,H,-C,H, mixture adsorption isotherm and the corresponding breakthrough plot. (a) Comparison of the
experimental (top) and DFT calculated (bottom) INS spectra for bare and 1:1 C,H,-C,H,4loaded NOTT-300. (b) Comparison of
the difference plots for experimental INS spectra of bare NOTT-300 and C,H,, C,H,, and 1:1 C,H,:C,H,-loaded NOTT-300.
Peaks I, 11l and IV are assigned to translational, symmetric and asymmetric C-H vibrational motions of adsorbed C,H,
molecules, respectively. Translational motion from adsorbed C,H, molecules also contribute to the increased intensity in Peak
I. Peaks Il, VV and VI are assigned to the bending/wagging motions of the —OH groups and the aromatic C-H groups on two
benzene rings, respectively. (c) Comparison of the adsorption isotherms for C,H,, C,H,;, and an equimolar mixture of
C,H,/C,H, at 293 K in NOTT-300. Data were measured in flow mode. Prediction from the IAST calculation is shown in cyan.
(d) Experimental breakthrough plots for an equimolar mixture of C,H,-C,H, in a fixed bed packed with NOTT-300 measured at
293 K and 1.0 bar. Dimensionless time, z, is calculated by equation 7 = tu/eL, where t, u, ¢ and L represent the actual time,
superficial gas velocity, the fractional porosity of the fixed bed, and bed length, respectively. The details of the calculations are
shown in Supplementary Information.
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Supramolecular
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Figure 5. Views of the calculated structural models for C,H,-C,H,; mixture-loaded NOTT-300 (NOTT-
300-2.4C,H,-0.8C,H,) (Al: green; carbon: grey; oxygen: red; hydrogen: white). (a,c) Views of the structure of NOTT-
300-2.4C,H,-0.8C,H, obtained from DFT calculations based upon INS spectra. The details of the host-guest binding as shown
in the blue square are enlarged and shown in (c). The bond distances were obtained from DFT optimisation. The adsorbed C,H,
and C,H, molecules in the pore are highlighted by the use of ball-and-stick mode. The carbon atoms of C,H;are highlighted in
blue. Discussion on the structural models obtained from corresponding neutron powder diffraction experiments of C,D,-C,D,
mixture-loaded NOTT-300 is given in Supplementary Information. (b,d) Schematic view of the role of the —OH, -CH and
phenyl ring groups in binding C,H, and C,H,; molecules in a “pocket-like” cavity. Sites | and 11 represent two preferred binding
sites within the pore, and are shown by blue and yellow balls, respectively. The n---HO hydrogen-bonds, n-- 7 stacking, C---H
supramolecular interactions, and inter-molecular dipole interactions are highlighted in cyan, grey, orange, and purple,
respectively.
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Table 1. Summary of the adsorption uptakes, selectivities and heat of adsorption data for C,H,, C,H,4, C,Hs, and CH, in
[Fe,(dobdc)],**® M’MOF-3a,"” PAF-1-SOsAg,*® and NOTT-300. The selectivity data calculated from IAST analysis and by
the direct comparison of the corresponding isotherm uptakes have consistent trends. [Fe,(dobdc)] and PAF-1-SOs;Ag exhibit
high isosteric heat of adsorption for unsaturated hydrocarbons owing the formation of © complexation between the open metal
sites (i.e., Fe?", Ag") and = electrons of the hydrocarbons. In contrast, NOTT-300 shows a significant difference in isosteric heat
of adsorption for C,H, and C,H, since the selective binding in NOTT-300 is achieved via formation of a combination of weak
supramolecular interactions, which are sensitive the number of © electrons of the guest molecule.

(CH.)" (kJ mol ™)

[Fe,(dobdc)] M’MOF-3a PAF-1-SO;Ag NOTT-300
Surface area (m* g™ 1350 551 783 1370
Pore Volume (cc g™ 0.626 0.164 0.309 0.433
Size of pore window (A) 11x11 4x9 ~8 6.5x6.5
C,H, uptake at 1.0 bar (mmol g™ 6.8° 1.9° - 6.34°
C,H, uptake at 1.0 bar (mmol g™ 6.1° 0.4° 4.06° 4.28°
C,Hs uptake at 1.0 bar (mmol g™) 5.0°% - 2.23° 0.85°
CH, uptake at 1.0 bar (mmol g™) 0.8 - - 0.29°
C,H,/C,H, uptake ratio® 1.11 4.75 - 1.48
C,H4/C,Hg uptake ratio® 1.22 - 1.82 5.03
C,He/CH, uptake ratio® 6.25 - - 2.93
Selectivity for C,H,/C,H, 1.87° 5.23¢ - 2.30°
Selectivity for C,H,/C,Hs 13.6 - 26.9" 48.7"
Selectivity for C,Hs/CH, ~35° - - ~5.1
Isosteric heat of adsorption -47 -27.1 - -32
(CoH,)" (kJ mol ™)
Isosteric heat of adsorption -45 -27.4 -106 -16
(CoHa)" (kJ mol™)
Isosteric heat of adsorption -25 - -27 -11
(CoHe)" (kJ mol™)
Isosteric heat of adsorption -20 - - n.a.

% at 318 K, moderately larger uptakes are expected for isotherms measured at lower temperatures; ° at 295 K, © at 296 K, @ at 293

K, ¢ for ratios of the total uptake capacities at 1.0 bar; " IAST analysis for an equimolar mixture at 1.0 bar; 9 ratio of Henry’s
constants; " Q values at low surface coverage; ' due to the very low uptake, it was unable to determine the heat of adsorption

accurately.
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1. Experimental Section
1.1 Synthesis and Activation of NOTT-300

All reagents were used as received from commercial suppliers without further purification. Synthesis of
[Al,(OH),(C160gH6)](H20)s (NOTT-300-solvate) and activation of [Al,(OH),(C1608Hg)] (NOTT-300) were carried

out using our previously reported method.*

1.2 Gas Adsorption Isotherms

CH,, C,H,, C,H4 and C,Hg sorption isotherms were recorded at 273-303 K using a temperature
programmed water bath on an IGA-003 system (Hiden) at the University of Nottingham under ultra-high vacuum
from a diaphragm and turbo pumping system. CH,, C,H,4, and C,Hg gases used were ultra-pure research grade
(99.99%) purchased from BOC or AIRLIQUIDE. C,H, was purified by dual-stage cold trap systems operated at
195 K (dry ice) and an activated carbon filter before introduction to the IGA system. In a typical gas adsorption
experiment, 50-100 mg of NOTT-300-solvate was loaded into the IGA, and degassed at 120 °C and high vacuum
(10™™° bar) for 1 day to give fully desolvated NOTT-300. For flow experiments, the flow rates, typically 25ml/min
for each gas A and B, were controlled by two identical mass flow controllers. Gas A and B were thoroughly mixed
before introduction to the sample station thus maintaining a constant mixture composition throughout the whole
experiment.

Breakthrough experiments were carried out in a 7 mm diameter fixed bed tube of 130 mm length packed
with ~3 g of NOTT-300 powder (particle size < 5 microns). The total volume of the bed was 5 cm®. The sample was
heated at 100 °C under a flow of He overnight for complete activation. The fixed bed was then cooled to room
temperature using a temperature programmed water bath and the breakthrough experiment was performed with an
equimolar mixture of acetylene and ethylene at atmospheric pressure and room temperature. The flow rate of the
entering gas mixture was maintained at 2 ml/min, and the gas composition at outlet determined by mass

spectrometry.

1.3 Inelastic Neutron Scattering (INS)

INS spectra were recorded on the TOSCA spectrometer at the ISIS Facility at the Rutherford Appleton
Laboratory (UK) for energy transfers between ~-2 and 500 meV. In this region TOSCA has a resolution of 1.5%
AEJE. The sample of desolvated NOTT-300 was loaded into a cylindrical vanadium sample container with an
indium vacuum seal and connected to a gas handling system. The sample was degassed at 10" mbar and 120 °C for
1 day to remove any remaining trace guest water molecules. The temperature during data collection was controlled

using a closed cycle refrigerator (CCR) cryostat (7 £ 0.1 K). The loading of C,H,, C,H,, and C,Hg was performed
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volumetrically at room temperature to ensure that C,H,, C,H4, and C,Hg were present in the gas phase when not
adsorbed and also to ensure sufficient mobility of C,H,, C,H,, and C,Hg inside the crystalline structure of NOTT-
300. Subsequently, the temperature was lowered to below 10 K for scattering measurements to ensure minimum
achievable thermal motion of the framework host and adsorbed C,H,, C,H4, and C,Hg molecules. Background
spectra (sample can plus NOTT-300) were subtracted to obtain the difference spectra. INS spectra for condensed
C,H,, C,H,4, and C,Hg in the solid state were measured by using a plate sample container. Approximately 1-2 L of
each gas at room temperature was condensed slowly at temperatures below their melting points and cooled to
temperature below 10 K for neutron scattering measurements.

The equimolar mixture of C,H,/C,H, was prepared externally prior to the dosing. Equal amounts of C,H,
and C,H, gas were introduced into the fixed volume vessel at a pressure of 1.0 bar at room temperature. The vessel
was left sealed at room temperature for 3 h to allow mixing of the gases. The vessel was then opened to the sample
cell (minimal dead cell volume) which was under vacuum, and the connection left open for 3 h to allow full
adsorption into desolvated NOTT-300. The sample cell was isolated and sealed at room temperature, and adsorption
equilibrium was achieved when the rate of pressure drop was below 0.1 mbar over 20 min. The sealed sample cell
was then cooled to ~7 K over a 2 h period with a three-head Closed Cycle Refrigerators (CCR) controller and
neutron data collection was then initiated. The initial cooling from RT to ~200 K was less than 20 min and further
cooling is slower. The isolation of the sample cell before cooling is essential to prevent condensation of free
hydrocarbon molecules from the vessel volume into the sample cell, since this will lead to a broad recoil motion in
the background of the spectra. Major re-arrangement of hydrocarbon molecules within the pores of NOTT-300 on
rapid reduction of temperature is not expected since (i) the adsorption equilibrium was achieved at room
temperature; (ii) the cell was isolated before cooling and no additional gas was available to be adsorbed; (iii) the
initial cooling (down to near the boiling point) was very rapid to ensure strong barriers to diffusion, i.e., the guest

molecules will have little mobility at temperatures near 200 K.

INS was used to study the binding interaction and structure dynamics in this case, because it has several
unique advantages:
o INS spectroscopy is ultra-sensitive to the vibrations of hydrogen atoms, and hydrogen is ten times more

visible than other elements due to its high neutron cross-section.

o The technique is not subject to any optical selection rules. All vibrations are active and, in principle,
measurable.
o INS observations are not restricted to the centre of the Brillouin zone (gamma point) as is the case for

optical techniques.
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o INS spectra can be readily and accurately modelled: the intensities are proportional to the concentration of
elements in the sample and their cross-sections, and the measured INS intensities relate straightforwardly to the
associated displacements of the scattering atom. Treatment of background correction is also straightforward.

o Neutrons penetrate deeply into materials and pass readily through the walls of metal containers making
neutrons ideal to measure bulk properties of this material.

o INS spectrometers cover the whole range of the molecular vibrational spectrum, 0-500 meV (0-4000 cm™)

o INS data can be collected at below 10 K, where the thermal motion of the MOF material and adsorbed
C,H,, C,H4, and C,Hg molecules can be significantly reduced.

o Calculation of the INS spectra from DFT vibrational analysis can be readily achieved, and DFT calculations
relate directly to the INS spectra, and, in the case of solid state calculations, there are no approximations other than

the use of DFT eigenvectors and eigenvalues to determine the spectral intensities.

It is important to note that the computations and modelling were performed simultaneously as the
measurement of INS spectra. The result of the calculations allows us to identify the vibrational motions present in

the experimental INS data immediately and in this way the INS experiment can be optimised rapidly and efficiently.

1.4 DFT Modelling and Simulations

The vibrational properties of NOTT-300 were calculated using a combination of density functional theory
(DFT) and plane-wave pseudopotential methods as implemented in the CASTEP code? using ultra-soft
pseudopotentials with a plane-wave energy cut-off of 380 eV. Calculations were performed under the PBE
approximation® for exchange and correlation. The wave functions were sampled according to the Monkhorst-Pack
scheme with a k-points mesh of spacing ~0.05 A™. The normal modes of the solid were determined from dynamical
matrices calculated using finite displacements, by numerical differentiation. The INS spectra were calculated using
the aClimax software.* Calcutions with and without van der Waals corrections were carried out separately to study

their effect on the vibrational properties of solids.

1.5 Quasi-elastic Neutron Scattering (QENS)

Quasi-elastic neutron scattering (QENS) provides a means to probe motions in the ps-ns timescale of
molecules and has been used extensively to interrogate diffusion processes in confined systems.” QENS spectra
were recorded on the IRIS spectrometer at the ISIS Facility at the Rutherford Appleton Laboratory (UK). IRIS is an
inverted geometry spectrometer which analyses the final energy of neutrons via crystals of pyrolitic graphite. The
PG002 reflection affords an energy resolution of 17.5ueV and the choppers were phased to look at an energy
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window of -0.2 to 1.2meV. The detector coverage on the spectrometer is such that at these energies we can probe a
momentum transfer range of 0.4-1.8A™. The sample of desolvated NOTT-300 was loaded into an annular
aluminium sample container (0.5 mm gap to avoid multiple scattering effects) with an indium vacuum seal and
connected to a gas handling system. The sample was degassed at 10" mbar and 120 °C for 1 day to remove any
remaining trace guest water molecules. The temperature during data collection was controlled using a top-loading
closed-cycle refrigerator (£ 0.2 K). The loadings of C,H, and C,H,; were performed volumetrically at room
temperature to ensure that C,H, and C,H, were present in the gas phase when not adsorbed and also to ensure
sufficient mobility of C,H, and C,H, inside the crystalline structure of NOTT-300. Subsequently, QENS spectra
were collected at temperatures in the range 5-293 K for the bare NOTT-300 and NOTT-300 loaded with C,H,, C,H,4
and an equimolar mixture. In this preliminary analysis of the data, all spectra were added together and motions are
assumed to be of localised nature such that there is no Q-dependence. This appears likely for the adsorbed C,H,
modes but may not be the case for adsorbed C,H,. However the main observations described in what follows are
still valid. A full analysis of the QENS data will be reported in a separate publication to obtain an accurate
description of the dynamic modes. In the figures the data have been normalised so that any changes in broadening
can be seen more clearly.

The QENS data at each temperature for bare NOTT-300 was fitted to a simple Lorentzian convolution with
a delta and resolution function (measured at 5 K), plus a flat background contribution. The full-width at half
maximum of the Lorentzian (Gamma) was plotted as a function of temperature yielding Arrhenius behaviour. The

activation energy is extracted as the slope from the linear fitting by Arrhenius equation (1).

oIn(Gamma)

B, =R o(/T)

)p (1)

where R is the gas constant, and T is temperature. This QENS broadening increases steadily with temperature and
fitting the data to a Lorentzian and sequentially Arrhenius function gives an energy (E.) of 3.2 kJ mol™ for the

activation of the free hydroxyl groups.

1.6 High Resolution Synchrotron X-ray Powder Diffraction and Structure Determinations

High resolution in situ synchrotron X-ray powder diffraction (PXRD) data were collected at Beamline 111
of Diamond Light Source using multi-analysing crystal-detectors (MACs)® and monochromated radiation [\ =
0.826126(2) A]. These in situ diffraction measurements were carried out in capillary mode and the temperature
controlled by an Oxford Cryosystems open-flow nitrogen gas cryostat. In a typical experiment, the powder sample
of NOTT-300 (~2-4 mg) was dried in air and ground for 10 min before loading into a capillary tube (0.7 mm

diameter). Grinding provides a uniform and small (below 10 micron) particle size essential for obtaining high-
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quality X-ray patterns. The capillary tube was connected to a high vacuum line (10° mbar) and heated at 140 °C for
~2 hour to generate the fully desolvated NOTT-300 material. For each C,H, and C,H, pressure step, the loaded
sample was left for ~30-60 minutes to equilibrate before collection of the PXRD pattern. The final PXRD pattern
was collected after a final degassing at 373 K and under vacuum for ~40 minute to remove adsorbed C,H, and
C,H,4. Upon desolvation and removal of C,H, and C,H,4, we observe neither major changes to cell parameters nor
extra features in the patterns, suggesting that there is no structural phase change during the experiment.

The structure solutions were initially established by considering the structure of the bare NOTT-300
framework, and the residual electron density maps were further developed from subsequent difference Fourier
analysis using TOPAS. The final structure refinement of NOTT-300-4C,H, was carried out using the Rietveld
method’ with isotropic displacement parameters for all atoms. Upon loadings with hydrocarbon, there are apparent
changes in the Bragg peak intensities indicating that the hydrocarbon molecules are adsorbed into the bare material.
Refinement of the occupancy of the adsorption sites for the C,H, loaded NOTT-300 showed both of the sites to be
fully occupied by C,H, molecules, slightly higher than the experimental value (~75% occupied). On loading with
C,Hg,, the occupancy of the first C,H, site was determined to be 0.706(6) and the second C,H, site 0.560(4), leading
to a total refined C,H, stoichiometry of 1.266(10) C,H, per Al in excellent agreement with the experimental value
of 1.1 C,H, per Al. The final stage of the Rietveld refinement involved soft restraints to the C-C bond lengths
within the benzene rings and carboxylate groups. Rigid body refinement was applied to define the molecular
geometry for both the C;H, and C,H, molecules in the pore, whereby the C-C and C-H bond lengths obtained from
CCDC crystallographic data of the pure C,H,, C,H, and C,Hg forms were used. No restraints were used in the
position or orientation of the molecules within the pore. Both molecules were located at general positions, and as a
result positional disorder of the molecules was observed. A global isotropic thermal parameter was refined for the
gas molecules, and the occupancies of the gas molecules were also refined. Hydrogen atoms were included on both
molecules in the final refinement in accordance with geometrical constraints, although their precise location could
not be obtained from these data. In the case of NOTT-300-4C,H,, the hydrogen atoms can be defined due to the
linear geometry of the C,H, molecule. In the case of NOTT-300-2.5C,H,, precise location of hydrogen atoms
cannot be determined due to the additional rotational freedom along the C-C bond of the C,H, molecules and
refinements with different C,H, orientation yield similar R factors. In the final model, the average orientation of the

C,H4 molecules (half way in between NOTT-300-1C,H,G and NOTT-300-1C,H4E) was used.

1.7 Neutron Powder Diffraction (NPD) and Structure Determinations
WISH is a long wavelength powder and single crystal neutron diffractometer at the ISIS Facility at the

Rutherford Appleton Laboratory (UK).2 The instrument views a solid methane moderator providing a high flux of
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cold neutrons with a large bandwidth, transported to the sample via an elliptical guide. The WISH divergence jaws
system allows the experimentalists to tune the resolution according to the need of the experiment; in this case, it was
setup in high resolution mode. The WISH detectors are 1m long, 8mm diameter pixellated 3He tubes positioned at
2.2m from the sample and arranged on a cylindrical locus covering 10-170 degrees in 2 theta scattering angle. To
reduce the background from sample environment, it is equipped with an oscillating radial collimator that defines a
cylinder of radius about 22mm diameter at 90 degrees scattering.

The sample of desolvated NOTT-300 was loaded into a cylindrical vanadium sample container with an
indium vacuum seal and connected to a gas handling system. The sample was degassed at 10" mbar and 120 °C for
1 day to remove any remaining trace guest water molecules. The temperature during data collection was controlled
using a helium cryostat (10 £ 0.2 K). The loadings of C,D,, C,D,, and C,Dg were performed by volumetric method
at room temperature in order to ensure that C,D,, C,D,4, and C,Dg were present in the gas phase when not adsorbed
and also to ensure sufficient mobility of C,D,, C,D,4, and C,Dg inside the crystalline structure of NOTT-300. The
equimolar mixture of C,D, and C,D, was prepared externally prior to dosing, which was performed in the same way
as described in Section 1.3. Subsequently, the temperature was reduced to 10 K for data collection. In each case, the
sample cell was isolated and sealed before cooling to prevent the condensation of free gas molecules in the cell
during the cooling process.

The structure solution was initially established by considering the structure of bare NOTT-300 framework,
and the residual nuclear density maps were further developed from subsequent difference Fourier analysis using
TOPAS. The final structure refinements of NOTT-300-2.7C,D,, NOTT-300-1.8C,D, and NOTT-300-1.3C,Dg were
carried out using the Rietveld method’ with isotropic displacement parameters for all atoms. Upon loading of
hydrocarbon, there are significant changes in the Bragg peak intensities indicating that the hydrocarbon molecules
are adsorbed into the NOTT-300 material. The final stage of the Rietveld refinement involved soft restraints to the C-C
bond lengths within the benzene rings and carboxylate groups. Rigid body refinement was applied to define the molecular
geometry for C,D,, C,D4, and C,Dg molecules in the pore, and no restraints were used in the position or orientation of the
guest molecules within the pore. All of these molecules were located at general positions, and as a result positional
disorder of the molecules was observed. A global isotropic thermal parameter was refined for the gas molecules, and the
occupancies of the gas molecules were also refined. In the late stage of refinement of NOTT-300-1.8C,D,,
orientation of C,D4 molecules was attempted in the form of both NOTT-300-C,H,G and NOTT-300-C,H,E, and the
former refinement gives a much improved R factor and was used in the final refinement. This result is also
consistent with that found in the case of NOTT-300-2.7C,D,and NOTT-300-1.3C,Ds. However, it does not exclude

the existence of the NOTT-300-C,H,E form since the “static” diffraction experiment only measures the average
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positions throughout the bulk sample. NOTT-300-C,H,G is thermodynamically more stable and will be more likely

to dominate the orientation.

2. In Situ Synchrotron X-Ray Powder Diffraction Patterns
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Figure 1. (a) Powder X-ray diffraction patterns for original, evacuated, C,H,-loaded, and final desolvated samples at

273 K [A=0.826126(2) A]; (b) higher angle data (20 = 7-20°) has been scaled up confirming that NOTT-300 retains

crystallinity on removal of C,H.,.
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Figure 2. (a) PXRD patterns [observed (blue), calculated (red) and difference (grey)] for the Rietveld refinement of
the C,H,-loaded NOTT-300-4C,H, [A = 0.826126(2) A]; (b) higher angle data (20 = 25-60°) scaled up to show the

quality of fit between the observed and the calculated patterns.
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Table 1. List of atomic positions for NOTT-300-4C,H,.

Site-num X y z Biso (A%)
All 8 0.69415(8) 0.30585(8) 05 0.63(12)
01 8 0.75552(18) 0.25 0.625 0.30(12)
02 16 0.89613(13) 0.28645(13) 0.99610(19) 0.30(12)
03 16 0.62081(14) 0.37512(14) 0.39396(15) 0.30(12)
C1 16 0.58992(23) 0.35603(21) 0.69874(25) 0.30(12)
C2 16 0.53881(19) 0.42876(13) 0.76206(15) 0.30(12)
C3 8 0.5 0.5 0.70562(15) 0.30(12)
C4 16 0.53767(12) 0.42905(1) 0.88125(15) 0.30(12)
C5 8 05 05 0.93719(17) 0.30(12)
H1 8 0.81486 0.25 0.625 0.36(14)
H3 8 0.5 0.5 0.6290 0.36(14)
H4 16 0.57318 0.38162 0.90735 0.36(14)
Cba 16 0.04267 0.25 0.67013 5.65(27)
H6a 16 0.04267 0.25 0.75689 5.65(27)
C6b 16 0.04281 0.25 0.56998 5.65(27)
Héb 16 0.04281 0.25000 0.48323 5.65(27)
C7a 16 0.12722 0.34688 0.26520 6.88(36)
H7a 16 0.10815 0.41009 0.23993 6.88(36)
C7b 16 0.14929 0.27397 0.29453 6.88(36)
H7b 16 0.16836 0.21076 0.31980 6.88(36)
Table 2. List of bond lengths for NOTT-300-4C,H,.
Bond Distance (A) Bond Distance (A)
Al1-01 1.9198(17) C2-C3 1.3744(22)
AlL-02 1.9143(20) C2-C4 1.4056(25)
Al1-03 1.9493(23) C4-C5 1.3612(18)
C1-02 1.2368(36) C5-C5 1.4813(39)
C1-03 1.2575(35) C6a-C6b 1.1810
Cl-C2 1.5145(38) C7a-C7b 1.1810
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Figure 3. (a) Powder X-ray diffraction patterns for original, evacuated, C,H;-loaded, and final desolvated NOTT-
300 at 273 K [ = 0.827136(2) AJ; (b) higher angle data (20 = 7-20°) has been scaled up confirming that NOTT-300

retains crystallinity on removal of C,H,.
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Figure 4. (a) PXRD patterns [observed (blue), calculated (red) and difference (grey)] for the Rietveld refinement of
the C;H4-loaded NOTT-300-2.4C,H, [ = 0.827136(2) A]; (b) higher angle data (20 = 25-60°) scaled up to show the

quality of fit between the observed and the calculated patterns.
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Table 3. List of atomic positions for NOTT-300-2.5C,H,.

Site-num X y z Biso (A%)
All 8 0.69415(5) 0.30585(5) 05 0.94(24)
01 8 0.75401(12) 0.25 0.625 0.50(20)
02 16 0.62233(28) 0.37947(30) 0.60369(21) 0.50(20)
03 16 0.60473(30) 0.28484(20) 0.74714(25) 0.50(20)
C1 16 0.59305(22) 0.35991(18) 0.70027(18) 0.99(28)
C2 16 0.54174(3) 0.42942(6) 0.76252(15) 0.99(28)
C3 8 0.5 0.5 0.70313(18) 0.99(28)
C4 16 0.54174(8) 0.42942(6) 0.88130(11) 0.99(28)
C5 8 0.5 0.5 0.94069(10) 0.99(28)
H1 8 0.81480 0.25 0.625 0.60(24)
H3 8 0.5 0.5 0.61416 1.19(33)
H4 16 0.57301 0.37655 0.92578 1.19(33)
Cba 16 0.55036 0.75 0.13829 16.58(57)
H6a 16 0.51077 0.70046 0.09187 16.58(57)
H6éb 16 0.59292 0.79754 0.09271 16.58(57)
Céb 16 0.54676 0.75245 0.24661 16.58(57)
H6c 16 0.58618 0.80213 0.29302 16.58(57)
Héd 16 0.50412 0.70498 0.29218 16.58(57)
C7a 16 0.150 0.3220 0.196 20.0(9)
H7a 16 0.1225 0.3739 0.2509 24.0(11)
H7b 16 0.177 0.3400 0.113 24.0(11)
C7b 16 0.152 0.2397 0.229 20.00(9)
H7c 16 0.180 0.1878 0.174 24.0(11)
H7d 16 0.126 0.2217 0.312 24.0(11)
Table S4. List of bond lengths for NOTT-300-2.5C,H.,.
Bond Distance (A) Bond Distance (A)

AlL-01 1.9092(11) C2-C3 1.4018(9)

Al1-02 1.9535(35) C2-C4 1.4018(9)

Al1-03 1.8859(30) C4-C5 1.4018(9)

C1-02 1.2534(12) C5-C5 1.4000(24)

C1-03 1.2534(12) C6a-C6b 1.2800

C1-C2 1.4750(23) C7a-C7b 1.2800
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3. In Situ Neutron Powder Diffraction Patterns
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Figure 5. NPD patterns [observed (blue), calculated (red) and difference (grey)] for the Rietveld refinement of the

NOTT-300-2.7C;D..
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Table 5. List of atomic positions for NOTT-300-2.7C,D,.

Site-num X y z Biso (A%)
All 8 0.6924 (4) 0.3076(4) 05 0.50(25)
01 8 0.7525(4) 0.25 0.625 1.04(7)
02 16 0.6250(4) 0.3802(4) 0.6000(5) 1.04(7)
03 16 0.6077(4) 0.2865(4) 0.7408(5) 1.04(7)
C1 16 0.5943(3) 0.3628(3) 0.6970(3) 1.26(6)
C2 16 0.5431(1) 0.4308(1) 0.7585(2) 1.26(6)
C3 8 0.5 0.5 0.6993(2) 1.26(6)
C4 16 0.5431(1) 0.4308(1) 0.8767(2) 1.26(6)
C5 8 05 05 0.9359(2) 1.26(6)
H1 8 0.8149 0.25 0.625 1.04(7)
H3 8 0.5 0.5 0.6101 1.26(6)
H4 16 0.5756 0.3786 0.9213 1.26(6)
C6 16 0.0730 0.25 0.6749 7.54(37)
D6 16 0.0730 0.25 0.7611 7.54(37)
Céa 16 -0.0102 0.2485 0.6266 7.54(37)
D6a 16 -0.0753 0.2345 0.6477 7.54(37)
Cé6b 16 0.0652 0.2647 0.6023 7.54(37)
D6b 16 0.1303 0.2787 0.5813 7.54(37)
C7a 16 0.1535 0.4114 0.2490 6.15(36)
D7a 16 0.1838 0.4728 0.2432 6.15(36)
C7b 16 0.1184 0.3402 0.2558 6.15(36)
D7b 16 0.0881 0.2788 0.2616 6.15(36)
Table 6. List of bond lengths for NOTT-300-2.7C,D..
Bond Distance (A) Bond Distance (A)
AlL-01 1.9182(55) C2-C3 1.3926(13)
Al1-02 1.8792(83) C2-C4 1.3926(13)
Al1-03 1.8743(49) C4-C5 1.3926(13)
C1-02 1.2562(28) C5-C5 1.5103(39)
C1-03 1.2562(28) C6a-C6b 1.176
C1-C2 1.4512(33) C7a-C7b 1.176
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Figure 6. NPD patterns [observed (blue), calculated (red) and difference (grey)] for the Rietveld refinement of the

NOTT-300-1.8C;D..
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Table 7. List of atomic positions for NOTT-300-1.8C,D,.

Site-num X y z Biso (A%)
All 8 0.6944(4) 0.3056(4) 05 0.50(28)
o1 8 0.7559(4) 0.25 0.625 2.57(11)
02 16 0.6253(6) 0.3810(7) 0.6000(5) 2.57(11)
03 16 0.6084(6) 0.2874(4) 0.7386(6) 2.57(11)
C1 16 0.5943(4) 0.3629(4) 0.6955(3) 1.18(7)
C2 16 0.5417(2) 0.4298(1) 0.7567(3) 1.18(7)
C3 8 0.5 05 0.6974(4) 1.18(7)
C4 16 0.5417(2) 0.4298(1) 0.8752(2) 1.18(7)
C5 8 0.5 0.5 0.9345(2) 1.18(7)
H1 8 0.8168 0.25 0.625 2.57(11)
H3 8 0.5 0.5 0.6083 1.18(7)
H4 16 0.5731 0.3769 0.9198 1.18(7)
Cba 16 0.0112 0.2326 0.6447 5.87(35)
D6a 16 0.0107 0.2065 0.7310 5.87(35)
D6b 16 -0.0509 0.2578 0.6068 5.87(35)
Céb 16 0.0883 0.2338 0.5852 5.87(35)
D6c 16 0.0889 0.2601 0.4990 5.87(35)
Deéd 16 0.1504 0.2087 0.6232 5.87(35)
C7a 16 0.0454 0.3510 0.2647 4.51(51)
D7a 16 0.0251 0.42078 0.2785 4.51(51)
D7b 16 -0.0045 0.2972 0.2690 4.51(51)
C7b 16 0.1319 0.3314 0.2422 4.51(51)
D7c 16 0.1522 0.2617 0.2280 451(51)
D7d 16 0.1818 0.3853 0.2377 451(51)
Table 8. List of bond lengths for NOTT-300-1.8C,D,.
Bond Distance (A) Bond Distance (A)
Al1-01 1.9170(63) C2-C3 1.3959(16)
Al1-02 1.918(10) C2-Ch 1.3959(16)
Al1-03 1.8789(58) C4-C5 1.3959(16)
C1-02 1.0437(33) C5-C5 1.3959(16)
C1-03 1.2437(33) C6a-C6b 1.3390
C1-C2 1.4500(39) C7a-C7b 1.3390
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Figure 7. NPD patterns [observed (blue), calculated (red) and difference (grey)] for the Rietveld refinement of the

NOTT-300-1.3C;Ds.
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Table 9. List of atomic positions for NOTT-300-1.3C,Ds.

Site-num X y z Biso (A%)
All 8 0.6924(5) 0.3076(5) 05 0.50(29)
01 8 0.7520(4) 0.25 0.625 2.22(11)
02 16 0.6213(6) 0.3803(6) 0.6009(5) 2.22(11)
03 16 0.6039(6) 0.2876(4) 0.7426(6) 2.22(11)
C1 16 0.5927(4) 0.3614(4) 0.6963(4) 0.93(7)
C2 16 0.5428(2) 0.4304(1) 0.7579(3) 0.93(7)
C3 8 0.5 0.5 0.6987(4) 0.93(7)
C4 16 0.5428(2) 0.4304(1) 0.8763(2) 0.93(7)
C5 8 05 05 0.9356(2) 0.93(7)
H1 8 0.8128 0.25 0.625 2.22(11)
H3 8 0.5 0.5 0.6121 0.93(7)
H4 16 0.5740 0.3796 0.9196 0.93(7)
Cba 16 0.0091 0.2232 0.6264 3.00(30)
D6a 16 0.0032 0.1504 0.6118 3.00(30)
D6b 16 -0.0508 0.2568 0.5922 3.00(30)
D6c 16 0.0134 0.2368 0.7175 3.00(30)
Cé6b 16 0.0942 0.2583 0.5665 3.00(30)
Deéd 16 0.0997 0.3311 0.5804 3.00(30)
Do6e 16 0.0889 0.2441 0.4757 3.00(30)
D6f 16 0.1534 0.2240 0.6017 3.00(30)
C7a 16 0.1366 0.2972 0.2623 2.04(50)
D7a 16 0.0913 0.2954 0.3355 2.04(50)
D7b 16 0.2038 0.2750 0.2888 2.04(50)
D7c 16 0.1117 0.2519 0.1960 2.04(50)
C7b 16 0.1412 0.3944 0.2170 2.04(50)
D7d 16 0.1871 0.3964 0.1443 2.04(50)
D7e 16 0.1662 0.4388 0.2842 2.04(50)
D7f 16 0.0736 0.4156 0.1909 2.04(50)
Table 10. List of bond lengths for NOTT-300-1.3C;Ds.
Bond Distance (A) Bond Distance (A)
AlL-O1 1.9181(71) C2-C3 1.3960(16)
AlL-02 1.917(11) C2-C4 1.3960(16)
AlL-03 1.9241(62) C4-C5 1.3960(16)
C1-02 1.2304(33) C5-C5 15191(51)
C1-03 1.2304(33) C6a-C6b 1.5351
C1-C2 1.4558(42) C7a-C7b 1.5351
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In order to gain crystallographic insight into the adsorption of an acetylene/ethylene mixture in NOTT-300,
we also studied equimolar mixtures of C,D,/C,D, loaded NOTT-300 by neutron diffraction. Upon loading of the
mixture, significant intensity changes were observed in the diffraction pattern confirming adsorption of gas
molecules into the crystalline structure of NOTT-300 (Supplementary Figure 8). The residual nuclear density maps
were developed from difference Fourier analysis by considering the structure of bare NOTT-300 framework
(Supplementary Figure 9). Two independent binding sites can be seen clearly from the map. Site | is close to —OH
group and Site Il is in the centre of the pore. Based upon this residual map, two refinement models were
constructed: (i) C,D, sits at Site | and C,Dj, sits at Site I1; (ii) C,D, sits at Site | and C,D; sits at Site 1. These two
refinements give similar R factors, suggesting satisfactory refinement can be obtained in either case (Supplementary
Table 11). In Model i, the site occupancies at | and Il are refined as 0.854(16) and 0.392(4), respectively. In
contrast, these site occupancies are refined as 0.502(4) and 0.578(6) for I and 11, respectively, in model ii. The ratios
of occupancies at Site | over Site 11 are approximately 2 and 1 for Models i and ii, respectively. Model i is thus more
consistent with the IAST selectivity and the corresponding mixture loaded INS experiment, and is more likely to
represent the actual situation. However, due to the similar contribution of C,D, and C,D4 molecule to the diffraction
experiment (difference in scattering cross section can be off-set by varying occupancy) and possible presence of
mixed site occupancy, it is not reliable to definitively conclude the percentage of C,D, or C,D, on each site, and
therefore, none of the structural details for these models (i and ii) are reported here. Nevertheless, model i has a
better representation of the mixture-loaded NOTT-300 by considering the site occupancy and selectivity determined
by IAST and mixed gas adsorption isotherms, and model i was therefore used for DFT optimisation (Figure 4). This
experiment also confirmed that the Al-OH moiety group close to Site | can induce a relatively strong interaction to
the guest molecule, and this is evidenced by the higher occupancy observed at site | in both models. Due to their
different binding interaction to the host framework, C,D, and C,D, molecules behave differently in the

corresponding INS experiment, and thus can be more readily distinguished as shown in Figure 4.
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Figure 8. (a) Neutron powder diffraction patterns for bare and C,D,-C,D, mixture loaded samples on NOTT-300 at

10 K; (b) low d-spacing data from a high resolution detector has been scaled up.
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Figure 9. Views of the residual nuclear density in the channel of NOTT-300-C,D,-C,D,4 mixture (a) along the c-axis
and (b) along the a-axis. Models were obtained from Fourier difference map analysis (Fobs-Fcalc) of the data for
NOTT-300 loaded with an equimolar mixture of C,D, and C,D, mixture. No C,D, or C,D,molecules were included
in the difference map calculation. Two independent binding sites can be seen clearly from the map. Site I is close to
the —OH group and Site Il is in the middle of the pore. Site Il is more dispersive than Site |, indicating the possible

population of C,D, molecules at Site 11. The distance between the centroid of Site (I) to the H(8+) of ~OH is 3.38 A.

Table 11. Comparison of the refinement results for NOTT-300-C,D,:C,D, mixture by two different models (i, ii).

Model i Model ii
Rp 0.013 0.014
Rwp 0.015 0.016
gof 3.59 3.81
Occupancy at Site | 0.854(16) by C,D, 0.502(4) by C,D4
Occupancy at Site Il 0.392(4) by C,D4 0.578(6) by C,D,
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4, Additional View of Crystal Structures

Figure 10. View of the structure for NOTT-300-solvate (a) along the c-axis and (b) along the a-axis. (c) View of the
square-shaped channel. The p,-(OH) groups protrude into the centre of the channel from four directions. (Al: green;
carbon: grey; oxygen: red; hydrogen: white; [AlO4(OH),]: green octahedron). The structure was obtained by high
resolution synchrotron powder diffraction. NOTT-300 displays a surface area of 1370 m? g™, a pore volume of 0.38
cm® g* and 6.5 A-wide channels decorated with free metal-hydroxyl (M—OH) groups, each with an open
environment to guest molecules. The density of free hydroxyl groups is estimated as 21.2 —~OH per 1000 A2 The

distance between two adjacent —OH groups is approximately 3.22 A (H---H).
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Figure 11. View of the structure of NOTT-300-3C,H, (a) along the c-axis and (b) along the a-axis. The structure
was obtained by DFT simulation. The adsorbed C,H, molecules in the pore channel are highlighted by the use of

ball-and-stick style. The carbon atoms for C,H,(I1) molecules are highlighted in blue.
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Figure 12. Detailed views of -OH, -CH, and phenyl ring groups binding C,H, molecules in the functionalised cavity
of NOTT-300-3C,H,. Views along (a) the a-axis, (b) the b-axis and (c) the c-axis. The structure was obtained by
DFT simulation. The weak hydrogen-bond between C(8-) of C,H, and H(8+) of -OH is highlighted in cyan, [O---H
= 3.21 A]. The weak cooperative supramolecular bond between C(8-) of C,H, and H(8+) from -CH is highlighted in
orange, [O---H = 2.96, 3.64 A with each occurring twice]. The weak =---m stacking interaction between n-electrons
of C,H, and phenyl rings on the ligand is highlighted in grey [C=C---Cs = 3.81 A, occurring twice]. The weak
electrostatic dipole interactions between C,H,(I) and C,H,(I1) molecules are highlighted in purple [C'---H" = 3.24
A; c"...H' = 3.12 A, each occurring twice]. Therefore, in total, four types of weak interactions cooperatively

interact together to bind C,H; molecules in the functionalised cavity.
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Figure 13. View of the structure of NOTT-300-2.7C,D; (a) along the c-axis and (b) along the a-axis. The structure
was obtained by high resolution neutron powder diffraction. Clear positional disorder for C,D, molecules at both
Site | and 11 can be found. The adsorbed C,D, molecules in the pore channel are highlighted by the use of ball-and-

stick style. The carbon atoms for C,D,(I1) molecules are highlighted in blue.
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Figure 14. Detailed views of —OH, -CH, and phenyl ring groups binding C,D, molecules in the functionalised
“pocket” cavity of NOTT-300-2.7C,D,. Views along (a) the a-axis, (b), the b-axis and (c) the c-axis. The structure
was obtained by high resolution neutron powder diffraction. Clear positional disorder for C,D, molecules at both
sites | and Il can be found, inducing slight differences in bond distances in comparison to the model obtained from
DFT/INS study which gives the average position without disorder. The weak hydrogen-bond between C(8-) of C,D,
and H(8+) of -OH is highlighted in cyan, [C---D = 3.41 A]. The weak cooperative supramolecular bond between
C(8-) of C,D, and H(8+) from -CH is highlighted in orange, [C---H = 2.92 - 3.61 A]. The weak n---x stacking
interaction between n-electrons of C,H, and phenyl rings on the ligand is highlighted in grey [C=C---Cg = 3.81 A].
The weak electrostatic dipole interactions between C,Hy(l) and C,H,(Il) molecules are highlighted in purple
[C"..-H' = 3.12 A]. Therefore, in total, four types of weak interactions cooperatively interact together to bind C,H,

molecules in the functionalised cavity.
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Figure 15. View of the structure of NOTT-300-4C,H, (a) along the c-axis and (b) along the a-axis. The structure
was obtained by synchrotron X-ray powder diffraction experiments. Clear positional disorder for C,H, molecules at
Il was found. The adsorbed C,H, molecules in the pore are highlighted by the use of ball-and-stick style. The

carbon atoms for C,H,(11) molecules are highlighted in blue.
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Figure 16. Detailed views of -OH, -CH, and phenyl ring groups binding C,H, molecules in the functionalised cavity
of NOTT-300-4C,H,. Views along (2) the a-axis, (b), the b-axis and (c) the c-axis. The structure was obtained by
synchrotron X-ray powder diffraction experiments. The carbon atom on C,H,(1l) are highlighted in blue. Clear
positional disorder for C,H, molecules at Site Il was found. The weak hydrogen-bond between C(3-) of C,H, and
H(5+) of -OH is highlighted in cyan, [C---H = 3.43 A]. The weak cooperative supramolecular bond between C(5-)
of C,H, and H(d+) from -CH is highlighted in orange, [C---H = 3.55, occurring twice]. The weak = -7 stacking
interaction between z-electrons of C,H, and phenyl rings on the ligand is highlighted in grey [C=C:--Cs = 3.76 A,
occurring twice]. The weak electrostatic dipole interactions between C,H,(I) and C,H,(I1) molecules are highlighted
in purple [C"---H' = 2.75 A]. Therefore, in total, four types of weak interactions cooperatively interact together to

bind C,H, molecules in the functionalised cavity.
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Figure 17. View of the structure of NOTT-300-C,H,G (a) along the c-axis and (b) along the a-axis. The structure
was obtained by DFT simulation. The adsorbed C,H, molecules in the pore channel are highlighted by the use of

ball-and-stick style.
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Figure 18. Detailed views of —OH and phenyl ring groups binding C,H; molecules in the functionalised “pocket”
cavity of NOTT-300-C,H,G. Views along (a) the a-axis, (b), the b-axis and (c) the c-axis. The structure was
obtained by DFT simulation. The weak hydrogen-bond between C(6-) of C,H, and H(8+) of -OH is highlighted in
cyan, [O---H = 3.71 A]. The weak =-- - stacking interaction between n-electrons of C,H, and phenyl rings on the
ligand is highlighted in grey [C=C---Cs = 3.82 A, occurring twice]. Therefore, in total, two types of weak

interactions cooperatively interact together to bind C,H, molecules in the functionalised cavity.
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Figure 19. View of the structure of NOTT-300-C,H4E (a) along the c-axis and (b) along the a-axis. The structure

was obtained by DFT simulation. The adsorbed C,H, molecules in the pore channel are highlighted by the use of

ball-and-stick style.
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Figure 20. Detailed views of -OH and phenyl ring groups binding C,H, molecules in the functionalised cavity of
NOTT-300-C,H4E. Views along (a) the a-axis, (b), the b-axis and (c) the c-axis. The structure was obtained by DFT
simulation. The weak hydrogen-bond between C(8-) of C,H4 and H(6+) of -OH is highlighted in cyan, [O---H =
4.05 A]. The weak m---7 stacking interaction between m-electrons of C,H, and phenyl rings on the ligand is
highlighted in grey [C=C---C¢ = 4.00 A, occurring twice]. Therefore, in total, two types of weak interactions

cooperatively interact together to bind C,H, molecules in the functionalised cavity.
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Figure 21. View of the structure of NOTT-300-2.5C,H, (a) along the c-axis and (b) along the a-axis. The structure
was obtained by synchrotron X-ray powder diffraction experiments. In addition to the first site of C,H, molecule, a
second site of C,H, (carbon atoms highlighted in blue) was also determined. Both sites present positional disorder
for C,H, molecules. The adsorbed C,H, molecules in the pore channel are highlighted by the use of ball-and-stick

style.
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Figure 22. Detailed views of -OH and phenyl ring groups binding C,H, molecules in the functionalised cavity of
NOTT-300-2.5C,H,. Views along (a) the a-axis, (b), the b-axis and (c) the c-axis. The structure was obtained by
synchrotron X-ray powder diffraction experiments. The orientation of the H atoms on C,H,(l) was not determined;
the orientation of the H atoms on C,H4(ll) was determined based upon the optimal orientation to form inter-
molecular dipole interactions. The weak hydrogen-bond between C(8-) of C,H,(I) and H(6+) of -OH is highlighted
in cyan, [O---H = 3.49, 3.72 A]. The weak n---m stacking interaction between m-electrons of C,H4(1) and phenyl
rings on the ligand is highlighted in grey [C=C---Cs = 3.86, 3.90 A]. The weak electrostatic dipole interactions
between C,H,4(1) and C,H,4(11) molecules are highlighted in purple [C'---H" = 2.72 A]. Therefore, in total, three

types of weak interactions cooperatively interact together to bind C,H, molecules in the functionalised cavity.
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Figure 23. View of the structure of NOTT-300-1.8C,D, (a) along the c-axis and (b) along the a-axis. The structure
was obtained by high resolution neutron powder diffraction, and clear positional disorder for C,D, molecules at
both Site I and 1l can be seen. The adsorbed C,D, molecules in the channel are highlighted by the use of ball-and-

stick style. The carbon atoms for C,D,4(I1) molecules are highlighted in blue.
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Figure 24. Detailed views of —OH, -CH, and phenyl ring groups binding C,D,molecules in the functionalised cavity
of NOTT-300-1.8C,D,. Views along (a) the a-axis, (b), the b-axis and (c) the c-axis. The structure was obtained by
high resolution neutron powder diffraction. Clear positional disorder for C,D, molecules at both Site I and 11 can be
seen, inducing slight differences in bond distances in comparison to the model obtained from DFT/INS study which
gives the average position without disorder. The weak hydrogen-bond between C(3-) of C,D4 and H(d+) of -OH is
highlighted in cyan, [C---H = 3.46 A]. The weak = -7 stacking interaction between rn-electrons of C,D, and phenyl
rings on the ligand is highlighted in grey [C=C---Cs = 3.82 A]. The weak electrostatic dipole interactions between
C,D.(1) and C,D4(11) molecules are highlighted in purple [C"---D' = 3.47 A]. Therefore, in total, four types of weak

interactions cooperatively interact together to bind C,D, molecules in the functionalised cavity.
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Figure 25. View of the structure of NOTT-300-0.5C,Hg (2) along the c-axis and (b) along the a-axis. The structure
was obtained by DFT simulation. The adsorbed C,Hg molecules in the pore channel are highlighted by the use of

ball-and-stick style.
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Figure 26. Detailed views of -OH group binding C,Hs molecules in the functionalised cavity of NOTT-300-0.5C,Hs.
Views along (a) the a-axis, (b), the b-axis and (c) the c-axis. The structure was obtained by DFT simulation. The
weak hydrogen-bond between C(3-) of C,Hg and H(8+) of -OH is highlighted in cyan, [O---H = 4.17 A]. Therefore,

only one type of weak interaction binds C,Hg molecules in the functionalised cavity.
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Figure 27. View of the structure of NOTT-300-1.3C,Dg (2) along the c-axis and (b) along the a-axis. The structure
was obtained by high resolution neutron powder diffraction, and clear positional disorder for C,Ds molecules at
both Site I and 11 can be seen. The adsorbed C,Ds molecules in the channel are highlighted by the use of ball-and-

stick style. The carbon atoms for C,Dg(I1) molecules are highlighted in blue.
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Figure 28. Detailed views of —OH groups binding C,Dg molecules in the functionalised cavity of NOTT-
300-1.3C,Ds. Views along (a) the a-axis, (b), the b-axis and (c) the c-axis. The structure was obtained by high
resolution neutron powder diffraction. Clear positional disorder for C,Ds molecules at both sites | and Il can be
seen, inducing slight differences in bond distances in comparison to the model obtained from DFT/INS study which
gives the average position without disorder. The weak hydrogen-bond between C(8-) of C,D¢ and H(6+) of -OH is

highlighted in cyan, [C---H =2.93 - 4.22 A].
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Figure 29. View of the structure of NOTT-300-2.4C,H,-0.8C,H, (a) along the c-axis and (b) along the a-axis. The
structure was obtained by DFT simulation. The adsorbed C,H, and C,H, molecules in the pore channel are

highlighted by the use of ball-and-stick style.
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Figure 30. Detailed views of -OH, -CH, and phenyl ring groups binding C,H, and C,H, molecules in the
functionalised cavity of NOTT-300-2.4C,H,-0.8C,H,. Views along (a) the a-axis, (b), the b-axis and (c) the c-axis.
The structure was obtained by DFT simulation. The weak hydrogen-bond between C(6-) of C,H, and H(6+) of -OH
is highlighted in cyan, [O---H = 3.45 A]. The weak cooperative supramolecular bond between C(8-) of C,H, and
H(5+) from -CH is highlighted in orange, [O---H = 3.08, 3.93 A with each occurring twice]. The weak n--x
stacking interaction between n-electrons of C,H, and phenyl rings on the ligand is highlighted in grey [C=C---C¢ =
3.87 A, occurring twice]. The weak electrostatic dipole interactions between C,H, and C,H, molecules are
highlighted in purple [C--H® = 3.37 A; occurring twice]. Therefore, in total, four types of weak interactions

cooperatively interact together to bind C,H, and C,H, molecules in the functionalised cavity.
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Figure 31. Comparison of the gas adsorption isotherms for NOTT-300 at (a) 273 K, (b) 283 K, (c) 293 K and (d)
303 K up to 1.0 bar. NOTT-300 exhibits high, moderate, low and extremely low uptakes for C,H,, C,H,4, C,Hg and

CHy, respectively.
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Figure 32. C,H, adsorption isotherm for NOTT-300 at 195 K. In comparison to the isotherm at 273 K, reduced total
uptake of C,H, was observed as a result of an increased diffusion barrier at 195 K. This is also evidenced by the

hysteretic desorption of C,H, from NOTT-300 as a result of kinetic trapping.
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Figure 33. Kinetics for adsorption of hydrocarbons in NOTT-300 at 293 K and 0.2 bar.
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Figure 34. The uptake ratios of C,H, vs C,H, for NOTT-300 at 273-303 K as a function of pressure. At low
pressure, NOTT-300 shows higher selectivity at lower temperature. With increasing pressure NOTT-300 shows
higher selectivity at higher temperature. This anomalous trend suggests that the rate of the decrease in the uptake in
NOTT-300 as temperature increases is greater for alkene than alkyne, indicating that the nature of the binding

interactions in NOTT-300/alkyne and NOTT-300/alkene is different.
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Figure 35. Comparison of the uptake ratios for C,H, vs C,H,, C,H4 vs CoHg, and C,Hg vs CH4 as a function of
pressures. Data were obtained by direct comparison of the ratio between total uptakes for different hydrocarbons at

a given pressure. Triangles represent the data for NOTT-300 and stars show the data of [Fe,(dobdc)].’
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6. Additional Inelastic Neutron Scattering (INS) Spectra and analysis

In this study, we have successfully combined INS and DFT to visualise adsorbed C,H,, C,H,4, and C,Hg
molecules within NOTT-300 by investigating the change in the dynamics of the hydrogen atoms of both guest
hydrocarbon molecules and the local MOF host, including those of the hydroxyl groups and benzene rings of the
ligand.

In comparison to the INS spectra for condensed C,H, in the solid state, peaks Ill and IV are attributed to
symmetric and asymmetric C-H vibrational motions of C,H, molecules, respectively. Peaks Ill and IV are changed
compared to free C,H,, from singlets to doublets, indicating the removal of the degeneracy of the vibration upon
binding of C,H, to the host (Supplementary Figure 36). This change in peak profile is also predicted by DFT
calculations (Supplementary Figure 37). Moreover, these two peaks are slightly shifted to lower energies in NOTT-
300-3C;H, compared to free C,H,, indicating a restriction on the vibrational motion for adsorbed C,H, molecules,
consistent with the formation of a number of weak supramolecular bonds.

To probe further into this change in the degeneracy of the C-H vibration, the m-orbitals (Py and Pz,
assuming Px forms the o bond) of C,H, molecules need to be considered (Supplementary Figure 38). According to
the orientation of the m-orbitals, two models (I and Il) of the C,H, binding to free -OH group can be developed
(Supplementary Figures 39-40). In model I, Py and Pz orbitals of C,H, approach —OH group equally. Because of the
n-electron density of C,Hy, relatively strong n-- 7 stacking interaction is formed to primarily stabilise this binding
and the 7---HO hydrogen-bond is weaken. In contrast, in model Il, Py and Pz orbitals of C,H, approach —OH group
differently, resulting in a splitting of the degeneracy of the m-orbitals. In this orientation, relatively strong z---HO
hydrogen-bond is formed to primarily stabilise this binding and the n---m stacking interaction is weaken. The
splitting of the INS peaks therefore clearly indicates that 7---HO hydrogen-bond in model Il is dominating the C,H,
binding to the —OH groups.

In addition to the INS study of NOTT-300-3C,H,, we also sought to study the binding dynamics for NOTT-
300 with C,Hat a lower loading (Supplementary Figure 41). In comparison to the INS of NOTT-300-3C,H,, INS
spectra for NOTT-300-1C,H; has lower overall scattering intensity due to the reduced loading. There is, however,
little difference in scattering features between the high and low loadings of C,H, in NOTT-300, suggesting no
significant change in the binding mechanism throughout the adsorption. This is evidenced by the difference spectra
(Supplementary Figure 41). The five major changes (Peaks | to V) of the difference INS spectra of NOTT-
300-3C,H, are all present in the difference spectra of NOTT-300-1C,H, (referenced to bare NOTT-300). A closer
examination suggests Peaks I, 111, 1V, associated with translational, symmetric and asymmetric vibrational motion
of the C-H bond, respectively, have reduced intensity as a result of reduced C,H, loading. An interesting

observation is Peak Il and V-VI, associated with the changes of vibrational motion of -OH and aromatic —-CH
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groups of the host framework, changed differently as a function of C,H, loading: Peak Il barely changes while Peak
V-VI exhibit increased intensity on going from NOTT-300-1C,H,to NOTT-300-3C,H,. This result suggests that the
binding of C,H, to AI-OH group occurs from low loading and these free —OH sites saturate quickly with increased
C,H, adsorption. At higher loading, adsorbed C,H, molecules start to populate on the 2" site (i.e., in the middle of
the pore, more close to the phenyl rings of ligands) and this triggers more significant changes in the molecular
motion of the aromatic hydrocarbon atoms on the phenyl ring. Therefore, comparison of these INS spectra confirms
that the AI-OH moiety acts as relatively strong binding site to C,H, due to the cooperative supramolecular
interactions. This is also consistent with the observed higher occupancy for the C,D, molecules bound to Al-OH
group than that of 2™ site packed inside the channel in NOTT-300-2.7C,D, studied by neutron powder diffraction.
Moreover, splitting of the Peaks Ill and IV are also observed at lower C,H, loading (Supplementary Figure 42b),
confirming the interaction between 7 electrons (6-) of C,H, molecules and the —OH(6+) group and the associated
removal of degeneracy of the vibrational modes for C-H bond in C,H,.

In the INS study of NOTT-300 loaded with an equimolar mixture of C,H,/C,H,, although the adsorption
equilibrium was achieved at room temperature and the sample cell was isolated and sealed before cooling, it is very
challenging to definitively conclude whether there was any guest rearrangement during the cooling process. In
particular, C,H, and C,H, have different boiling points (Supplementary Table 12) and adsorption of C,H, and C,H,4
in NOTT-300 gives different isosteric heats of adsorption (Figure 1f). In order to gauge the effect of
thermodynamics on the uptake of the gas mixture and the possible shift of adsorption equilibrium during cooling,
we have designed and completed the following experiment to study the intermolecular exchange of C,H, and C,H,
in the pore of NOTT-300, and to gain more insight into the intermolecular adsorbate-exchange in NOTT-300.

Desolvated NOTT-300 was loaded with pure C,H, to generate NOTT-300-1C,H,4 at room temperature before
the sample cell was isolated, sealed and cooled down to below 10 K. An INS spectrum (denoted as NOTT-
300-1C,H, in Supplementary Figure 43) of C,H4-loaded NOTT-300 was collected at ~7 K. The sample cell was
then warmed to room temperature and opened to a pure C,H, reservoir containing approximately equal amount of
C,H, gas to allow the intermolecular exchange between adsorbed C,H4 in NOTT-300 and free C,H, molecules in
gas phase. The connection was left open for 3 hours and the sample cell was then slowly cooled to ~200 K when the
cell was isolated and sealed. Since C,H, has a higher isosteric heat of adsorption (Figure 1f) and is in large excess in
the gas phase, it is expected significant intermolecular guest exchange will happen, leading to a C,H,/C,H, mixture
loaded NOTT-300 with mixed site occupancy upon equilibrium. The sample cell was then cooled to below 10 K for
INS spectrum collection (denoted as NOTT-300-1C,H, reacted with C,H, in Supplementary Figure 43). Very
surprisingly, INS spectra for C,H, loaded NOTT-300 and the NOTT-300-1C,H, post-C,H, exchange look almost

identical (Supplementary Figure 43) and the corresponding difference spectra (referenced with bare NOTT-300 as

70



background) confirm only the recoil/rotational motion of C,H, in the pore as dominating feature with barely
detectable sign of presence of adsorbed C,H, molecules in the pore (Supplementary Figure 44). This experiment
suggests that intermolecular exchange of hydrocarbon molecules after equilibrium has been achieved is negligible
in NOTT-300 during the cooling process. Clearly in addition to thermodynamics, kinetics (i.e., diffusion of
hydrocarbons in the pore) also plays an important role in establishing the adsorption equilibrium. In the case of
hydrocarbon adsorption in NOTT-300, the difference in isosteric heats of adsorption is not sufficient to overcome
the large diffusion barrier, and therefore, intermolecular guest exchange was not observed in NOTT-300. It is worth
mentioning that at lower temperatures the effect of any diffusion barrier will become more significant. Therefore,
the neutron scattering analysis of NOTT-300 loaded with a C,H,/C,H, mixture at ~7 K represents the actual
equilibrium achieved at room temperature for competing binding in NOTT-300. This result is also consistent with
the selectivity obtained from IAST analysis and mixed gas adsorption experiments.

To probe further into the discrepancy between experimental and calculated difference INS spectra for C,H,
loaded NOTT-300 (Supplementary Figure 45a), additional DFT calculations with van der Waals corrections taken
into account were undertaken (Supplementary Figure 45b). Comparison of the calculated INS spectra with and
without van der Waals correction does not show significant changes. This observation confirms that the vibrational
properties of the solid material involved and measured are not determined by the soft interactions, such as van der
Waals interactions. For example, zero point energy and thermodynamic effects are mostly ignored. This conclusion
is also evidenced by calculations with and without van der Waals correction to condensed C,H; in solid state.
Indeed, very similar results were obtained from the two calculations (Supplementary Figure 46), confirming the
minimal effect of van der Waals interactions to the vibrational properties of the solid material. The small
discrepancy between experimental and calculated difference INS spectra for C,H, loaded NOTT-300
(Supplementary Figure 45a) can be due to a number of factors. The calculations do not consider the positional
disorder of the guest molecules in the pore owing to thermal motion. Additionally, not all the void space within a
porous material is necessarily accessible by the gaseous substrate upon gas loading, and the powder sample may not
correspond precisely to the ideal structure model optimised by calculations owing to the framework collapse, or

there may be some residual free solvent molecules in the pore.
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Figure 36. Comparison of the difference plot for experimental INS spectra of bare NOTT-300 and the C,H,-loaded

NOTT-300 and experimental INS spectra for condensed C,H, in solid; peaks Il and IV at 60-110 meV are scaled

up in (b).
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Figure 37. Comparison of the difference plot for calculated INS spectra of bare NOTT-300 and the C,H,-loaded

NOTT-300 and experimental INS spectra for condensed C,H, in solid; peaks Il and 1V at 60-110 meV are scaled

up in (b).
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Figure 38. Views of the n-orbitals of Py, Pz for free C,H, molecules along (2) the a-axis, (b), the b-axis and (c) the

c-axis (Py and Pz orbitals are highlighted in blue). Py and Pz are equivalent to each other in free C,H, molecules.

a b c

Figure 39. Model I: views of the m-orbitals of Py, Pz for adsorbed C,H, molecules along (a) the a-axis, (b), the b-
axis and (c) the c-axis (Py and Pz orbitals are highlighted in blue). Py and Pz are equivalent to each other upon

adsorption in this mode, giving no change in degeneracy of the C-H vibrations.
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Figure 40. Model 1I: views of the n-orbitals of Py, Pz for adsorbed C,H, molecules along (a) the a-axis, (b), the b-
axis and (c) the c-axis (Py and Pz orbitals are highlighted in purple and blue, respectively). Py and Pz are not

equivalent to each other upon adsorption in this mode, leading to removal of degeneracy of the C-H vibrations.
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Figure 41. Comparison of the INS spectra for bare NOTT-300, NOTT-300-1C,H,, and NOTT-300-3C,H,. Data

were measured at below 10 K.
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Figure 42. (a) Comparison of the difference INS spectra of NOTT-300-1C,H, and NOTT-300-3C,H, with bare

NOTT-300 as background, and the INS spectra of condensed C,H, in the solid state; peaks Ill and IV at 60-110

meV are scaled up in (b).
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Figure 43. Comparison of the INS spectra for bare NOTT-300, NOTT-300-1C,H,4, and NOTT-300-1C,H, reacted

with C,H,. Data were measured at below 10 K.
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Figure 44. (a) Comparison of the difference INS spectra of NOTT-300-1C,H, and NOTT-300-1C,H, reacted with
C,H, with bare NOTT-300 as background; spectra at 60-110 meV are scaled up in (b) to confirm the absence of

distinct symmetric and asymmetric vibration of C-H bond of C,H,, and thus suggesting very small amount of C,H,

was exchanged.
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Figure 45. Comparison of the difference plots for experimental INS spectra of bare NOTT-300 and C,H,-loaded

NOTT-300, and the experimental INS spectra of condensed C,H; in the solid state. The difference plots for DFT
calculated INS spectra of bare and the C,H,-loaded NOTT-300 without (a) and with (b) van der Waals correction

are also shown. In general, no significant change for calculated INS spectra was observed with van der Waals

correction taken into account.
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Figure 46. Comparison of the experimental and calculated INS spectra of condensed C,H, in the solid state.
Comparison of the calculated spectra with and without van der Waals correction is shown. In general, no significant

change for calculated INS spectra was observed with van der Waals correction taken into account.
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7. Views of Crystal Structures for solid C,H, and C;H,
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Figure 47. View of the molecular structure for C,Hs,.

Figure 48. View of the molecular structure for C,H,.
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Table 12. Summary of physical properties for C,H, and C,H.,.

Molecular Melting Boiling Density in Storage Heat of vaporisation
weight point (°C) | point (°C) | bulk (g/cc) | density® (g/cc) (kJ/mol)
C,H, 26.04 -84 -83.8 0.729 0.477 20.9
(Solid) (65% of Solid)
C,H,4 28.05 -169 -104 0.568 0.397 13.5
(Liquid) (70% of liquid)

% measured at 273 K and 1.0 bar in NOTT-300

Figure 49. Views of the crystal structure for solid C,H, along (a) the a-axis; (b) [111] direction.
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Figure 50. Views of the inter-molecular dipole interactions between C,H, molecules in solid along (a) [111]
direction; (b) the a-axis. The weak electrostatic dipole interactions between C,H,(l) and C,H(Il) molecules are
highlighted in purple and green [C'---H" = 3.10 A]. Each C,H, molecule is involved in the formation of twelve such

weak dipole inter-molecular interactions.
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Figure 51. Views of the crystal structure for solid C,H, along (a) the a-axis; (b) the c-axis.

Figure 52. Views of the inter-molecular dipole interactions between C,H, molecules in the solid state. The weak
electrostatic dipole interactions between C,H,(lI) and C,H,(I1) molecules are highlighted in purple and green
[C'--H" =311 A; Cc"...H' = 3.29 A]. Each C,H, molecule is involved in the formation of eight such weak dipole

inter-molecular interactions.
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8. Quasi-elastic Neutron Scattering (QENS) Spectra
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Figure 53. QENS spectra for bare NOTT-300 at 5-293 K. Clear QENS broadening is observed, suggesting the

activated motion of free hydroxyl groups as temperature increases.
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Figure 54. QENS spectra for NOTT-300-2C,H, at 5-293 K.
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Figure 55. QENS spectra for NOTT-300-3C,H, at 190-293 K. No significant QENS broadening was observed for

this additional C,H, dosing, suggesting adsorbed C,H, molecules at both sites are strongly bound to the framework

host and therefore have limited mobility.
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Figure 56. QENS spectra for NOTT-300-1C,H, at 5-293 K.
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Figure 57. QENS spectra for NOTT-300 loaded with a 1:1mixture of C,H,-C,H, at 190-293 K.
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Figure 58. QENS spectra for bare NOTT-300, NOTT-300-2C,H,, NOTT-300-1C,H, at 5 K.
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Figure 59. QENS spectra for bare NOTT-300, NOTT-300-2C,H,, NOTT-300-3C,H,, NOTT-300-1C,H,, and

NOTT-300 loaded with a 1:1mixture of C,H,-C,H, at 190 K.
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Figure 60. QENS spectra for bare NOTT-300, NOTT-300-2C;H,, NOTT-300-3C;H,, NOTT-300-1C;Hj, and

NOTT-300 loaded with a 1:1mixture of C,H,-C,H, at 230 K.

85



— Bare NOTT-300
—— NOTT-300-2C_H,
0.1 —_— NOTT-3OO-3CZH2 3

3 NOTT-300-CH,

= —— NOTT-300-1:1CH,-C,H, mixture
< 0.01

7)) E

02 04 00 01 02 03 04 05 06 07 08
AE = E -E, (meV)
Figure 61. QENS spectra for bare NOTT-300, NOTT-300-2C,H,, NOTT-300-3C,H,, NOTT-300-1C,H,, and

NOTT-300 loaded with a 1:1mixture of C,H,-C,H, at 260 K.
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Figure 62. QENS spectra for bare NOTT-300, NOTT-300-2C,H,, NOTT-300-3C,H,, NOTT-300-1C,H,4, and

NOTT-300 loaded with a 1:1mixture of C,H,-C,H, at 273 K.
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Figure 63. QENS spectra for bare NOTT-300, NOTT-300-2C,H,, NOTT-300-3C,H,, NOTT-300-1C,H,, and

NOTT-300 loaded with a 1:1mixture of C,H,-C,H, at 283 K.
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Figure 64. Lorentzian fitting of the QENS spectra at 273 K for bare NOTT-300.
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Figure 65. Arrhenius fitting of the full-width at half maximum of the Lorentzian of the QENS spectra at 190-293 K

for bare NOTT-300.
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9. Analysis and Derivation of the Isosteric Heat of Adsorption for C,H, and C,H, adsorption

To estimate the differential enthalpies (4H,) and entropies (4S,) for C,H, and C,H, adsorption, all isotherms at

273—303 K were fitted to the van’t Hoff isochore (2):

In(p), =

AH,
RT

AS,
R

where p is pressure, T is the temperature, R is the real gas constant. Selected linear fitting plots at 0.5, 1.0, 1.5 and

2.0 mmol g* are shown in Supplementary Figures 66-67. All linear fittings show R? above 0.99, indicating

consistency of the isotherm data. A plot of In(p) versus 1/T at constant amount adsorbed allows the differential

enthalpy and entropy of adsorption and also the isosteric enthalpy of adsorption (Qs,) to be determined.
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Figure 66. Linear fitting of Van’t Hoff plots for the C,H, adsorption isotherms at (a) 0.5, (b) 1.0, (c) 1.5 and (d) 2.0

mmol g™ loadings in NOTT-300.
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Figure 67. Linear fitting of Van’t Hoff plots for the C,H, adsorption isotherms at (a) 0.5, (b) 1.0, (¢) 1.5 and (d) 2.0

mmol g* loadings in NOTT-300.
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10. Analysis and Derivation of the Isosteric Heat of Adsorption for C,Hg adsorption

A virial-type expression (3) was used to fit the combined C,H; isotherm data for NOTT-300 at 283 and 303 K:
m i n i
In(p) =In(n)+(1/T)> an'+> b,n’ 3)
i=0 j=0

Where P is the pressure expressed in mbar, N is the amount adsorbed in mmol/g, T is the temperature in K, a; and b;
are virial coefficients, and m and n represent the number of coefficients required to adequately describe the
isotherms. The equation was fit using the R statistical software package (www.R-project.org); m and n were
gradually increased until the contribution of extra added a and b coefficients was deemed to be statistically
insignificant toward the overall fit, as determined using the t-test. The values of the virial coefficients ao through a,

were then used to calculate the isosteric heat of adsorption using the following expression (4):

Q. =-R> an @)

Here, Qst is the coverage-dependent isosteric heat of adsorption and R is the universal gas constant.

InP (In mbar)

? T T T
02 0.4 0.6 08

nmmol/g

Figure 68. The virial simulation graph of C,H¢ adsorption isotherms of NOTT-300 at 283 K and 303 K. Fitting

residual error: 0.0352; fitting R%>0.999. Fitting parameters: ap, -1225; a;, -960; a,, 3653; a3, -4428; a4, 1925; by,

10.87.
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11. Analytical fitting of the adsorption isotherms by dual-site Langmuir-Freundlich model

The adsorption isotherms of C,H,, C;H4, C,Hg and CH, in NOTT-300 at 293 K were fitted using a dual-site

Langmuir-Freundlich model (equation 5), where n is the amount adsorbed in mmol g™, P is the pressure in bar, Osai

is the saturation capacity in mmol g, b; is the Langmuir parameter in bar *, and v; is the Freundlich parameter for

two sites 1 and 2. The fitted parameters for each adsorption isotherm are listed in supplementary Table 13.

Comparison of the adsorption isotherms and the corresponding dual-site Langmuir-Freundlich fits are shown in

Supplementary Figure 69. The regression coefficients are all above 0.999 for the C,H,, C,H,;, C,Hgs and CH,4

adsorption data of NOTT-300, confirming that the model fits the data very well.

n= qs’(zflbl‘é 1 + qufleID. ’
1+b P 1+b,P"

()

c

7= = Experimental data = Experimental data
Dual-site Langmuir-Freundlich fitting Dual-site Langmuir-Freundlich fitting
6 4
5 s 3
3 9]
£ £ 37
£ 41 13
o o)
s 3 ?‘3 2
o 1%
= =}
T 21 T,
O (@)
14
04
01 - . . . . . T T T T T T
00 02 04 06 08 10 0.0 0.2 04 0.6 0.8 1.0
Pressure (bar) Pressure (bar)
a b
1.0+ 0.4
m  Experimental data
Dual-site Langmuir-Freundlich fitting = Experimental data
0.8 03 Dual-site Langmuir-Freundlich fitting
S &2
© 0.6 ©°
IS IS
é é 0.2+
o)
0.4 e
5 8
5 S 0.1
I: 0.2 I"
O (@]
0.0 - 0.0
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Pressure (bar) Pressure (bar)

d

Figure 69. The dual-site Langmuir-Freundlich fitting for (a) C,H,, (b) C;H,, (c) C,Hs and (d) CH, adsorption

isotherms in NOTT-300 at 293 K.
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Table 13. Summary of the dual-site Langmuir-Freundlich fitting parameters for C,H,, C,H,4, C;Hg and CH,

adsorption isotherms in NOTT-300 at 293 K.

C,H, C,H, C,Hs CH,

Osatz (Mmol g™) 4.368 5.636 0.7061 0.870
b, (bar ') 3.751 1.866 5.174 0.365

vy (dimensionless) 0.956 1.000 1.283 1.782
Osatz (Mmol g™) 2.962 0.658 0.364 0.0389
b, (bar ) 23.10 13.65 1.518 5.825

v, (dimensionless) 2.270 1.739 2.926 1.000
R 0.9999 0.9999 0.9999 0.9997
Residual 0.0068 0.0014 2.3¢™ 4.1e”




12. IAST Analysis of the selectivity data of hydrocarbon adsorption in NOTT-300

Ideal adsorbed solution theory (IAST)! was used to determine the selectivity factor, S, for binary mixtures using
pure component isotherm data. The selectivity factor, S, is defined according to Equation 6 where x; is the amount
of each component adsorbed as determined from IAST and y; is the mole fraction of each component in the gas
phase at equilibrium. The IAST adsorption selectivities were calculated for C,H,/C,H,, C,H4/C;Hg, C,H,/CHy,
C,H4/CH,4, and C,Hs/CH,4 binary mixtures of varying compositions (5:95 to 95:5) at 293 K and a total pressure of
1.0 bar. The selectivity of C,H,/CH,, C,H4/CH,, and C,H¢/CH, binary mixtures are subject to uncertainties
associated with isotherm measurement of the extremely low methane uptake in NOTT-300. The accuracy of the
IAST analysis starts to decay when (i) strong binding sites appear on the pore surface of the host material (i.e. the
pore surface is not homogenous), and (ii) in the gas mixture one component is much more strongly adsorbed than
the other.'® These selectivity data are shown in Supplementary Figure 70, and importantly have also been confirmed
with multi-component gas adsorption experiment (see below please). The IAST selectivity data S for a 50:50

mixture adsorption in NOTT-300 are reported in Table 1.
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Figure 70. IAST selectivities for binary mixtures of (a) C,H, and C,H,, (b) C,H, and CHy, (c) C,H,; and CH4 and

(d) C,Hg and CH,4 of varying compositions at a total pressure of 1.0 bar and 293 K.
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13. Adsorption isotherms of equimolar binary hydrocarbon mixtures in NOTT-300 and IAST analysis

To validate the selectivities obtained from IAST analysis, we also measured dual-component adsorption isotherms
for equimolar mixtures of C,H,/C,H,, C,H,4/C,Hs, C,H,/CH,4, and C,H4/CH, at 293 K under flow mode using two
identical mass flow controllers. In contrast to a typical static isotherm experiment, flow experiments allow the gas
in the sample station to be constantly refreshed by a flow of equimolar gas mixture to guarantee that the mixture
composition in the gas phase is unchanged throughout the experiment. The measured uptakes of hydrocarbon
mixtures were compared with those predicted by IAST calculations™ (Supplementary Figures 71-74). Due to the
low uptakes of both C,Hs and CH,, the measurement of C,Hg/CH, mixture uptake suffers relatively large
uncertainties and is not reported here. Excellent agreements have been seen for other binary mixtures confirming the

capability of hydrocarbon separation in NOTT-300 at ambient conditions.
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Figure 71. Comparison of the adsorption isotherms for C,H,, C,H,, and an equimolar mixture of C,H,/C,H, at 293
K in NOTT-300. Data were measured in flow mode. Prediction from the IAST calculation is shown in cyan.
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Figure 72. Comparison of the adsorption isotherms for C,H,, C,Hg, and an equimolar mixture of C,H,/C,Hg at 293
K in NOTT-300. Data were measured in flow mode. Prediction from the IAST calculation is shown in cyan.
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Figure 73. Comparison of the adsorption isotherms for C,H,, CH,, and an equimolar mixture of C,H,/CH,4 at 293 K

in NOTT-300. Data were measured in flow mode. Prediction from the IAST calculation is shown in cyan.
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Figure 74. Comparison of the adsorption isotherms for C,H,4, CH,, and an equimolar mixture of C,H,/CH,4 at 293 K

in NOTT-300. Data were measured in flow mode. Prediction from the IAST calculation is shown in cyan.

97



@ NOTT-300: (4.3,48.7)

30F| e stablein water
- | ® unstable in water ® PAF-1-SO Ag
3
25 F
-
= X
= 20
= L
) !
Q
w 15F e NaETS-10
w
I -
9‘“ 10 k- FeMOF-74e@
I‘* i NaXe
- CoMOF-74¢
o sl MgMOF-74®
| ePCN-16 NOTT-102e ® cuBTC
® UTSA-20
0 . 1 a 1 1 . 1 | A 1
0 1 2 3 4 5 6

C_H, uptake (mmol/g)
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14, Breakthrough experiments

To further evaluate the performance of NOTT-300 in an adsorption-based separation process, breakthrough
experiments were performed in which an equimolar mixture of C,H, and C,H, was flowed through a packed bed of
NOTT-300 with a total flow of 2 ml/min at 293 K and 1.0 bar. The C,H,/C,H, mixture was selected because it
currently represents the most challenging mixture for adsorption based separations. As suggested from pure
component isotherms and IAST calculations, NOTT-300 has selectivity to C,H,. In the breakthrough experiment,
C,H,4 was the first to elute through the bed, with C,H, retained. Upon saturation, C,H, broke through from the bed
and reaches saturation rapidly. As measured from this breakthrough experiment, for an entering equimolar mixture
of C,Hy/ C,H,4, the C,H, composition can be purified to 99.5% which then drops to 97.5% until C,H, started to

break through.

Dimensionless breakthrough plots were also calculated with the following parameters: bed diameter, d, (7 mm), bed
length, L, (120 mm), flow rate (2 ml/min), bed volume (5 ml), sample mass (3.4 g), sample framework density (1.06
g/cc). The sample occupies a volume of 3.21 ml (assuming 100% purity and no framework collapse), and thus the
fractional porosity of the fixed bed, ¢, is calculated to be 0.358. The superficial gas velocity, u, at the entrance of the
bed corresponds to 8.66e™ m/s. The characteristic contact time between the gas and the NOTT-300 samples, eL/u =
49.61 s. The dimensionless time, 7, was obtained by dividing the actual time, t, by the contact time between the gas
and the NOTT-300 sample, eL/u, i.e. 7 =tuleL. The dimensionless breakthrough plots are shown in Supplementary

Figure 78.
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Figure 76. Schematic view of the breakthrough reactor used in this study.
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