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In this work, we report the synthesis, structural characterisation and sorption properties of an 8-fold

interpenetrated diamondoid (dia) metal–organic framework (MOF) that is sustained by a new extended

linker ligand, [Cd(Imibz)2], X-dia-2-Cd, HImibz or 2 = 4-((4-(1H-imidazol-1-yl)phenylimino)methyl)

benzoic acid. X-dia-2-Cd was found to exhibit reversible single-crystal-to-single-crystal (SC–SC)

transformations between four distinct phases: an as-synthesised (from N,N-dimethylformamide) wide-

pore phase, X-dia-2-Cd-a; a narrow-pore phase, X-dia-2-Cd-b, formed upon exposure to water;

a narrow-pore phase obtained by activation, X-dia-2-Cd-g; a medium-pore CO2-loaded phase X-dia-2-

Cd-d. While the space group remained constant in the four phases, the cell volumes and calculated void

space ranged from 4988.7 Å3 and 47% (X-dia-2-Cd-a), respectively, to 3200.8 Å3 and 9.1% (X-dia-2-Cd-

g), respectively. X-dia-2-Cd-g also exhibited a water vapour-induced structural transformation to the

water-loaded X-dia-2-Cd-b phase, resulting in an S-shaped sorption isotherm. The inflection point

occurred at 18% RH with negligible hysteresis on the desorption profile. Water vapour temperature-

humidity swing cycling (60% RH, 300 K to 0% RH, 333 K) indicated hydrolytic stability of X-dia-2-Cd and

working capacity was retained after 128 cycles of sorbent regeneration. CO2 (at 195 K) was also

observed to induce a structural transformation in X-dia-2-Cd-g and in situ PXRD studies at 1 bar of CO2,

195 K revealed the formation of X-dia-2-Cd-d, which exhibited 31% larger unit cell volume than X-dia-2-

Cd-g.

Introduction

Metal–organic frameworks (MOFs) represent a class of porous
coordination networks that are of interest thanks in part to their
compositional diversity and amenability to ne-tuning of
structure and properties by crystal engineering.1–3 Of the more
than 118 000 structures in the MOF subset of the Cambridge
Structural Database (CSD),4–6 the majority are rigid materials
that exhibit Type-I gas/vapour sorption isotherms.7 However,
just as molecular materials can undergo gas or vapour induced
structural changes,8 MOFs can also behave as “so porous

crystals”.9 Such exible metal–organic materials (FMOMs)10–12

can exhibit stepped or S-shaped isotherms that coincide with
a phase transformation that can be regarded as a gate-opening
event.13–15 When FMOMs switch between closed (non-porous or
narrow-pore) and open (wide-pore) phases with sharp steps and
low hysteresis they offer potential to address the inherent
working capacity limitation of rigid porous materials (Fig. 1).
These open pore phases may be independent of the identity of
the guest species, or may adapt to the dimensions of distinct
guests.16,17 The potential utility of FMOMs for industrial gas
storage,18–20 and, more recently, gas/vapour separations,21–23 has
become apparent, for example Co(bdp),24 X-dia-1-Ni,20 UTSA-
300 25 and DUT-8.26

With respect to vapour separations, that humanity faces
ever-increasing concerns about access to fresh water27 means
that new approaches to atmospheric water harvesting (AWH)
are gaining momentum.28 Currently, there are three primary
approaches for AWH: (i) fog collection,29 (ii) direct cooling of air
below its dew point,30 and (iii) sorbent-assisted (desiccant)
capture.31 While the rst two rely on high humidity conditions,
only desiccants enable AWHunder arid conditions. The study of
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rigid MOFs that exhibit pore-lling at low relative humidity, RH,
as alternatives to conventional desiccants such as zeolites and
silica gel, is of growing interest in the context of AWH,32–35 as
exemplied by Al-fumarate,36 MIL-160,37 MOF-303 31 and CAU-
10-H.38 FMOMs, which are less studied than rigid MOFs, exhibit
a different mechanism, water vapour induced structural trans-
formation(s), e.g. JUK-8,39 [Cu(HQS)(TMBP)],40 Zn(3-
tba)2(H2O)2,41 sql-(azpy)(pdia)-Ni42 and DUT-98.26 Regardless of
the AWH mechanism, key performance parameters include the
need for an S-shaped isotherm with an inection at low RH,
negligible hysteresis, low regeneration temperature and
hydrolytic/mechanical stability to extended recycling.43

MOFs with interpenetrated diamondoid (dia) topology
represent one of the most common topologies found in MOFs.44

Several dia networks have been reported to show stimulus
responsive structural transformations induced by various
guests.16,20,39,45–51 In this contribution, we follow on from our
previous study on exible dia topology networks based upon
extended ligands or “X-ligands”.20 In our earlier work, switching
or S-shaped isotherms enabled by contortions of X-ligands were
found to enable high working capacity for natural gas storage in
X-dia-1-Ni.18 We herein target 4-((4-(1H-imidazol-1-yl)
phenylimino)methyl)benzoic acid, HImibz, as an X-ligand
(Fig. 2). HImibz, which has not previously been used in coor-
dination chemistry, was of interest to us from crystal engi-
neering (suitability for dia networks), potential properties
(torsional exibility and coordination through an azole
moiety)52 and accessibility (it can be made quantitatively using
mechanochemistry)53 perspectives. Reaction of HImbz with
Cd(NO3)2 indeed afforded an 8-fold interpenetrated dia FMOM,

X-dia-2-Cd, with composition [Cd(Imibz)2]. We report details of
the dynamic behaviour of X-dia-2-Cd using single crystal X-ray
diffraction (SCXRD), gas and water vapour sorption and in situ
powder X-ray diffraction (PXRD).

Results and discussion
X-ray crystallography and characterisation

HImibz was synthesised by the previously reported procedure,
solvent-drop grinding with methanol (MeOH).53 Single crystals
of X-dia-2-Cd-a were prepared by solvent layering, whereas bulk
samples were synthesised by solvothermal reaction of cadmium
nitrate and HImibz in N,N-dimethylformamide (DMF) (see ESI†
for procedure details). SCXRD data revealed that X-dia-2-Cd-
a (Fig. 3a) had crystallised in the orthorhombic space group
Pnna with one cadmium cation and one Imibz ligand in the
asymmetric unit. Each Cd2+ cation coordinates to four carbox-
ylate oxygen atoms from two Imibz linkers and two nitrogen
atoms from two additional Imibz linkers, therefore serving as
a 4-connected molecular building block (MBB). The pseudote-
trahedral MBBs in X-dia-2-Cd (Fig. 3b) served as nodes in ada-
mantoid cages (Fig. 3c) that in turn generated a dia topology
coordination network with 8-fold interpenetration. A Connolly
map51,52 of the guest accessible volume (1.325 Å probe radius,
corresponding to the kinetic diameter of a water molecule)
revealed corrugated channels when viewed along the crystallo-
graphic c-axis accounting for 47% (2344 Å3) of the unit cell
volume (see Table S2† for Connolly surface). Although guest
molecules could not be crystallographically resolved, FTIR data
indicate the presence of DMF molecules in the pores of X-dia-2-
Cd-a (Fig. S1 and S2†). Calculated and experimental PXRD
patterns of X-dia-2-Cd-a are in good agreement, suggesting bulk
phase purity (Fig. S3†).

To investigate its hydrolytic stability, X-dia-2-Cd-a was
immersed in water. Although crystallinity was retained,
a different PXRD pattern with prominent peaks undergoing
a shi to higher 2q values was observed, indicating that struc-
tural transformation to a smaller unit cell had occurred. In
addition to the lateral shis, there were new PXRD peaks at 8.9°,
17.8° and 21.4° 2q (Fig. 3d and S3†). The new phase, X-dia-2-Cd-
b, was also studied by SCXRD. Comparison of the structures of
X-dia-2-Cd-a and X-dia-2-Cd-b collected at 100 K revealed that,
although the space group was unchanged, X-dia-2-Cd-b had
undergone contraction of the a and c-axes (by 23% and 33%,
respectively) and expansion (by 34%) of the b-axis. Conse-
quently, the void space had reduced to 15.5% (533 Å3) and X-dia-
2-Cd-b may be classied as a narrow-pore phase. Despite the
reduction in guest accessible space, two fully occupied and two
partially occupied (0.5, 0.5) water molecules were crystallo-
graphically located (Fig. 3a). The water molecule contact
distances (O1C/O1D = 2.615 Å) are consistent with hydrogen
bonding. H-bonding contacts with the host framework were
also observed (O1B/O1 = 2.752 Å, O1A/N1A = 3.051 Å).
Positional disorder of the aromatic ring and imine bond of the
Imibz linker in X-dia-2-Cd-b over two general positions (with
site occupancies of 0.58 : 0.42, Fig. S4†) is consistent with the
disordered water molecules. The experimental PXRD is in good

Fig. 1 Schematic of adsorption isotherm types exhibited by rigid MOFs
(left) and FMOMs (right). Rigid MOFs typically exhibit type I (orange) or
S-shape (blue) isotherms whereas FMOMs tend to exhibit S-shape
isotherms (green) resulting from structural transformation(s).

Fig. 2 4-((4-(1H-Imidazol-1-yl)phenylimino)methyl)benzoic acid
(HImbz), the linker ligand used to synthesise X-dia-2-Cd.
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agreement with that calculated from the SCXRD determined
structure of X-dia-2-Cd-b (Fig. 3d).

Thermogravimetric analysis (TGA) revealed that X-dia-2-Cd-
a loses guest molecules below 473 K with no further weight loss
until ca. 650 K (Fig. S5†). A TGA experiment on X-dia-2-Cd-
b (Fig. S5†) showed an initial mass loss of 10 wt% below 373 K,
corresponding to 4 water molecules per formula unit, and
a decomposition temperature of ca. 630 K. A series of variable
temperature PXRD (VT-PXRD, 298–473 K) experiments under
dynamic vacuum and nitrogen ow were performed (see ESI†
for details) to study the thermal stability of X-dia-2-Cd. Exposure
of X-dia-2-Cd-a powder to a continuous nitrogen ow for 20
minutes at 298 K triggered a structural transformation accom-
panied by peak shis to higher 2q values (Fig. S6†). Further
heating resulted in additional changes, which were complete by
373 K and indicated formation of a new phase, X-dia-2-Cd-g.
With additional heating up to 473 K, the PXRD of X-dia-2-Cd-g
remained unchanged. Similarly, when a powdered sample of X-

dia-2-Cd-b was exposed to either vacuum or nitrogen ow
(Fig. S7–S9†), conversion to X-dia-2-Cd-g occurred within 20
minutes with no notable change upon heating to 473 K. The
phase transformation of X-dia-2-Cd-b to X-dia-2-Cd-g was
shown to be reversible simply by exposing the X-dia-2-Cd-g to
ambient laboratory air for 20 minutes. To determine the crystal
structure of X-dia-2-Cd-g, a single crystal of X-dia-2-Cd-b was
glued to a glass bre and exposed to a continuous ow of
nitrogen at 333 K. Under such conditions, the crystal was
exposed to 2.3% RH and SCXRD data were collected (see ESI†
for experimental details). Although the crystal structure of X-
dia-2-Cd-g retained the same space group as X-dia-2-Cd-b,
further contraction in the a and b axes (14% and 4%, respec-
tively), additional expansion (13%) in the c-axis, and contraction
of the pore volume by 6% (to 9.1%, 291 Å3) had occurred (Table
S1†). The resulting narrow channels exhibit a pore limiting
diameter of 2.96 Å and the largest sphere diameter was observed
to be 4.13 Å.54 Although no guest molecules could be

Fig. 3 (a) Crystal packing diagrams illustrating the reversible structural transformations between the three phases of X-dia-2-Cd. The water
molecules located in the channels of X-dia-2-Cd-b are presented in space-fill mode; (b) the tetrahedral MBB present in X-dia-2-Cd-a showing
the coordination mode for the bi-functional Imibz linker ligand; (c) the adamantoid cage of X-dia-2-Cd-a, hydrogen atoms are omitted for
clarity; (d) overlaid experimental and calculated PXRD patterns for the three SCXRD characterised phases of X-dia-2-Cd.

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 9691–9699 | 9693
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crystallographically located, the residual electron density anal-
ysis, as implemented by SQUEEZE,55 indicated the presence of
half a water molecule per asymmetric unit. The PXRD pattern
calculated for X-dia-2-Cd-g was found to be in good agreement
with the experimental PXRD pattern (Fig. 3d and S3†).

Although the MBB remained unchanged during these
transformations, comparison of the SCXRD structures of the
three phases revealed that the coordination environment of Cd
had undergone considerable change. The pseudotetrahedral 6-
coordinated Cd centres exhibited s04 ¼ 0:81 for X-dia-2-Cd-a,
s04 ¼ 0:68 for X-dia-2-Cd-b, and s04 ¼ 0:90 for X-dia-2-Cd-g,
indicating that the coordination centre of the guest-free phase
is closest to ideal tetrahedral geometry (Table S2†).56 A CSD
survey of Cd pseudotetrahedral coordination environments in
the dia TTO subset and 0D CSD subset (search parameters are in
SI) revealed that X-dia-2-Cd-a is close to the average tetrahedral
geometry index among reported materials, while X-dia-2-Cd-
b and X-dia-2-Cd-g are below and above the mean, respectively
(Fig S10 and S11†). Another notable difference was found in the
N–Cd–N/CCOOH–Cd–CCOOH angles; 102°/116°, 112°/140° and
108°/116° for X-dia-2-Cd-a, X-dia-2-Cd-b and X-dia-2-Cd-g,
respectively (Table S3†). Distortion of the Imibz linkers also
occurred during the phase transformations, the dihedral angle
formed by the benzoate plane and the imidazole plane
increasing from 28° in X-dia-2-Cd-a, to 63°/67° in X-dia-2-Cd-
b and 64° in X-dia-2-Cd-g. These in turn resulted in distortions
of the adamantanoid cages of the dia networks, with Cd–Cd–Cd
angles of 106°/117°, 123°/138°, and 72°/130° for X-dia-2-Cd-a, X-
dia-2-Cd-b and X-dia-2-Cd-g, respectively (Table S3†).

Water vapour sorption

To investigate properties relevant to AWH, Dynamic Vapour
Sorption (DVS) data were collected aer activating a microcrys-
talline sample of X-dia-2-Cd-b under dry air ow at 333 K,
thereby inducing transformation to X-dia-2-Cd-g. The water
vapour sorption isotherm was collected at 300 K. Fig. 4a shows
that a type F-II20 reversible isotherm with negligible hysteresis at
low RH. Aer an initial uptake of 2 wt% (ca. one water molecule
per formula unit, Table S4†), a sudden and pronounced
inection at 18% RH occurred, resulting in adsorption of an

additional 13 wt% (total 293 cm3 cm−3, or ca. ve water mole-
cules per Cd(Imibz)2 unit at 95% RH). The desorption prole
revealed negligible hysteresis during gate-closing and desorp-
tion was completed at 17% RH. The isotherms collected at 313 K
and 333 K showed a shi of the inection point to higher RH,
25% and 27% RH respectively (Fig. S12 and S13†). Positions of
these inection points at different temperatures were used to
determine enthalpy of phase transition of X-dia-2-Cd-g to X-dia-
2-Cd-b induced by water sorption. The enthalpy was found to be
−53.3 ± 4.4 and 54.6 ± 3.9 kJ mol−1 for adsorption and
desorption respectively (Fig S14 and S15†), which corresponds
well with enthalpy of water vapor sorption for rigid MOMs (Fig
S16 and S17†).31,36–38,57

To date, the number of FMOMs exhibiting S-shaped water
sorption isotherms with inections below 30% RH (typical
ambient RH at arid conditions) remains small. Our review of the
literature revealed 32 structures with S-shape water vapour
isotherm driven by structural transformation (see Table S6† for
details), 13 of which exhibited an inection point below 30%
RH. This review of the literature revealed only two dia networks
with S-shape isotherms triggered by a water-induced trans-
formation, JUK-8 39 and [Co(HL)2]$2H2O.50

The water vapour sorption kinetics of X-dia-2-Cd was evalu-
ated using 0 to 30% RH and 0 to 60% RH humidity swing
experiments conducted using a DVS instrument. Kinetics data
was tted with a sorption isotherm-based kinetic model
recently published by us58 (Fig. S18 and 19†). For X-dia-2-Cd
with an isotherm inection at 18% RH, the model predicted fast
desorption relative to adsorption for 0–30% RH humidity
swings and fast adsorption relative to desorption for 0–60% RH
humidity swings. The experimentally measured kinetics for
a 12.2 mg sample revealed 40 min adsorption vs. 30 min
desorption and 15 min adsorption vs. 30 min desorption
respectively, for the two humidity swing conditions.

The recyclability of X-dia-2-Cd was evaluated by cycling
a sample from 0 to 60% RH for 50 cycles at 300 K (Fig. S20†).
Under such conditions, X-dia-2-Cd retained its working capacity
of 12 wt%. Furthermore, to evaluate the sorbent performance
and stability, temperature-humidity swing cycling was per-
formed (300 K, 60% RH to 333 K, 0% RH). Fig. 4b reveals that X-
dia-2-Cd maintained working capacity of 12 wt% for 128 cycles.

Fig. 4 (a) Water vapour sorption isotherms for X-dia-2-Cd-g measured at 300 K; (b) cycling experiment for X-dia-2-Cd-g under temperature-
humidity swing conditions (300 K, 60% RH to 333 K, 0% RH).

9694 | J. Mater. Chem. A, 2023, 11, 9691–9699 This journal is © The Royal Society of Chemistry 2023
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To the best of our knowledge X-dia-2-Cd is only the second
FMOM, aer [Cu(HQS)(TMBP)],40 conrmed to exhibit hydro-
lytic stability over 100+ temperature-humidity swing cycles of
water vapour sorption. Whereas rigid MOFs are being explored
as candidates for AWH, exible MOFs are typically considered
to be unsuitable, mainly because of concerns over kinetics and
mechanical stress. To the best of our knowledge, X-dia-2-Cd is
the rst exible MOF that meets all 4 of the main criteria for
utility in AWH (Table S6†): an S-shape isotherm with inection
point below 30% RH; negligible hysteresis (<5 RH%); mild
regeneration temperature (333 K); hydrolytic stability during
temperature-humidity swing cycles for 100+ cycles.

Gas sorption and in situ coincident PXRD

The observed structural exibility of X-dia-2-Cd prompted us to
also investigate its gas sorption properties. A bulk sample of X-
dia-2-Cd-b was heated at 373 K under vacuum to afford X-dia-2-
Cd-g; gas sorption isotherms were recorded for N2 at 77 K and
for CO2 and C2H2 at 195 K (Fig. 5). At 77 K, X-dia-2-Cd did not
exhibit N2 uptake, which agrees with the calculated pore
limiting diameter of X-dia-2-Cd-g (2.96 Å) and the kinetic
diameter of N2 (3.64 Å).59 The CO2 and C2H2 gas sorption
isotherms collected at 195 K revealed stepped type F-II behav-
iour.20 For CO2, initial loading of ca. 25 cm3 g−1 of CO2 was
followed by a sharp inection at 0.06 bar, aer which an addi-
tional 65 cm3 g was adsorbed. To gain further insight, we per-
formed in situ PXRD during CO2 sorption at 195 K (Fig. 6 and
S21†). At 0.3041 bar, X-dia-2-Cd-g adsorbed 25 cm3 g−1 of CO2

without any signicant structural changes, consistent with
retention of X-dia-2-Cd-g at these conditions (Fig. S21†). As CO2

pressure increased, the formation of a new CO2 loaded phase, X-
dia-2-Cd-d, occurred, with a unit cell volume of 4627.17, 31%
larger than that of X-dia-2-Cd-g (Fig. S22†). Upon desorption,
the material reverted to X-dia-2-Cd-g. A similar isotherm shape
indicating a phase transition in X-dia-2-Cd upon CO2 sorption

was obtained during high pressure gravimetric CO2 experi-
ments at 273 K (Fig. S23†).

Gas sorption experiments at 273 K and 298 K were performed
for CO2, C2 gases (C2H2, C2H4, and C2H6) and C3 gases (C3H4,
C3H6, C3H8) (Fig. S24–S27†). In almost all cases, X-dia-2-Cd
showed a type I gas sorption isotherm below 1 bar, except in the
cases of C2H6 and C3H8, for which stepped isotherms were
observed. 298 K sorption data on X-dia-2-Cd revealed higher
uptake at 1 bar for C2H2 (30 cm3 g−1) than for CO2 (10 cm3 g−1).
A dynamic column breakthrough experiment conrmed sepa-
ration of C2H2 from a C2H2/CO2 1 : 1 v:v mixture by X-dia-2-Cd
(Fig. S28†), although the separation factor is lower than that
predicted by IAST (Fig. S29,† aAC = 2.32 from breakthrough
experiment vs. 174 from IAST calculation). We attribute this
performance to the structural exibility of X-dia-2-Cd and co-
adsorption in the more open phase(s).60

General discussion of why dia networks are common and
attractive for study including CSD data mining

Diamondoid networks seem well-suited for crystal engineering
of new FMOMs because of the factors that are likely to facilitate
structural exibility, e.g. low coordination number and inter-
penetration, which can stabilise large pores. From the
perspective of crystal engineering of dia networks, our analysis
of TOPOS TTOXCSD4,61 databases (Fig. S30, see ESI† for details)
revealed that, in the case of single-linker dia networks, in
addition to bi-functional N-donor + carboxylate linkers such as
HImibz (213 structures), prospective families include dia
networks based on N-donor linkers (209 structures), and
dicarboxylate linkers (167 structures) (Fig. S30†). A mixed-linker
crystal engineering approach was recently proven successful for
the development of sorbents with sql network topologies,62 and
appears promising for dia type networks as well, as there are 566
mixed-linker networks containing both N-donor (e.g. 4,4′-
bipyridine) and dicarboxylate (e.g. 1,4-benzenedicarboxylate)
linkers (Fig. S30†).16,45,61 Interpenetration is a common

Fig. 5 Gas sorption on X-dia-2-Cd-g: C2H2 at 195 K (green), CO2 at
195 K (red) and N2 at 77 K (blue).

Fig. 6 In situ PXRD measured during adsorption of CO2 on X-dia-2-
Cd-g at 195 K.

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 9691–9699 | 9695
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characteristic of dia networks due to their topological features
and their relatively large cavities, pores and channels. While
porous non-interpenetrated networks tend to be structurally
unstable, interpenetration of dia nets decreases the free volume
and increases the density of the network, sometimes elimi-
nating porosity if the degree of interpenetration is high enough.
Our analysis of network interpenetration in dia networks using
TOPOS62 revealed that MOFs based on mixed-linkers or bi-
functional (N-donor + carboxylate) linkers are more likely to
interpenetrate, while MOF based on other linkers tend towards
generating non-interpenetrated networks (Fig. S31–S35†). We
also found that most mixed-linker dia nets exhibit little or no
void space (Fig. S31†).

Despite the amenability of dia networks to crystal engi-
neering discussed above, our analysis of dia MOFs in the (CSD
database)X(TTO database) shows that, out of the 1973 reported
structures, only 116 (<6%) were subjected to sorption studies.
Whilst the majority of the dia nets studied for sorption are rigid
compounds with Type I isotherms, 29 demonstrated structural
exibility during gas/vapour sorption (Table S9†). 11 of these
exible structures are based on mixed linkers, the remainder
are single-linker structures, 10 being bifunctional. This data-
base and literature search indicates that dia networks remain
relatively understudied and suggests that more sorption studies
are needed in order to properly evaluate their potential for gas
and vapour-related applications.

Conclusions

We herein report the new MOF X-dia-2-Cd, that, despite a high
level of interpenetration (8-fold), underwent reversible trans-
formations with signicant change of accessible void space
between the as-synthesised phase (47%), water loaded phase
(15.5%) and activated phase (9.1%). Despite this high level of
structural exibility, X-dia-2-Cd retained crystallinity for all
phases, which were characterised by XRD studies in order to
obtain structural insight into the host–guest interactions,
ligand contortions and coordination environments that
enabled this structural exibility.

Perhaps the most salient aspect of this work concerns what it
says about the potential utility of FMOMs. In particular, we
provide a proof-of-concept that structurally exible water
sorbents can meet the key performance criteria for a water
sorbent to become a viable candidate for AWH: S-shape
isotherm with an inection at low RH; negligible hysteresis;
low temperature of regeneration; hydrolytic stability over
extended cycling. We consider it likely that the crystal engi-
neering approach outlined herein would be feasible to develop
families of related structurally exible materials improve
working capacity and tune threshold RH for other water vapour
sorption applications, studies concerning which are currently
underway.
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Atmospheric Fresh Water Capture and Heat Transfer with
a Material Operating at the Water Uptake Reversibility
Limit, ACS Cent. Sci., 2017, 3, 668–672.

35 S. M. Towsif Abtab, D. Alezi, P. M. Bhatt, A. Shkurenko,
Y. Belmabkhout, H. Aggarwal, Ł. J. Weseliński, N. Alsadun,
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