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The discrete molecular nature of porous organic cages (POCs) has allowed us to direct the formation of
crystalline materials by crystal engineering. It has also been possible to create porous amorphous solids
by deliberately disrupting the crystalline packing, either with chemical modification or by processing.
More recently, organic cages were used to form isotropic porous liquids. However, the connection
between solid and liquid states of POCs, and the glass state, are almost completely unexplored. Here, we
investigate the melting and glass-forming behaviour of a range of organic cages, including both shape-
persistent POCs formed by imine condensation, and reduced and synthetically post-modified amine
POCs that are more flexible and lack shape-persistence. The organic cages exhibited melting and
quenching of the resultant liquids provides molecular glasses. One of these molecular glasses exhibited
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Accepted 28th April 2021 improved gas uptake for both CO, and CH, compared to the starting amorphous cage. In addition,
foaming of the liquid in one case resulted in a more stable and less soluble glass, which demonstrates

DOI 10.1039/d1ta01906f the potential for an alternative approach to forming materials such as membranes without solution
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Introduction

Porous materials such as metal-organic frameworks (MOFs)
and covalent organic frameworks (COFs) have widespread
applications such as gas storage, separations, and catalysis.
Highly crystalline porous solids with precisely defined pore
structures capable of selective host-guest interactions have
provoked attention as ‘designable’ materials."* However, long-
range order is not a pre-requisite for practical utility. Indeed,
amorphous, or disordered solids are employed across the
materials spectrum in a diverse range of applications. For
example, organic polymers have been studied intensively for
separations and catalysis,” and are used commercially in sepa-
ration membranes, and inorganic glasses have found uses in
display technologies and communications.®

Several prototypical reports have recently emerged that
connect emerging families of porous materials with topological
disorder.”® The search for new porous materials® has led to the
study of the liquid states of both metal-organic cages' and
MOFs." In the Ilatter case, several zeolitic imidazolate
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frameworks (ZIFs) were melted at ca. 400 °C, and the resultant
liquids cooled to form materials with no long range order, but
which nonetheless retain the short range connectivity of the
crystalline solid-state; that is, glasses.”"* The formation of melt-
quenched glasses from the liquid state offers some advantages
over the crystalline solid state, including the ability to cast
materials into transparent, bulk, mechanically-stable
morphologies. In theory, a melt-quenched glass, or ‘frozen-
liquid’ may be formed by cooling any liquid sufficiently quickly
enough to avoid reordering.*** Glasses are distinguished from
the more general family of amorphous solids by exhibiting
a glass transition temperature, Ty; that is, a temperature or
temperature range over which material behaviour changes from
a solid to a liquid.

In this context, we consider the emerging category of porous
materials known as porous organic cages (POCs). POCs are
discrete shape-persistent molecules that contain a permanent
cavity accessible through windows, which have been investi-
gated as both crystalline and amorphous solids and, more
recently, as porous liquids (Fig. 1).'**® They are often syn-
thesised using analogous dynamic covalent chemistries to
those used to assemble COFs, such as imine condensations.
However, unlike extended porous frameworks, such as COFs
and MOFs, the discrete nature of POCs makes them soluble,
meaning that the packing of the individual cages can be
directed using solvent to access crystalline solids with different
interconnected pore networks; that is, to produce different
porous polymorphs. Alternatively, the crystal packing can be
disrupted and POCs can be rendered amorphous, which can
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(a) Structures of the organic cages studied for melting and glass formation — all cages are initially formed as a tetrahedral [4+6] cycloimine

cage (CC1, CC3-S, nCs-CCQC) by the reaction between 1,3,5-triformylbenzene (4 equiv.) and a vicinal diamine (6 equiv.); RCC3-S is formed by
reducing CC3-S, AT-RCC3-S is formed by subsequent aminal formation between acetone and RCC3-S, and RCC1b is formed by the chemical
reduction of CC1 and the subsequent formation of a dodecaamide cage. (b) Crystalline solid, amorphous solid, and isotropic porous liquid states,
of porous organic cages are known; the liquid phases can be categorized as Type 1, Type 2, or Type 3; in this study, Type 1 solvent-free POC

liquids are investigated.

sometimes result in increased porosity with respect to the
crystalline state.™?° This solution processability also means that
POCs can be processed into different physical forms, such as
thin films and membranes.*** However, this typically requires
the use of solvent to cast films onto various supports, or the use
of a polymeric additive to form mixed-matrix membranes,** and
not all POCs have good solubility in common organic solvents.

POCs can also be modified and processed into porous
liquids; that is, liquids with permanent intrinsic microporosity.
Since the initial conceptualisation of porous liquids in 2007,*
POCs have been the basis of investigations into both Type 1
porous liquids (that is, neat liquids formed from molecules
containing permanent cavities) and Type 2 porous liquids (that
is, solutions of a porous material in a cavity-excluded
solvent).’”>**” For Type 1 porous liquids, and of particular
relevance to this work, POCs that were externally decorated with
alkyl groups were synthesised in an attempt to form neat liquid
POCs, although a neat Type 1 porous liquid was not fully real-
ised due to interpenetration of the alkyl chains into the cage
cavities.”®** Moreover, while melting points were reported, the
potential glass-forming behaviour of these alkylated POCs was
not investigated.

Alongside the formation of melt-quenched glasses from
porous frameworks, molecular organic glasses have seen
increased attention over the past 20 years due to their applica-
tions in electronic and optoelectronic devices.** Bringing
together several characteristics of molecular species, including
their small size, well-defined structure, and high purity,*
molecular glasses have shown benefits such as higher resolu-
tion,** higher device efficiency, and increased stability.** While
there are many examples of molecular organic glasses, their
formation from molecular organic cages with a permanent
cavity has not been studied to date. Here, we studied the
formation and properties of molecular glasses from melt-
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quenched organic cage liquids. We suggest that this strategy
may be a new, complementary route to functional materials
such as membranes.

Experimental

Materials
1,3,5-Triformylbenzene (TFB) and (1S,2S)-cyclohexane-1,2-
diamine (S,S-CHDA) were purchased from Manchester

Organics; trifluoroacetic acid (TFA) was purchased from TCI UK;
sodium borohydride, sodium sulfate, and ethylenediamine
(EDA), triethylamine, napthoyl chloride, and formic acid were
purchased from Sigma-Aldrich. Dichloromethane (DCM),
methanol, chloroform, acetone, and hexane were reagent or
HPLC grade and purchased from Fisher Scientific. (6S,7S)-
Dodecane-6,7-diamine was synthesised following a literature
procedure®® via a diaza-Cope rearrangement and hydrolysis
using (1R,2R)-1,2-bis(2-hydroxyphenyl)ethylenediamine and
hexanal from Sigma-Aldrich, and toluene, 37% hydrochloric
acid, and tetrahydrofuran (THF) from Fisher Scientific. All gases
(nitrogen, carbon dioxide, methane, xenon, butane) were
purchased from BOC at a purity of =99.9%. All chemicals and
solvents were used as received without any purification.

Synthesis of organic cages

Full synthetic protocols and characterisation data can be found
in the ESL.}

RCC3-S is synthesised by reducing CC3-S, and AT-RCC3-S is
formed by subsequent aminal formation between acetone and
RCC3-S, following modified literature procedures.”*** DCM was
added onto TFB (4.0 equiv.) without disturbing the solid, fol-
lowed by a drop of TFA, and then a solution of S,S-CHDA (6.0
equiv.) in DCM was carefully layered on top. The reaction was
left undisturbed at room temperature for 5 days, and the

This journal is © The Royal Society of Chemistry 2021
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crystals of CC3-S were collected by filtration, washed with
methanol, and dried under vacuum. To a solution of CC3-S (1.0
equiv.) in a 1 : 1 mixture of chloroform : methanol was added
sodium borohydride (32.0 equiv.) under nitrogen. The resulting
mixture was stirred at room temperature for 1 day, before being
quenched with water and concentrated by rotary evaporation.
After isolation by aqueous work-up and rotary evaporation,
RCC3-S was isolated as a pale yellow foam. To form AT-RCC3-S,
RCC3-S was dissolved in acetone and left to stand at room
temperature overnight. The colourless crystals of AT-RCC3-S
were collected by filtration and washed with acetone, and dried
under vacuum.

nCs-CC is synthesised by refluxing a solution of TFB (4.0
equiv.) and (6S,7S)-dodecane-6,7-diamine®® (7.2 equiv.) in chlo-
roform for 6 days. After concentration on a rotary evaporator,
acetone was added to precipitate a solid which was collected by
filtration. The solid was then redissolved in a 1 : 1 mixture of
dichloromethane/methanol, filtered, and the dichloromethane
carefully removed under reduced pressure until an off-white
solid precipitates. The nCs-CC is collected by filtration and
dried under vacuum.

RCC1b is synthesised by first reducing CC1 to form RCC1,
and RCC1b is then formed by forming a dodecaamide between
RCC1 and napthoyl chloride, following modified literature
procedures.* To a cooled solution (0 °C) of TFB (4.0 equiv.) in
DCM was added a solution of EDA (6.1 equiv.) in DCM over 48
hours. After filtering and concentration on a rotary evaporator,
hexane was added to precipitate CC1 which was collected by
filtration. To a solution of CC1 (1.0 equiv.) in a 1 : 1 mixture of
chloroform : methanol was added sodium borohydride (32.0
equiv.) batchwise under nitrogen. The resulting mixture was
stirred at room temperature for 18 hours, before being
quenched with water and concentrated by rotary evaporation.
The resulting solid was sonicated in chloroform, and the filtrate
was collected and dried using a rotary evaporator to afford RCC1
as a colourless foamed solid. RCC1b was formed through the
addition of triethylamine (15.0 equiv.) to a solution of RCC1 (1.0
equiv.) in chloroform under nitrogen at 0 °C. To this solution
napthoyl chloride (12.6 equiv.) was added dropwise and the
reaction was warmed to room temperature and stirred for 6
days, before concentration by rotary evaporation. THF was then
added to the crude material and the slurry was sonicated before
being filtered. The filtrate was concentrated by rotary evapora-
tion and then stirred in MeOH, with the filtrate then decanted
off, before the washing was repeated a further 4 times. The
washed solid was collected by filtration and dried under
vacuum to afford RCC1b.

Preparation and scale-up of glasses

Samples of each cage glass were prepared by subjecting the
different as-synthesised organic cages to a heat-cool or heat-
cool-heat cycle on a DSC using a ramp rate of 10 °C min ™" up to
the required temperatures (20 °C below T4 temperature, iden-
tified by TGA) before being cooled at the same rate. The glasses
were subsequently analysed by PXRD, Raman spectroscopy, "H

This journal is © The Royal Society of Chemistry 2021
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NMR spectroscopy, and SEM, before being subjected to high-
throughput gas sorption measurements.

For the scale-up of the glasses formed from RCC3-S, a,RCC3-
S and a;RCC3-S, a batchwise approach was used. This was
achieved by heating 10 samples of ~10 mg RCC3-S in separate
aluminium DSC pans at 10 °C min ™" to either 250 °C (¢,RCC3-S)
or 300 °C (agRCC3-S), before cooling at 10 °C min ' to room
temperature. Samples were then removed from the aluminium
pans and combined to recover a,RCC3-S (42 mg) and a;RCC3-S
(84 mg) which were analysed by PXRD and gas sorption.

High-throughput gas sorption

High-throughput gas sorption was performed on a custom
platform. A thermal camera is mounted above a sorption
chamber and records the temperature change associated with
gas adsorption/desorption. Samples were loaded into a 96-well
ProxiPlate and degassed under vacuum whilst heating at 80 °C
overnight and then left to equilibrate at 25 °C and maintained
with a temperature-controlled oil heating unit. Whilst
recording, the adsorbate gas is charged into the sorption
chamber with approximately a 70 mbar dose. Samples were left
to equilibrate for approximately 3 minutes before consecutive
dosing. Data interpretation - 7 empty wells were averaged and
used as a temperature change reference. This reference value
was deducted from the measured temperature change in the
sample wells giving temperature change in the samples. The
activation temperature of the cages was determined with ther-
mogravimetric analysis.

Characterisation methods

NMR. Solution 'H NMR in CDCl; were recorded at 400 MHz
using a Bruker Avance 400 NMR spectrometer.

High resolution mass spectrometry (HRMS). Electrospray
ionisation (ESI) HRMS of samples were taken on an Agilent
Technologies 6530B accurate mass QTOF Dual ESI system.

Elemental analysis. Elemental analysis of CHN was per-
formed by the University of Liverpool's Department of Chem-
istry analytical services.

Thermogravimetric analysis (TGA). The thermal stability of
the organic cages was probed on a PerkinElmer TGA 8000 with
an automated vertical overhead thermobalance. The samples
were heated in ceramic pans to 600 °C at 10 °C min~* under
a flow of N,.

Differential scanning calorimetry (DSC). The thermal
behaviour of the organic cages was probed on a TA instruments
Discovery DSC or a TA instruments Q2000. Samples were
equilibrated at 20 °C before being heated in Tzero aluminium
pans with lids to the desired temperature at 10 °C min~ " under
a flow of N, (50 mL min~") and held for 5 minutes, before
cooling at the same rate of 10 °C min~".

Melting points. The melting behaviour of the organic cages
was visually monitored using Stuart SMP10 digital melting
point apparatus and are reported uncorrected.

Powder X-ray diffraction (PXRD). PXRD data were collected
in transmission mode on samples held on a black opaque 96-
shallow well microplate (ProxiPlate-96 Black) on a Panalytical

J. Mater. Chem. A, 2021, 9, 19807-19816 | 19809
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X'Pert PRO MPD equipped with a high-throughput screening
(HTS) XYZ stage, X-ray focusing mirror and PIXcel detector,
using Ni-filtered Cu Ko radiation. Data were measured over the
range 4-40° in ~0.013° steps over 60 minutes.

Raman. Raman spectroscopy was performed on a Renishaw
InvVia™ Qontor® microscope. Samples were mounted on
a metal slide. Samples were irradiated with two different
wavelengths, 532 nm and 785 nm.

Scanning electron microscopy (SEM). SEM images were
taken on a Hitachi S4800 SEM. Samples were prepared by
depositing nanocrystals onto an adhesive high-purity carbon
tab on 15 mm Hitachi aluminium stubs, and coated in chro-
mium before imaging.

Optical microscopy. Optical images were taken using
a camera on an Olympus BX53 microscope.

Optical DSC and imaging station. The broad melting
behaviour of RCC3-S was recorded using a Linkam Scientific
Optical DSC450 and imaging station.

Gas sorption analysis. All samples were degassed at 90 °C for
15 hours prior to analysis. Porosity of the materials was
assessed via nitrogen physisorption at 77 K using a Micro-
meritics 2020 volumetric adsorption analyser. Apparent surface
areas were calculated from the data using the Brunauer—
Emmett-Teller (BET) method. CH,4, CO,, and Xe isotherms were
collected using the same equipment at 273 K.

Results & discussion
Materials selection

Many POCs undergo thermal decomposition before any solid-
liquid transitions occur.”®***” To induce melting, a number of
design strategies can be used: for example, imine bonds in the
cage can be reduced to more stable amines, and optionally post-
modified, or alkyl functionalities can be introduced onto the
periphery of the cage during synthesis to lower the melting
point, Tp,. Reduction of the imine bonds tends to yield cages
that are more flexible, often leading to the loss of shape-
persistence and, hence, loss of porosity. However, porosity
can be re-introduced by subsequent reaction of the amines to
form more rigidified aminals or amides.**** While increasing
the alkyl group length was reported to lower T, in POCs,*
computational modelling suggested that the longer alkyl chains
begin to occupy the cavities of neighbouring cages, reducing the
porosity. One exception to this was a pentyl substituted cage
that was predicted to result in a porous liquid with 30% of the
cages empty at any given time, although this was not demon-
strated experimentally.*

View Article Online
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Bearing these design criteria in mind, we synthesized a range
of structurally related organic cages, including RCC3, AT-RCC3,
nCs-CC (pentyl decorated covalent cage), and RCC1b (Fig. 1a)
(see ESI Methodst) and studied them using a combination of
powder X-ray diffraction (PXRD), thermogravimetric analysis
(TGA), and differential scanning calorimetry (DSC).>”**** The
presence of different exterior functionalities was explored (that
is, no functionalization versus alkyl groups versus aromatic
groups), along with the effect of molecular flexibility (shape-
persistent imine cages versus reduced, more flexible cages),
and the influence of chemical stability (that is, reversible imine
bonds versus more stable amine and amide cages). This allowed
us to map out the key chemical and structural parameters in the
liquid and glass formation for POCs.

Melting and glass behaviour

Characterisation of the various cages by "H NMR spectroscopy,
high resolution mass spectrometry (HRMS), and elemental
analysis revealed high purity samples in each case (ESI Fig. 1-
10t). All as-synthesised cages were found to pack into amor-
phous arrangements when isolated by either rapid solvent
evaporation or rapid precipitation using solvent exchange, with
the exception of AT-RCC3-S, for which the PXRD indicated some
crystallinity (ESI Fig. 11-157). Thermogravimetric analysis
(TGA) was then performed after first activating the four samples
to remove solvent (see ESI Methodst). Featureless TGA traces
were identified, up to decomposition temperatures (Tg) in
excess of 270 °C (Table 1, ESI Fig. 16-197), suggesting that
essentially all solvent had been removed. DSC was carried out
on all samples, revealing complex behaviour upon heating.
Specifically, DSC scans of RCC3-S, AT-RCC3-S, nCs-CC, and
RCC1b contained unexplained endothermic features prior to
thermal decomposition. For example, a broad endotherm was
noted for RCC3-S over the temperature range 100-200 °C, before
a second, much sharper endotherm at ca. 270 °C occurred, prior
to the onset of mass loss (ESI Fig. 207). The corresponding data
for AT-RCC3-S and RCC1b showed endothermic features start-
ing at ca. 130 °C and ca. 230 °C, respectively (ESI Fig. 21 and
22%). The DSC scan for the nCs-CC sample also displays an
endotherm, this time at ca. 140-170 °C, immediately followed
by a sharp exotherm at 190 °C (ESI Fig. 237) - alongside being
insoluble, subsequent PXRD analysis of the material after this
exotherm indicated that the material was still amorphous (ESI
Fig. 147%), suggesting that this feature in the DSC may be
indicative of conversion of the cage species to an insoluble
polymeric network via cross-linking due to the inherent

Table 1 Summary of the thermal decomposition onsets (Ty) from TGA, melting point ranges (T,,) based on visual observations and DSC, and

glass transitions (Tg) from DSC, for a range of organic cages

Organic cage Ta/°C Tm/°C Tg/°C Notes

RCC3-S ca. 300 100-200 138 Second sharp endotherm at 270
°C

AT-RCC3-S 350 150-250 138 —

RCC1b 300 150-250 150 —

nCs-CC 280 170-190 N/A Sharp exotherm at 190 °C

19810 | J Mater. Chem. A, 2021, 9, 19807-19816
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dynamic nature of the imine bonds, prior to the onset of mass
loss observed by TGA.

To unambiguously identify these endothermic features as
melting transitions, Ty, the sample morphology was monitored
in melting point apparatus upon heating from room tempera-
ture. Melting to macroscale liquid states was observed in each
case, at temperatures corresponding to the endothermic
features in the DSC scans (Table 1). The melting point ranges
were very broad (100 °C range) for the more flexible reduced
cages (RCC3-S, AT-RCC3-S, and RCC1b), especially when
compared to the more rigid imine cage nC5-CC (20 °C range).
This is thought to be due to the amorphous nature of the as-
synthesised solids (ESI Fig. 11-141), with crystalline organic
solids traditionally exhibiting much narrower melting points
due to the first order transition from crystalline material to
glass, especially since the characterisation of the different cages
suggested they were of high purity. Since there is no long-range
order in the amorphous organic cage solids, and arguably even
less order with the more flexible organic cages, the (kinetic)
transition from solid to liquid is consistent with the formation
of a macroscale liquid state. To illustrate the observed broad
melting behaviour, the behaviour of RCC3-S between 100-
200 °C is included as a video (ESI Video 1%). Interestingly,
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continued heating of the liquid formed from RCC3-S led to
foaming at 270 °C; that is, at a temperature corresponding to
the sharp endothermic feature in the DSC trace (ESI Fig. 207). As
discussed below, this foaming may be due to a thermally
induced polymerization reaction.

These observations were then used in a second series of DSC
experiments, where the four evacuated samples were heated to
temperatures just in excess of their melting point ranges,
though below their respective decomposition temperatures and
any apparent exotherms. The samples were then cooled back to
room temperature, and then reheated once more. The data for
RCC3-S show clearly a reversible glass transition at 138 °C
(Fig. 2a). Data for AT-RCC3-S and RCC1lb were similarly
unequivocal, although a glass transition was not observed for
nC;-CC (ESI Fig. 24-26). These data are summarized in Table 1.

The curious foaming behaviour of RCC3-S, associated with
a sharp endotherm at 270 °C, necessitated investigation of
a glass formed from cooling a sample above this temperature
(Fig. 2b). A Ty, for this foamed glass product was observed at an
identical temperature to that of the non-foamed glass; that is,
138 °C.

The higher T, of RCC1b (150 °C) is ascribed to the sterically
bulky external naphthyl-amide functionalisation on the cage

b) a,RCC3-S
04
02
g 0.0 g
> 2
S .02 S
w -
5 5
I -04- 2
064
.08
Exovp [, : ; . ; 0
50 100 150 200 250
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a,RCC3-5
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1000 pm

Fig.2 DSC traces and corresponding TGA curve (black) of RCC3-S subjected to heat—cool-heat (HCH) cycles to (a) 250 °C forming agRCC3-§,
and (b) 300 °C forming a,gRCC3-S. DSC traces: initial upscan shown as a solid red line, downscan as a blue line, and second upscan as a dashed
red line. Optical and SEM images of RCC3-S, a;RCC3-S, and a;gRCC3-S (c).
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(Fig. 1a); the near identical lower T, values for RCC3-S and AT-
RCC3-S (138 °C) can be ascribed to reduced exterior steric bulk.
The identical T, values for RCC3-S and AT-RCC3-S was ration-
alised by the internal aminal functionalisation in AT-RCC3-S
having no effect on phase transitions because it is buried in the
cage and not exposed to the surface of the molecule.

Glass structure and properties

The RCC3-S, AT-RCC3-S, and RCC1b samples recovered at room
temperature after melting remained amorphous, as did the
sample of RCC3-S recovered from the higher temperature (ESI
Fig. 11-13%). The nCs-CC sample post-melting, however, dis-
played Bragg peaks, indicative of crystallisation upon cooling
from the liquid state (ESI Fig. 141). Chemical analysis by "H
NMR spectroscopy (ESI Fig. 27-307) found the glass state of
RCC3-S, and the heated sample of nC5-CC, to be identical to the
starting cage materials (ESI Fig. 27 and 30t). While some peak
broadening was apparent for the glass state of RCC1b compared
to the starting cage material, this may be due to the sterically
bulky external naphthyl-amide functionalisation on the cage
(ESI Fig. 29t). However, the foamed glass state of RCC3-S was
completely insoluble in all solvents tested, suggesting the
formation of a polymeric glass (ESI Fig. 277). Additionally, AT-
RCC3-S was also found to be mostly insoluble, but "H NMR
spectroscopy of a small amount of material that dissolved in
solution initially suggested that the acetal functionality had
been lost and that the material had converted back to RCC3-S
(ESI Fig. 287); however, it has been previously reported that AT-
RCC3-S slowly converts back to RCC3-S over time in the same
solvents used for "H NMR analysis.* Therefore, both the start-
ing (amorphous) and glass phases of AT-RCC3-S were analysed
by Raman spectroscopy which indicated that the glass had
similar characteristics to the starting cage, confirming that the
AT-RCC3-S was still intact and had not converted to RCC3-S (ESI
Fig. 317).

Optical images confirmed that all samples underwent
appreciable flow during the melting process (Fig. 2c and ESI
Fig. 32-347}). RCC3-S, AT-RCC3-S, and RCC1b were all optically
transparent after melting, while nCs-CC contained a visible
crystalline component, correlating with the observation by
PXRD. Appreciable macroscopic differences were noticed
between the two samples of RCC3-S cooled from 250 °C and
300 °C: the latter had undergone foaming (Fig. 2¢). Scanning
electron microscopy (SEM) images were also collected, con-
firming these observations (Fig. 2c, and ESI Fig. 35-371). The
foaming coincides with conversion of RCC3-S to an insoluble
material when it is heated to the higher temperature; this was
presumed to be a polymeric network, based on the 'H NMR
analysis discussed above. This foaming and the corresponding
endotherm observed by DSC is likely due to the loss of a gas,
which could potentially be explained by polymerisation occur-
ring with the loss of a gaseous side product such as ethene,
compared to exothermic cross-linking to form a polymeric
network as observed with nCs-CC. Alternatively, the foaming
may be explained by the thermal release of strongly bound
gaseous guests, either from within the cage cavities
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(physisorption) or from a carbamate formed from CO, binding
with the free amines (chemisorption).

In line with previous terminology on the formation of glasses
by melt-quenching MOFs,** the glasses formed here are referred
to as a;RCC3-S, a,AT-RCC3-S, and a,RCC1b; the foamed glass is
referred to as ag,RCC3-S. Given the absence of any observable
glass behaviour in nCs-CC, this cage was not investigated
further.

High throughput thermal gas adsorption experiments (see
MethodsT) were carried out on the four glass samples, a,RCC3-
S, agRCC3-S, a,AT-RCC3-S, and q,RCC1b. Initially, CO,
measurements were carried out (Fig. 3a-d, ESI Fig. 38-417). The
quantity of CO, adsorbed by a,RCC3-S, a,AT-RCC3-S, and a,-
RCC1b was found to be substantially reduced, albeit not
completely lost for a,RCC3-S, compared to the amounts
adsorbed by the starting amorphous cage materials, demon-
strating a decrease in porosity upon glass formation. Subse-
quent experiments on these glasses, which had been reheated
above their respective Ty, indicated that no further reduction in
porosity occurred upon crossing the glass transition.

By contrast, the quantity of CO, adsorbed by a¢RCC3-S was
found to be greater than either RCC3-S or a,RCC3-S. In other
words, porosity was apparently increased in the foamed glass.
This motivated us to probe the uptake of this foamed glass for
a range of other gases. CH,, Xe, and nC,H,,, were selected
because they span a range of kinetic diameters***° - CO, = 3.3
A, CH, = 3.8 A, Xe = 3.96 A, nC,H,, = 4.3 A (Fig. 4a-c, ESI
Fig. 42-44%). This foamed glass was found to exhibit appre-
ciable uptake of all three gases, although as the kinetic diameter
of the gas increased, any difference between the three samples
(RCC3-S, a¢,RCC3-S, and reheated agRCC3-S) became much less
pronounced. Finally, we found that the permanent porosity of
the a¢RCC3-S sample was retained after 6 weeks, demon-
strating the stability of the glass phase (ESI Fig. 457).

Sorption studies

Since the preliminary results of the high-throughput thermal
gas uptake screen indicated that a¢RCC3-S was porous, the
formation of the foamed glass was scaled up for sorption
studies. Additionally, for comparison, the non-foamed glass
formed from RCC3-S was also scaled up (a,RCC3-S) and
compared to ag,RCC3-S, alongside the parent amorphous solid,
RCC3-S. For the scale-up procedure and DSC traces, see ESI
Methods and ESI Fig. 46.1 Sorption studies were carried out
using a range of gases including N, (77 K), CH, (273 K), CO, (273
K), and Xe (273 K) (Fig. 5 and ESI Fig. 47-517). None of the
materials exhibited high BET surfaces areas (RCC3-S 15 m* g,
a,RCC3-S 25 m> g, a;,RCC3-S, 13 m*> g '), although this is not
surprising given the lack of shape-persistence in the RCC3 cage
structure, leading to pore collapse as a result of the inherent
increased flexibility that occurs on reduction of the imine
bonds. Additionally, the pore size distributions were all similar
with no major changes observed in the foamed glass, although
the total pore volumes indicate that a,RCC3-S has the largest
pore volume (ESI Fig. 527), which is also supported by the much
larger hysteresis observed in the isotherms for a,RCC3-S

This journal is © The Royal Society of Chemistry 2021
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(Fig. 5). However, while it is difficult to draw quantitative
conclusions on the uptake behaviours in these low porosity
materials, for CO, and CH,, both @,RCC3-S and a¢RCC3-S
demonstrated increased uptakes over the starting amorphous
cage RCC3-S, albeit to differing degrees (Table 2). In particular,
a,RCC3-S took up substantially more CH,, even compared to
the a;RCC3-S, demonstrating an ~17 fold increase compared
to the starting amorphous cage. This contrasts with the high-
throughput gas adsorption screening experiments where that
indicated that ag,RCC3-S had an apparent increased porosity
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compared to both RCC3-S and a,RCC3-S, at least for CO,. This
most likely reflects the semi-quantitative nature of this high-
throughput screening approach, since differences in the
colour, plate well coverage, and specific heat capacity for each
sample can also affect the measured temperature increase. In
the case of Xe, both glasses exhibited a reduction in gas uptake
compare to RCC3-S: we believe that the Xe uptake in RCC3-S is
mostly due to extrinsic porosity that exists between cages in the
amorphous material, and this is reduced in the glasses due to
the formation of denser amorphous phases.
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Fig.4 High-throughput gas uptake measurements on RCC3-S and a;qRCC3-S: (a) CHy, (b) Xe, and (c) C4H10. As gas is dosed into the evacuated
samples of RCC3-S and axRCC3-S, an increase in temperature indicates the relative porosity of the samples — amorphous solids (RCC3-S,
black), melt-quenched glasses (a,gRCC3-S, red), and the reheated glass sample above Ty (reheated aqRCC3-S, blue). The first gas addition is

shown here for clarity.
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Table 2 Comparison of gas uptakes of RCC3-S, ajRCC3-S, and a;gRCC3-S with CO, (273 K), CH4 (273 K), Xe (273 K), and N, (77 K) at 1 bar

Material CO, (mmol g ") CH, (mmol g™ ) Xe (mmol g™ ) N, (mmol g~ %)
RCC3-S 0.25 0.014 0.22 0.54
a,RCC3-S 0.44 0.24 0.14 0.63
agRCC3-S 0.30 0.11 0.077 0.34

While the observed gas uptakes in these melt-quenched
organic cage glasses is low, especially when comparing the
BET surface areas to crystalline MOFs, COFs, ZIFs, and POCs,
which can easily exceed 500 m> g, the uptakes are comparable
to previously reported ZIF glasses. For example, a,RCC3-S has
a CO, uptake of 9.8 cm® g~ ! (273 K, 1 bar) which is in the same
order of magnitude to a,ZIF-62(Co) (~17 em® g ', 273 K, 1
bar),** and a CH, uptake of 5.4 cm® g~* (273 K, 1 bar) which is
comparable to that reported for a,ZIF-76-mbIm (~6 cm® g,
273 K, 1 bar).”* Therefore the uptake in these materials is
promising, especially as future systems could be designed and
engineered with the aim of increasing the porosity.

Conclusions

It is possible that most of the observed porosity in the amor-
phous solid state of these POCs results from extrinsic porosity

19814 | J Mater. Chem. A, 2021, 9, 19807-19816

between cages. In the case of shape-persistent cages, such as
nC;-CC, the inherent intrinsic porosity may facilitate connec-
tivity between these extrinsic voids.** However, for the reduced
derivatives RCC3-S, AT-RCC3-S, and RCC1b, the reduction of
the imine bonds has previously been reported to increase the
flexibility of the structure, thus leading to cavity collapse.®***
This reduces gas uptake significantly due to the loss of shape-
persistence, and any observed porosity is therefore mostly due
to the extrinsic cavities.** The lack of appreciable xenon uptake
in the glass samples could therefore be explained by the
reduction of extrinsic porosity upon formation of more dense
glass phases.

The increase in porosity for methane in the two glasses
azRCC3-S and aRCC3-S is encouraging from the point of view
of potential separation materials. Polymers of intrinsic micro-
porosity (PIMs) have emerged as an important platform for gas
separations,**** but to date they have not been processed via the

This journal is © The Royal Society of Chemistry 2021
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liquid state—they are invariably processed by solution casting,
and the solvent used can influence the porosity.**** Addition-
ally, while a glass transition for PIM-1 has been reported,* the
glass transition is substantially higher than reported here for
these molecular glasses (~440 °C compared to ~140 °C for
a,RCC3-S and a¢,RCC3-S). The use of meltable organic cages as
a glass former could enable casting directly from the liquid
state. This has the potential to introduce porosity and also
undergo conversion into a more stable and less soluble glass, as
in the case of aERCC3-S. In principle, this could overcome the
need for solution processing, both reducing solvent use and
providing an alternative approach to the formation of
membranes or other separation media—for example, by dip-
coating a substrate. In this respect, the lack of high surface
areas in these materials may be an advantage, especially for
demanding separations of gases with similar kinetic diameters.
In addition, if stable liquid porous organic cages can be
designed and realised that have a glass transition, as opposed to
the flexible reduced organic cages studied here, then melt-
quenched porous organic glasses with increased porosity and
size-selective pores could be realised. Alternatively, these melt-
able organic cages could be used to form glass variants of
mixed-matrix membranes, where porosity could be induced by
introducing a porous material into a non-porous glass to form
hybrid materials. In addition to being able to cast directly from
the liquid state without the use of solvent, such glasses could
also be recyclable and re-castable, opening up a new processing
route to molecular glasses with size-selective pores and tune-
able porosity. Finally, the formation of POCs, and in particular
CC3-S - the precursor to RCC3-S used to form the glasses
studied, is highly scalable by both twin-screw extrusion® and in
flow®* from commercially available precursors, which will
hopefully enable further research into processing these mate-
rials into porous molecular glasses.
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