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Flexible metal-organic materials that exhibit stimulus-responsive switching
between closed (non-porous) and open (porous) structures induced

by gas molecules are of potential utility in gas storage and separation.
Suchbehaviouris currently limited to a few dozen physisorbents that
typically switch through a breathing mechanism requiring structural
contortions. Here we show a clathrate (non-porous) coordination network
that undergoes gas-induced switching between multiple non-porous

phases through transient porosity, which involves the diffusion of guests
between discrete voids through intra-network distortions. This material
issynthesized as a clathrate phase with solvent-filled cavities; evacuation
affords a single-crystal to single-crystal transformation to a phase with
smaller cavities. At 298 K, carbon dioxide, acetylene, ethylene and ethane
induce reversible switching between guest-free and gas-loaded clathrate
phases. For carbon dioxide and acetylene at cryogenic temperatures, phases
showing progressively higher loadings were observed and characterized
usingin situ X-ray diffraction, and the mechanism of diffusion was
computationally elucidated.

Owingto theirinherent modularity and resulting amenability to design,
metal-organic materials* such as metal-organic frameworks** and
porous coordination networks*® offer promise as energy-efficient
physisorbents for gas separation and storage. Rigid microporous
materials, which tend to exhibit fixed pore volumes and type l adsorp-
tion isotherms (Fig. 1a), have been classified as second-generation
physisorbents’. A limitation of type I isotherms is that adsorption
and desorption tend to occur at pressures outside the operationally
relevant range, thus decreasing the working capacity®. Third- (soft,
flexible frameworks characterized by stepped or S-shaped adsorption

isotherms) and fourth-generation (porous materials with modifiable
pore size, pore chemistry and self-switching pores) flexible metal-
organic materials (FMOMSs)™ ™ offer more desirable type F sorption
profiles (Fig. 1b). FMOMs exhibit structural transformations that can
occur either between open and more open forms (Fig. 1b; type F-I) or
between closed and open forms (Fig. 1b; type F-1V)".

FMOMs are exemplified by stepped isotherms that arise when
sudden switching occurs between a closed and an open phase with
negligible sorption below the switching threshold pressure. Such
materials are of potential utility as they offer higher working capacities

'Department of Chemical Sciences, University of Limerick, Limerick, Republic of Ireland. ?Bernal Institute, University of Limerick, Limerick, Republic of
Ireland. ®Institute for Integrated Cell-Material Sciences (iCeMS), Kyoto University Institute for Advanced Study (KUIAS), Kyoto University, Kyoto, Japan.
“Department of Chemistry and Polymer Science, Stellenbosch University, Stellenbosch, South Africa. °Department of Chemistry, University of South

Florida, Tampa, FL, USA. ®Department of Chemistry, North Carolina State University, Raleigh, NC, USA.

e-mail: xtal@ul.ie

Nature Chemistry | Volume 15 | April 2023 | 542-549

542


http://www.nature.com/naturechemistry
https://doi.org/10.1038/s41557-022-01128-3
http://orcid.org/0000-0002-8933-305X
http://orcid.org/0000-0003-3561-5155
http://orcid.org/0000-0001-7614-0438
http://orcid.org/0000-0001-6956-9543
http://orcid.org/0000-0002-6453-8331
http://orcid.org/0000-0003-0246-7408
http://orcid.org/0000-0002-1360-540X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41557-022-01128-3&domain=pdf
mailto:xtal@ul.ie

Article

https://doi.org/10.1038/s41557-022-01128-3

Type | Type F-I Type F-IV (single step) Type F-IV (multi-step)
T Poo ] Pa S L Pa
! ! Working ! H ! 1
_________ v capacity ! i|Working ! i
° i H of ! 1 capacity ° Working of ! 1| Working
g ] i i - ® capacity & | 1 1| capacity
o 1 1 al ! 1 a al ! i
VA > ! > 2| '
1 1
i i ! H 1
1 I ! H ! i
1 1 ! 1 1 1
1 I ! : 1 H
Pressure Pressure Pressure Pressure

Fig.1|Representative types of gas sorption isotherms for different sorbents. a,b, Type | (rigid; a) and type F (flexible; b) materials'’. The red dashed lines indicate
the delivery pressure (Py.) and storage pressure (P,). Type F-IVisotherms are highly sought after in gas storage applications as the closed-to-open transformation

provides the highest working capacity.

for volatile gases that are normally stored in high-pressure cylinders
(for example, O,, H, and CH,) and C,H,, for which high-pressure stor-
age is infeasible™?°, Nevertheless, nearly two decades have elapsed
since the first reported switching sorbent”*, and a recent review**
confirmed that fewer than 100 materials exhibit substantial flexible
breathingbehaviour. Among these, only 60 canbe defined as switching
sorbents (closed-to-open transformations)?*~**, Rarer still are switch-
ing materials (type F-IV isotherms) with multiple steps, indicating
additional transformations beyond the initial gate opening®>%°*,
Despite the potential for enhanced working capacity in gas storage
applications, FMOMs that exhibit type F-IV adsorption isotherms are
relatively rare and remain to be classified by the International Union
of Pure and Applied Chemistry**, Supplementary Table 5 shows the
currentbenchmark switching materials. Despite the impressive uptake
in some of these materials, owing to the large structural transforma-
tions associated with their switching behaviour, very few were found
to exhibit recyclability with retained performance®.

Guest transport in porous materials occurs via three pathways:
(1) rigid or flexible channels (Fig. 2, left); (2) pores interconnected via
narrow rigid or dynamic apertures” " (Fig. 2, middle); and (3) diffusion
between discrete cavities (Fig. 2, right). The nature of the dynamic
behaviour observed in third-and fourth-generation systems hasbeen
ascribed tostructural transformation through various mechanisms (for
example breathing, swelling, linker rotation or subnetwork displace-
ment)>'?. Establishing a mechanism can be a challenge as single crys-
tals comprise many mechanically responsive unit cells and the strain
associated with flexible transformations caninduce crystal fracturing.
Therefore, only a few FMOMs are known to exhibit single-crystal to
single-crystal transformations**,

The concept of transient porosity must be invoked to explain
guest transport in clathrates (that is, crystals with discrete voids
but without connecting channels; Fig. 2, right). This was considered
counter-intuitive until the prototypal example was published by
Atwood et al.” in 2002. In this seminal study, the bowl-shaped molecule
p-tert-butylcalix[4]arene was shown to include a guest molecule in
discrete cavities despite the absence of channels. Subsequently, other
non-porous molecular materials exhibiting dynamic and cooperative
guest transport were reported® .

Cooper et al.*® defined such porosity as being either intrinsic or
extrinsic, with the former arising from cavities in the molecular build-
ingblockitselfand the latter being a consequence of solid-state pack-
ing. Although this definitionis suitable for molecular systems, it does
not easily translate to extended networks. The Kitagawa and Barbour
groups have independently reported sorbate transport in FMOMs
with connected pores** or discrete voids®®, the latter arising from a
sorbentthat has anas-synthesized phase with a channel-typestructure.

Herein, we expand on the work of Barbour et al. by introduc-
ing an example of a FMOM, [Co(dpt)(1,3-bib)], 1, for which sorbate
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transport <
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Fig.2|Three sorbate transport modes that are possible in porous materials.
Left, continuous channels (shown as a blue surface), which can be rigid or flexible.
Middle, connected pores (shown as a green surface), which can also be rigid or
flexible. Right, discrete cavities (shown as a yellow surface). The red arrows and
orange lines indicate the direction and nature of flexibility, respectively.

transport results from synergistic transient porosity that enables
transformations between multiple non-porous phases. Specifically,
lisaswitching sorbent with non-porous, as-synthesized apohost (the
guest-free framework) and gas-loaded clathrate phases. Furthermore,
in addition to exhibiting a better working capacity compared with
the previously reported [Co,(ndc),(bpy)],’°, 1 exhibits switching in
response to a number of different guests. Although the transforma-
tionsinlarestructurally subtle and associated with little to no strain
onthe framework, the switchingis unambiguous and enables a work-
ing capacity thatis higher than would be expected for aconventionally
non-porous material. 1 also offers good recyclability and can serve
as a prototypal structure for the development of future materials. In
principle, this strategy canbe evolved to include materials with much
larger cavity sizes, to achieve acombination of high working capacity
and sustained recyclability.

Results and discussion

Preparation and characterization of 1,

Solvothermalreaction of Co(NO;),-6H,0 with 2,5-diphenylbenzene-1,4-
dicarboxylicacid (dpt) and 1,3-bis(1H-imidazol-1-yl)benzene) (1,3-bib)
in dimethylformamide (DMF) yielded diffraction-quality crystals of
[Co(dpt)(1,3-bib) : 2DMF] (1pye; Fig. 3). Single-crystal X-ray diffraction
(SCXRD) showed that 1,y crystallized in the monoclinic space group
P2,/n. The asymmetric unit (ASU) comprises one metal cation, one
1,3-bib ligand (anti-conformation), two independent half dpt ligands
and two DMF guest molecules. One dptligand chelates the metal cation,
whereas the second is mono-coordinate (Supplementary Fig. 1). The
phenyl rings of the chelating dpt ligand were found to be disordered
over two general positions with 0.74:0.26 site occupancy. The tetra-
hedral molecular building block is connected by the linker ligands to
form a three-dimensional non-interpenetrated dmp topology net.
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A Connolly map®* of the guest-accessible volume (using a1.5 A
probe radius) in 1y indicated that at 100 K, it contains discrete
solvent-filled voids of approximately 391 or 411 A® viewed down [100]
(depending onthe fragment of disorder used) (Supplementary Fig. 2).
At 298 K, dpt ligands exhibit negligible disorder, with voids of 410 A
(Fig. 3). Ipye is classified as a clathrate since it contains two intrinsic
voids per unit cell, each accommodating four DMF molecules.

Thermogravimetric analysis confirmed that 1, lost all DMF guest
moleculesbelow 423 K and remained stable until framework decompo-
sition at 603 K (Supplementary Fig. 13). Bulk-phase activation of 1py¢
inairinduced a colour change from purple to blue concomitant witha
changeinthe powder X-ray diffraction (PXRD) pattern (Supplementary
Figs.9-10). The removal of DMF guest molecules from 1,y resultedin
atransformation to 1yygee. Comparison of the twostructuresat100 K
revealed that the previously chelating dpt carboxylate moiety became
mono-coordinated, the resulting open metalsite being filled by anaqua
ligand (Supplementary Fig. 4). This transformation was accompanied
byareductioninthe band c axislengths (from 14.62(3) t012.86(2) Aand
from 23.67(5) t0 22.01(5) A, respectively; Supplementary Table 1) and
a16% reduction in unit cell volume. Mapping of the guest-accessible
volume showed that 14, cOntained discrete cavities of 42 A

Preparation and characterization of 1,05

To avoid the formation of Lyygeae, a crystal of 1y was mounted in
an environment gas cell, sealed and evacuated at 393 K overnight. A
single-crystal tosingle-crystal transformation from Ipyg to 1y ponost (Fig. 3)
was observed using SCXRD data recorded at 298 K. Although the
space group was unchanged, activation induced 0.91(4) and 1.26(3) A
reduction in the b and c axes, respectively, and a 12% unit cell volume
contraction (Supplementary Table1). 1,,on0s¢ iS Similar to Iyygeaee in that
the structural transformation arises from a change in the metal coor-
dination environment (cobalt becoming 4-coordinate) and dpt linker
rotation. We note that metal node isomerism involving coordination
bond breakage is relatively rare but can play a key role in switching
FMOMSs****, The phenyl rings of the previously chelating dpt ligand
were found to be disordered over two general positions with 0.54:0.46
site occupancies. However, unlike Lyygrace, Laponosc Nas N0 aqua ligands.
Comparisonofthetorsionangle 0,C;;C,,CysinIpyeand 1,,0n05 indicated
that, upon activation, one of the dpt ligands had rotated by 61.0(1)°
fromacoplanartoatwisted orientation (Supplementary Figs. 5and 6).
Although the 1,3-bib ligand retains its anti-conformation, there
isareductioninthe N-Co-N angle from 105.4(6)° in 1,y to 101.4(8)°
iN T ap0n0st- This combined motion reduces the void volume of 1,,0p0s¢
to 84 A,

Gas sorption of 1,,,4,5:at 298 Kand1 bar

Toinvestigate the gas-induced dynamic behaviour of 1, aseries of sorp-
tion studies were conducted. A bulk sample of 1, was activated to
afford 1,p,0n0se; all sorption experiments used 15,0405 as the sorbent (Sup-
plementary Fig.11). Isotherms recorded at 298 K for CO,, C,H,, C,H, and
C,H, showed that uptake to form a1’y,, phase (where gas denotes the
aforementioned gases) was induced by closed-to-open switching. The
isotherms for C,H,, C,H, and C,H, exhibited steps at threshold pressures
of 0.15,0.20 and 0.24 bar, respectively (that is, type F-IV isotherms)
(Fig.4a,b). The CO,isothermwas comparableinterms of its threshold
pressure (0.3 bar), but the inflection was observed to be more gradual,
corresponding to type F-lll behaviour. This difference is emphasized
inthefirstderivative of the adsorption curve (Supplementary Fig. 22),
which canbe contrasted with the sharper C, gas profiles. We note that
hysteresis between the adsorption and desorption branches of each
isotherm was variable (Fig. 4a).

The CO, isotherm displayed no discernible hysteresis; moderate
hysteresis was observed for C,H, and C,H; and large hysteresis was seen
for C,H,. The unusualisotherms exhibited by 1do not conformto stand-
ard continuous isotherm models and were not conducive to accurate
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Fig.3|Synthesis and reversible structural transformations observedin1.
Solvothermal preparation of 1y from dpt, 1,3-bib and Co(NO,),-6H,0 yields
purple crystals with N,N-DMF (shown in space-filling representation) located

in discrete cavities of 410 A3 (the cavities are shown as an orangesurface). The
inset on the left shows the position of the chelating dpt ligand. In situ activation
of asingle crystal of 1y (using an environment cell; see the corresponding
photomicrograph) yields guest-free-phase 1,,,n0se Where, as aresult of rotation,
the dpt ligand becomes mono-coordinated (see the inset on the right) and the
guest-accessible cavities are reduced to 84 A% Subsequent gas loading 0f Lyponost
first with1bar of CO, (bottom left) and then with 56 bar of CO, (bottom right)
leads to 1'¢o, (discrete cavities of 360 A% and 17, (discrete cavities of 373 A%).
Closer inspection of the cavities in1”¢, shows the cavities in very close proximity
to one another, hinting at a potential transportation pathway. The CO, gas
moleculesloaded into 1'co, and 17¢o, could not be crystallographically modelled.
The dptdisorder in1,,0n0s and 1'co, has been omitted for clarity.

fitting by virial analysis (R, < 70%) over the whole or partial loading
ranges. Due to the low quality of parametrization, it was not feasible to
determine physically meaningfulisosteric heats of adsorption, as are
conventionally reported for rigid adsorbents. Thermodynamic infor-
mation on the nature of the transition was obtained from calculation
ofthe enthalpy of gate opening (AH,,) from pure component data fol-
lowing the method of Li et al.” (ESI, Section 7.4). AH,, was determined
to be 25.2 k) mol™for CO,, 33.7 k) mol ™ for C,H,, 29.8 k) mol™ for C,H,
and 31.7 k) mol™for C,H,. The similar values of AH, exhibited by the C,
hydrocarbons and the lower value for CO, help to explainthe respective
isotherm shapes and derivative profiles (Supplementary Fig.28). The
large enthalpy of gate opening in the presence of C,H, is correlated
with alower threshold pressure, sharper derivative profile and greater
degree of hysteresis. C,H, and C,H, show similar derivative profiles
and intermediate threshold pressures, while CO, shows the broadest
derivative profile and highest threshold pressure, in agreement with
their respective enthalpies of gate opening. The working capacities
between0.1and 1bar for CO,and C,H,at298 Kare35.1and 54.4 cm> g™,
respectively. Sustained recyclability of 15,4405 Was confirmed over 50
cyclesusing CO,at298 Kintherange 0-30 bar (Supplementary Fig. 26).
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aclosed-to-open phase transition upon exposure to all four gases, with an

inflection trend of C,H, > C,H, > C,H, > CO,. ads, adsorption; des, desorption;
STP, standard temperature and pressure.

Structuralinsightinto1’,,

To understand the flexible behaviour of 1,,,4. induced by CO,, a
gas-loadingin situ SCXRD experiment was performed. After backfilling
the environment gas cell with CO, to the maximum pressure recorded
forthe correspondingisotherm (1 bar, at 298 K), the system was left to
equilibrate for 3 hbefore being sealed (see Supplementary Information
for details). SCXRD data were then recorded. Conversion of 1,,0pes tO
1'cos0ccurred with anincreaseinthe band ¢ axes (0.65(3) and 0.44(1) A,
respectively) and a7%increase in the unit cell volume (Supplementary
Table1), resulting in discrete voids of 360 A>. This transformation can
once again be attributed to rotation and chelation of the dpt ligand
(Supplementary Figs. 7 and 8). The 1,3-bib N-Co-N angle increased
t0104.6(9)°. Although the CO, guest could not be modelled crystal-
lographically, the residual electron density analysis, asimplemented
by the SQUEEZE® routine of PLATONY, indicated the presence of half
aCO, molecule per ASU.

Cryogenic gassorptionisotherms of 1,0
Low-temperatureisotherms(77,195and 189 K) were recorded using N,,
CO,and C;H,to probe the phase behaviour of 1,405 OVer abroad P/P,
(partial pressure) range. The 1,,0n0s t0 1'g5s transition for CO, occurred
atavery low P/P, (a similar transformation was also observed for N,
at 77 K; Supplementary Figs. 15 and 40) and both the CO, and C,H,
isotherms exhibited additional steps (Supplementary Figs. 16 and
17). Examination of the isotherms using log plots established that the
CO,isotherm had threedistinctinflections (Fig. 5a), whereas the C,H,
isotherm had two (Fig. 5¢). In the CO, isotherm, adsorption occurred
after astep that we attribute to transformation of 15 ,4pes: int0 1'co, With
athreshold pressure of -0.8 mbar (that is, equivalent to that observed
at 298 K). Aminor step (1'co, t01”¢o,; ~6.7 mbar) and a major step (1”¢o,
t01”¢o,; ~525 mbar) were also observed. In the case of C,H, adsorption,
transformation of 1, ,0ns: t01”can, OCcurred at -0.1 mbar. An additional
inflection was observed at ~2.4 mbar, corresponding to a transforma-
tion from1”c,u, t01” .- These multi-step isotherms can be classified
astype F-IV™,

Insitu PXRD characterization

Concurrent in situ PXRD data (selected patterns are presented in
Fig. 5b,d; for additional patterns, see Supplementary Figs. 29-34
and 41) were recorded during the 195 K CO, and 189 K C,H, sorption
experiments and verified that the bulk-phase pattern of 1,,4n0 at €ach
temperature was consistent with the calculated PXRD pattern of 15 ,on0se
obtained from the SCXRD data. Upon exposure to 0.8 mbar of CO,,

Laponose Underwent a transformation to1'co, with a plateau at 3.7 mbar.
Compared with1,,0n0s the PXRD pattern showed that most peaks had
shifted towards alower 26 (consistent with unit cell expansion), some
had disappeared (for example, 260 = 24.7°) and new peaks had appeared
(260=24.3and 25.5°).Furthermore, the experimentally obtained pattern
at 3.7 mbar matched well with that generated from the SCXRD data
(1bar CO,at 298 K), validating the formation of I'¢q,. Progressive CO,
gasloadingresulted in PXRD peaks shifting to lower 26 positions. At a
loading of 32 mbar, additional small peaks were observed at 13.4 and
29.8°. Thelack of statistically significant additional peaks suggests that
aminor structural change occurred during gas sorptionto form1”¢g,.

Unitcell parameters from the Le Bail profile fitting demonstrated
a progressive expansion of all three cell parameters and the unit cell
volume (Supplementary Figs. 35-39 and Supplementary Table 4).
A comparison of the pattern obtained for 1”¢o, with that of 1y
(Supplementary Fig. 32) indicated that the cavities of 1”¢, resemble
those of 1pyg.

Furtherloadingresultedinalargestepinthe 195 K CO,isothermat
530 mbar (1”¢,). The PXRD pattern recorded at 960 mbar revealed the
disappearance of two peaks (26 =15.3 and 16.0°) and the appearance
of new peaks at15.6,18.0 and 19.3°. Although this phase was unlike the
previous phases (Supplementary Fig. 31and 33), this transformation
was reversible, as evidenced by conversion to 17, and 1'¢e, upon
desorption.

In the case of C,H,, transformation of 1,4p0s t0 1”cou2 (all PXRD
peaks shifted to lower 20) occurred with a plateau at 2.4 mbar
(Fig. 5d, yellow). This phase matched the PXRD of 1”¢,,. Additional C,H,
loading induced peak shifting to lower 26 values, consistent with unit
cell expansion and transformation of 1”¢,,, to 17,4, With saturation at
734 mbar.1”¢o,and 1”c,u, are notisostructural. Owing to the increased
experimental single-point pore volume and expanded cell parameters
(Supplementary Fig.31and Supplementary Table 3) for1”¢,, we con-
sider that theinitially discrete cavities merge to form larger voids that
accommodate more CO, molecules.

Structuralinsightinto1”,,

Although the high-pressure CO, 294 K gas sorption isotherm (Sup-
plementary Fig. 25) for1only shows the first transition from1,,ones t0
1'co, We attempted to obtain the 17, phase crystallographically by
exposing acrystal of 15,4n0s to the maximum cylinder pressure attain-
able for CO, at 298 K (56 bar). After allowing the crystal to equilibrate
for 3 h, the environment cell was sealed and SCXRD data were then
recorded. As evidenced by the 195 K CO,isotherm and corresponding
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Fig. 5| Cryogenicgas sorptionisotherms and correspondingin situ PXRD
profiles. a,195 K CO, sorption isotherm on 1,405 Plotted using alogarithmic
scale. The coloured stars represent the four different phases present (blue is
Lapohost, PUTPlEisT'co,, yellow is 17¢q,, red is17¢o,). b, An overlay of in situ variable
pressure PXRD patterns (1=1.54178 A) of 1aponost at different CO,adsorption/
desorptionloadings recorded at 195 K. The patterns are colour coded to denote

phases (Cal. = calculated from experimental X-ray crystal structure). ¢,189 K C,H,
sorptionisotherm on 1,y Plotted using alogarithmic scale (blue is 1yponosts
yellow is 1”¢,, and pink is 1”c,y,). d, An overlay of in situ variable pressure PXRD
patterns (1=1.54178 A) of Lyponost at different C,H, adsorption/desorption loadings
recorded at 189 K. The 1/, (pink star) phase is not the same as the 1”¢,, (red star)
phase.

insitu PXRD, the conversion of 1'¢y, t0 17¢o, 0Ccurs with aminorincrease
inthe cell dimensions. The most notable parameter change is the unit
cell volume, which increases by 157 A, resulting in discrete voids of
373 A’thatappear to be expanding towards one another, hinting at the
potential nature of guest transport (Fig. 3). Aswith1’¢q,, the CO, guest
could not be reliably modelled crystallographically in 1”¢,,. Residual
electron density analysisindicated the presence of 1.4 molecules of CO,
per ASU. The calculated PXRD pattern generated from the structure of
1”02 isingood agreement with the bulk-phase pattern of17¢,,at 195K
CO, (Supplementary Fig. 34).

Computational insight into the mechanism of guest transport
To gain further insightinto the experimentally observed transient dif-
fusion mechanism(s), the spatial relationship betweenisolated cavities
in the two crystal structures, 1'¢o, and 1”¢q,, was examined computa-
tionally. These experimentally obtained crystal forms have the same
structural motifs, suggesting that the mechanismisisomorphic. It was
found that each cavity-cavity geometry occurs with two neighbour-
ing orientations; cavities are either diagonally adjacent, as shown in
Fig.3 for Ipme, 1'co2and 17¢o,, Or are vertically stacked inasingle direction
(seethefarright frame of Fig. 2). This strongly suggests that diffusion
within these materials occurs via these pathways. Diagonally adja-
cent cavities are connected by narrow apertures that are sufficiently
constricted to block transport. Guest transport appears unfeasible
without the accommodating structural transformations highlighted
in Fig. 6. Stacked voids form a corridor divided by dpt linkers (Fig. 6),
which section them into discrete cavities.

To probe the viability of transport through these barriers, a rigid
1'co, structure was loaded with a single CO, molecule near the ini-
tially blocked channel. These mono-loaded structures were subjected
to relaxation using density functional theory, implemented by the

CP2K simulation package, to obtain an optimized initial position®*7%,
The position of the sorbate was then adjusted towards the barrier and
anew relaxation was performed, wherein a single sorbate atom had
the coordinate in the direction of the barrier held constant, relaxing
the crystal to accommodate it. This adjustment was performed until
the CO, molecule had traversed the barrier into the adjacent cavity.
The trajectory maximum barrier heights were found to represent
only a small multiple of ambient thermal energy comparable to the
CO, sorption energy. A more detailed description of this methodol-
ogy isincluded in the section ‘Computational Modelling’ of the Sup-
plementary Information, where the collective diffusion coordinate is
demonstrated explicitly via animations.

In the case of diagonally adjacent cavities, transport was charac-
terized by small-scale shifting and ring rotation of proximal functional
groups, which reverted to theirinitial configurations once they were no
longerinthe vicinity of the sorbate. The largest change inenergy for the
inter-cavity transport measured was 4.8 k) mol™, abarrier substantially
lower than the enthalpy of gate opening for CO, (AH;, = 25.2 k] mol™)
and less than twice the ambient thermal energy at 298 K. For stacked
cavities, twisting of the dpt ligand occurs to facilitate transport, involv-
ingarotation of the Co-dpt-Coaxis, as well asabenzene pendant ring.
Animation of the transport trajectoryisincludedinthe section ‘Com-
putational Modelling’ of the Supplementary Information. Notably,
the same linker rotates outward during the 1,,,p0sc t0 I'co, transition,
causing pairs of small cavities observed in a single unit cell 0f 1,,4p0s: tO
merge into the two larger guest-filled cavities observed ina unit cell of
1'co, (Fig.3). Consequent to the gross mobility required, ahigher energy
barrier of 21.9 k) mol™ (less than nine times the ambient thermal energy)
was observed. This barrier is of a higher energy than the diagonally
adjacent cavity transport that is likely to be the most favourable dif-
fusion mechanism. To probe the dynamic motion between cavities,
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Fig. 6| Computationally simulated guest transportin1. Left, computational
model of asingle CO, gas molecule at the narrow aperture (lowest-energy
pathway), between diagonally adjacent closed cavities, corresponding to the
channel traversed in Supplementary Videos 1and 2. Middle, CO, gas molecule
atthe dptlinker barrier between stacked discrete cavities, corresponding to

the channel traversed in Supplementary Videos 3 and 4. Right, CO, traversing
the barrier between stacked cavities, corresponding to a midpoint snapshot of
Supplementary Videos 3 and 4, illustrating the diffusive pathway. Atom colours:
Co = cobalt, C=grey, O =red, N =blue, H = white.

asingle cavityinan otherwise vacant1'cq, crystal structure was loaded
with 12 CO, molecules via Grand Canonical Monte Carlo simulation
and subjected to density functional molecular dynamics (DFTMD)
simulationsinthe canonical ensemble at 473 and 623 K. Less than1 ps
atbothtemperatures produced thermal diffusionbetween diagonally
adjacent cavities in a manner consistent with the more energetically
favourable pathway described above. Animations of these molecular
trajectories are provided as Supplementary Videos 1-6.

Conclusion

Laponost €Xhibits dmp topology with zero-dimensional spherical cavi-
ties and is unlike previous switching FMOMs, most of which feature
gas-induced transformations requiring extreme network contor-
tion’ or displacement”, Specifically, the type F-IV™ sorption behav-
iour exhibited by 1,,0n0sc arises from transient porosity that enables
gas-induced intra-network distortion and transformations to phases
with higher gas uptakes. We have shown an example of type F-1V adsorp-
tion behaviourinaseemingly non-porous coordination network that
isaclathrateineach of four structurally characterized phases. These
gas-induced transformations combine recyclability, optimal working
capacity and high uptake without the need for extreme structural
transformations. Sorbate diffusion betweenisolated cavities can take
place alongtwo discrete potential vectors, with travel through diago-
nally adjacent cells as the likely dominant mechanism. Small-scale
collective molecular motions and ring rotation create a path through
anotherwiseinaccessible cavity. The second transport vector involves
rotation of the dpt linker, with the more well-defined mechanism lend-
ingitselfwell to potential tuning of gate opening in future analogues.
Furthermore, as the motion observed in this material arises from
cooperative movement ascribed to both ligands, crystal engineer-
ing design principles could be used to iteratively expand the cavity
and, inturn, the loading capacity while preserving the phenomenon
of transient porosity.
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Methods

Materials

Commercially available starting materials and solvents were purchased
from Sigma-Aldrich, Merck and Fluorochem. All reactions were moni-
tored using aluminium-backed silica gel Merck 60 F,;, TLC plates and
visualized using ultraviolet irradiation. All chemicals were used as
received without additional purification.

Synthesis of 1,3-bib

The synthesis of 1,3-bib was carried out in a single step, according
to a previously reported procedure with minor modifications’.
1,3-dibromobenzene (10.0 g; 42.8 mol; 1.0 equiv.), imidazole (14.5 g;
213.0 mmol; 5.0 equiv.), Cul (1.63 g; 8.6 mmol; 20 mol%) and K,CO,
(29.4 g; 213.0 mmol; 5.0 equiv.) were all added to anhydrous DMF
(150 ml) under aninert N, atmosphere. The resulting reaction mixture
was heated to reflux under aninert atmosphere for 72 h. After cooling
toroomtemperature, the mixture wasfiltered. The filtered residue was
washed with dichloromethane (2 x 150 ml) and the filtrate was trans-
ferred to alarge separating funnel. The organiclayer was washed with
water (3 x 250 ml), separated and dried over MgSO,. The organiclayer
was concentrated under reduced pressure and the resulting solid mate-
rial was finally purified by trituration from a dichloromethane/hexane
mixture. Theresulting1,3-bib was isolated as a white solid (8.41 g; 94%).

Synthesis of dpt

The synthesis of dpt was carried out in two steps, according to a pre-
viously reported procedure®. In step 1, 20 ml deionized water was
degassed for 30 minusingN,.2,5-dibromo-p-xylene (2.00 g; 7.58 mmol;
1.0 equiv.), phenylboronicacid (2.03 g;16.7 mmol; 2.2 equiv.), Pd(OAc),
(3.40 mg; 0.2 mol%), K,CO; (5.24 g; 37.9 mmol; 5.0 equiv.) and n-Bu,NBr
(4.87 g; 15.2 mmol; 2.0 equiv.) were all added. The resulting suspen-
sion was heated to 343 K for 4 h and stirred vigorously under an inert
atmosphere. After cooling to room temperature, the reaction mixture
was diluted withwater (150 ml) and extracted with hexane. The organic
phase was dried over MgSO, and concentrated under reduced pressure
toyield 2’,5’-dimethyl-p-terphenyl as a white solid (1.88 g; 96%). In
step2,2’,5-dimethyl-p-terphenyl (700 mg; 2.71 mmol; 1.0 equiv.) was
added to 20 ml pyridine. Then, 2.2 g KMnO, in 2.0 ml H,0 was added
and the reaction mixture was heated to reflux for 2 h. After reaching
reflux, every 30 min, an additional 1.0 gKMnO, in 2.0 mIH,0 was added
(atotal of four times). After 6 hat reflux, afinal 10 ml water was added to
thereaction mixture, which was allowed to reflux overnight. The MnO,
precipitate was hot filtered from the reaction mixture and washed with
near-boiling water (100 ml). The filtrate was carefully acidified using
concentrated HCI, precipitating the dpt product as awhite solid, which
was collected by filtration, washed with 0.2 M HCl and finally dried in
a378 Kovenovernight (732 mg; 85%).

Crystallization

Crystals of 1, were grown solvothermally by combining 0.3 mmol
(63.0 mg) dpt, 0.3 mmol (95.0 mg) 1,3-bib and 0.3 mmol (87.0 mg)
cobalt nitrate hexahydrate in 10 ml DMF and heating at 393 K. Purple
block crystals were obtained after 2 d.

SCXRD

SCXRD data were recorded on a Bruker SMART APEX I1*' and a Bruker
QUEST APEX Ill equipped with an Mo or Cu sealed tube source. Both
diffractometers employ an Oxford Cryosystems 700 Plus cryostat to
control the temperature of the sample. Datareduction was carried out
by means of standard procedures using the Bruker software package
SAINT®, Absorption corrections and correction of other systematic
errors were carried out using SADABS®. All structures were solved
by direct methods using SHELXS-16 and refined using SHELXL-16
(ref.®*).X-Seed® was used as the graphical interface for the SHELX pro-
gram suite. Solvent-accessible voids can be visualized by calculating

Connolly surfaces using MS-ROLL*"*, another programincorporated
into X-Seed. Hydrogen atoms were placed in calculated positions using
riding models.

Activation procedure

A suitable crystal of the as-synthesized material was selected and
glued onto a glass fibre with cyanoacrylate glue. The glass fibre was
theninserted into an environmental gas cell (EGC), which consisted of
a 0.3 mm Lindemann capillary secured to a steel nut with epoxy that
was screwed into a valve body. The EGC allows for evacuation/pres-
surization of the immediate crystal environment and transportation
to adiffractometer. The EGC was then connected to a Pfeiffer HiCube
vacuum pump (pressure = -3 x 10~ mbar) and immersed in oil, which
was heated to 393 K overnight. The valve was then closed and the EGC
was removed from the activation apparatus. The evacuated crystal in
an EGC was mounted onto a conventional goniometer and SCXRD data
were recorded at 298 K.

Gas-loading experiments

Theactivated crystalinthe EGC was attached toa CO,cylinder viaagas
manifold (regulator). The system was pressurized to 1 bar and left to
equilibrate under static pressure for 3 h (multiple equilibration times
were tested and this was found to be the best), after which the EGC was
closed and loaded onto the diffractometer.

PXRD

PXRD experiments were conducted using microcrystalline samples
on a PANalytical Empyrean diffractometer (40 kV; 40 mA; CuKa, ,
A1=1.5418 A)in Bragg-Brentano geometry. Ascan speed of 0.044509°s™
(2.6° min™), with astep size 0f 0.0262°in 260, was used at room tempera-
ture witharange of 5° <26 < 40°. Powder samples were evenly distrib-
uted onazero-background holder after being ground witha mortar and
pestle to minimize the effects of preferred orientation. Data analysis
was carried out using X'Pert HighScore Plus® (version 2.2e). Powder
patterns were simulated from SCXRD structures using Mercury®’.

Thermogravimetric analysis

Thermogravimetric analysis was performed under N, usinga TA Instru-
ments Q50 system. A sample was loaded into an aluminium sample pan
and heated at 283 K min™ from room temperature to 773 K.

Differential scanning calorimetry

Differential scanning calorimetry was carried out using a TA Instru-
ments Q2000 differential scanning calorimeter. Samples were pre-
pared by crimping the sample panandlid (a pin hole was placed in the
lid to prevent pressure build-up). A reference pan was prepared inthe
same manner for each analysis. Analyses were generally carried outin
the temperature range 253-523 K and a general experimental proce-
dure consisted of two heating/cooling cycles while the heat flow into or
outofthe sample, relative to the reference, was measured asafunction
of time and temperature under a controlled atmosphere. N, gas flow-
ingatarate of 50 ml min™was used to purge the furnace. The resulting
thermograms were analysed using TAInstruments’ Universal Analysis
program and Supplementary Fig.14 was prepared with Microsoft Excel.

Gas sorption isotherm measurements

Before performing the gas sorption experiments, a freshly prepared
sample of 1,y Was placed in a quartz tube and degassed under high
vacuumusingaSmart VacPrep instrumentat 343 K for 24 hto remove
any remaining solvent molecules and yield 15,405, ISOtherms were
measured using a Micromeritics 3Flex sorption analyser. Gases were
used as obtained from BOC Gases (Ireland), with the following certified
purities: research-grade He (99.999%), CO, (99.995%), C,H, (98.5%),
C,H,(99.92%), C,H, (99.0%) and N, (99.998%). Bath temperatures of 77
and 195 K were maintained usingliquid nitrogen and adryice-acetone
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slurry, respectively. A Julabo ME version 2 temperature controller was
used to maintain bath temperaturesin the 273 and 298 K experiments.
Samples were activated between successive experiments overnight or
for aminimum of 5 h at 343 K under high vacuum. High-pressure CO,
sorption experiments were performed using a Hiden Isochema XEMIS
microbalance. Activated samples of 1,,,n0s: Were further outgassed
under secondary vacuum for 3 h in situ before isotherms were run.
Excessadsorption and desorption profiles were obtained after applying
buoyancy correction using the crystallographically determined density
0f 15pon0se- TeMperatures were maintained at 273 and 294 Kusinga Grant
LT Ecocool 150 temperature controller. Equilibration was determined
by acut-off criterion of agreement within 0.01% of a pressure reading,
with rolling averages of the previous ten pressure readings each col-
lected after allowing the equilibration interval (10 s for the 195K CO,
experiments and 77 K N, experiments and 30 s for the 273 and 298 K
experiments) to elapse. Equilibration data were recorded for the full
range of pressure dosing during the 298 K CO, and C,H, experiments,
with asamplinginterval of around two pressure readings per second.

Single-point pore volumes

Indicative single-point pore volumes were determined experimentally
using the MicroActive software suite under the assumption of approxi-
mate validity of the Gurvich rule®*®, wherein the structural transforma-
tions follow a state approaching saturation of the preceding phase
during 195 K CO, adsorption experiments, as described in equation (1),
where V. is the pore volume, n’égﬁ2 is the quantity of gaseous CO,
adsorbed, as determined at standard temperature and pressure, and
H4 1s the density of liquid CO,.

Pco
2
Ads
n
co,
Vpore = “Lq @
co,

The determined volumes are presented with 5% error bars (Sup-
plementary Table 3) and show reasonable agreement with the assign-
ment of phases based on in situ PXRD, as well as SCXRD-determined
solvent-accessible volumes.

Molar enthalpy of gate opening

The molar enthalpy of gate opening (AH,) was calculated from the
gate-opening pressures (Pg,) determined from pure component
isotherms at 273 and 298 K, using the Clausius-Clapeyron equa-
tion (R = the gas constant, T = absolute temperature) as described
in equation (2). Enthalpies were found to be correlated with molar
enthalpies of vaporization, in agreement with Li et al.*. Error bars
represent 5% margins in Supplementary Fig. 27.

M) @

AHeo = RT?
co ( aT

Insitu PXRD

In situ coincident PXRD measurements were conducted on a
Rigaku SmartLab with CuKa radiation, which was synchronized to a
BELSORP-18PLUS volumetric adsorptioninstrument (MicrotracBEL). A
helium-based cryosystem was connected to the sorption equipment to
control the temperature range. The as-synthesized sample was soaked
in MeOH for 3 d and then activated at 343 K under vacuum overnight
usinga copper plate holder. The activated sample of -70 mg was trans-
ferred to the sorption instrument and treated again under vacuum
at 353 K for 2 h. The second activation was performed to remove any
adsorbed moisture during transfer. This is an essential step as the
sample adsorbs water from the atmosphere. A CO, sorption experi-
mentwas carried out up to100 kPaat 195 K. In situ PXRD patterns were
measured simultaneously at each equilibrium point of the adsorption

and desorptionisotherm.Inaddition to CO,, insitu PXRD patterns were
measured at each equilibrium point of the adsorptionisotherm forN,
at 77 K and C,H, at 189 K. Powder patterns obtained from the in situ
variable pressure PXRD experiment of 15,405 at different CO,adsorp-
tion loadings were indexed using the program EXP02014 (refs. *°").

Computational modelling

Computational modelling of the1crystal phases using electronic struc-
ture methods was undertaken via density function theory (DFT). Crys-
tal structures were treated to full periodic relaxation using MOLOPT
basis sets at the triple zeta level of theory and Perdew-Burke-Ernzer-
hof pseudopotentials. Dispersion was treated using a pair potential
withthe DFT-D3 correction of Grimme et al. These wereimplemented
using the CP2K simulation package® **’"’, DFTMD simulations were
implemented similarly using the canonical ensemble with a fixed par-
ticle number, volume and temperature (NVT) with a 0.5 fs timestep.
The chosen thermostat was Nosé-Hoover, using a time constant of
100 fs. Classical modelling of CO, sorption in 1 was undertaken to
examine the sorptive behaviour and uptakesin these structures. These
simulationsinvolved Monte Carlo simulation of sorbates withinarigid
crystal scaffold, as employed by the massively parallel Monte Carlo
code®. Intermolecular forces were parametrized using the Universal
ForceField”, the extended charge equilibration method’* and Thole-
Applequist-type point polarizabilities”° taken from the work of van
Duijnen and Swart”” to model the van der Waals, electrostatic and
induced dipole effects, respectively. CO,-PHAST**® was used for the
sorbate parameters. X-ray crystal structures of 1yponose» I'coz and 17¢o,
were relaxed using DFT, as described above. For all three, there was
only minor alteration in atomic positions after optimization, provid-
ing stable optimized conformations even for the open 1'¢o, and 17¢o,
structures. Classical simulation in the relaxed structures confirmed
that they retained porosity, loaded sorbate into discrete pockets and
supported CO, uptakes equal to, or in excess of, the loadings reached
ineach structure toinduce the next open phase as reported.

The potential for transient transport between neighbouring iso-
lated cavities was examined along two potential pathways in the 1'co,
structure. Aninitial position was obtained from canonical Monte Carlo
runs of CO,sorption. Asingle sorbate position settled near the posited
transport window was selected from each of the trajectories and settled
into the local minima via simulated annealing. A single unit cell was then
taken to probe transport between diagonally adjacent voids as each
1’0, Unit cell contains two cavities with that relative orientation. For
the stacked cavities, a unit cell was replicated along the c axis to create
a two-unit cell system with a single sorbate molecule (two cells were
used as the stacked relative orientation is not observed within asingle
unit cell). These systems were then fully relaxed using CP2K. Using
these relaxed initial positions, a series of sequential relaxations were
performed wherein the optimized structure was modified, shifting
the sorbate in the direction of the postulated transport channel, and
re-relaxed subject to the constraint that a single sorbate oxygen atom
was constrained in one direction (the b axis for the diagonally adjacent
cavity and the a axis for the stacked cavity). This forced proximity tothe
channel while allowing the atom to shift in the remaining two dimen-
sionsto find the optimal route through. No further constraints were put
ontheothersorbate atoms or the crystal, permitting sorbate orienta-
tion and geometry to relax along with the structure. The constrained
optimized structures were then taken and the CO, was shifted further
along the channelandre-relaxed. These iterations were repeated until
atrajectory traversing each channel was obtained. Having determined
the pathways, the energies of each sequential configuration were then
compared with the initial position energy to determine the energy
barrier asreported in the ‘Computational insightinto the mechanism
of guest transport’ section of the main text.

Dynamic molecular motion between cavitiesin the 1'¢o, structure
was modelled using a single unit cell with one cavity loaded with 12 CO,
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molecules and the second cavity left empty. Initial positions of sorbate
occupants were taken from grand canonical Monte Carlo simulation.
The single-cavity-loaded structure was subjected to DFTMD simula-
tions allowing all atomic positions to fluctuate at 473 and 623 K. The
sorbate loading differential between cavities was found to provide
sufficient motive impetus for sorbate molecules to diffuse through
the barrier between diagonally adjacent cavities. Simulation across
both temperatures reproduced the more energetically favourable
mechanism of diffusion via rotation of the dpt linker.

Data availability

All of the relevant data that support the findings of this research are
available within the Article and its Supplementary Information files.
Crystallographic data for the structures reported in this Article have
beendeposited at the Cambridge Crystallographic Data Centre under
depositionnumbers CCDC 2111569 (1pyg; 100 K), 2111570 (1py; 298 K),
2111571 (Lyygrae)> 2111572 (Lapoose)» 2111573 (1”7 ¢o,) and 2166387 (Vo).
Copies ofthe data canbe obtained free of charge via https://www.ccdc.
cam.ac.uk/structures/.Inaddition, all of the experimental datasets are
available fromthe online Zenodo repository (https://doi.org/10.5281/
zenodo.7118299)%. Source data are provided with this paper.
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