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Modular Type Ill Porous Liquids Based on Porous Organic

Cage Microparticles

Aiting Kai, Benjamin D. Egleston, Andrew Tarzia, Rob Clowes, Michael E. Briggs,
Kim E. Jelfs, Andrew I. Cooper,* and Rebecca L. Greenaway*

The dispersion of particulate porous solids in size-excluded liquids has
emerged as a method to create Type Il porous liquids, mostly using insoluble
microporous materials such as metal-organic frameworks and zeolites. Here,
the first examples of Type Il porous liquids based on porous organic cages
(POCs) are presented. By exploiting the solution processability of the POCs,
racemic and quasiracemic cage microparticles are formed by chiral recogni-
tion. Dispersion of these porous microparticles in a range of size-excluded lig-
uids, including oils and ionic liquids, forms stable POC-based Type III porous
liquids. The flexible pairing between the solid POC particles and a carrier liquid
allows the formation of a range of compositions, pore sizes, and other phys-
icochemical properties to suit different applications and operating conditions.
For example, it is shown that porous liquids with relatively low viscosities

or high thermal stability can be produced. A 12.5 wt% Type Il porous liquid
comprising racemic POC microparticles and an ionic liquid, [BPy][NTf;], shows
a CO, working capacity (104.30 umol g, ) that is significantly higher than the
neat ionic liquid (37.27 umol g, ") between 25 and 100 °C. This liquid is colloi-
dally stable and can be recycled at least ten times without loss of CO, capacity.

in 2007 by O’Reilly et al.! Three types
of porous liquids were initially proposed
(Types I, II, and III; Figure 1a) and after
more than a decade, examples of each type
have now been reported.”! Type I porous
liquids are neat liquid substances with
shape-persistent molecular porosity; Type
IT porous liquids are solutions of natively
porous molecules dissolved in a non-
porous solvent, where the pores remain
unoccupied because the solvent molecules
are size excluded; Type III porous liquids
are multiphase fluids, typically porous
solid particles dispersed in size-excluded
liquids. Type III porous liquids are typi-
cally simpler to prepare than the other two
types, and this approach might prove to
be more generalizable in the future. For
Type I porous liquids, it is necessary to
devise strategies for lowering the melting
points of shape-persistent porous mole-

1. Introduction

Porous liquids are a novel kind of porous material that are dis-
tinguished by their ability to flow. These materials have seen
considerable progress since the concept was first introduced
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cules, such as cages and macrocycles, and

the viscosity of such liquids may also be
limiting. Type II porous liquids are somewhat easier to access,
though this requires strategies for increasing the solubility of
the pore carriers in the size-excluded solvents, and again vis-
cosity may be an issue at high concentrations of the pore car-
rier. By contrast, the formation of Type III porous liquids can
be approached in a modular way, and it is feasible to screen a
wide range of porous materials and bulky liquids to find suit-
able combinations.3! This modular approach might prove more
industrially applicable, not least because one can draw on a
large range of existing materials as building blocks, some of
which have already been scaled up.! So far, Type III porous lig-
uids have mostly been constructed from metal-organic frame-
works (MOFs) and zeolites. For example, ZIF-8 was found to
be dispersible in several large hindered ionic liquids,” or in
polymeric glycols,® while Cahir et al. reported the formation of
a range of Type III porous liquids using various microporous
solids, including MOFs and zeolites, in nonionic oils.®! Until
now, Type III porous liquids have been built from extended
porous materials that are insoluble in common liquids.

Porous organic cages (POCs) are a type of molecular
organic material that contains shape-persistent internal voids
in the molecules that are accessible through windows.’l
Imine-derived POCs can be synthesized in solution through
a reversible condensation reaction, and many derivatives
can be produced based on the selection of different synthetic

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. a) Scheme showing the three classifications of porous liquids: Type I, Type Il, and Type IIl. b) General reaction scheme for the synthesis of
CC3, CC15, and CC19, which are the POCs used to form microparticles in this study. Two cage enantiomers can be formed for each species; for example,
CC3-R and CC3-S can be formed by using the different enantiomers of trans-1,2-cyclohexyldiamine (CHDA), (R,R)-CHDA, and (S,S)-CHDA. c) POCs
such as CC3 can pack together window-to-window to form a 3D diamondoid pore network in the solid state by chiral recognition between the two cage
enantiomers, which can be exploited to form POC microparticles for processing into Type Ill porous liquids.['’]

precursors: a representative scheme for preparing the POCs
used in this study is shown in Figure 1b. The window sizes
and chemical environment of POCs can be tuned by intro-
ducing different functional groups into the precursors.'2 POCs
can also have good solubility in organic solvents, and are thus
a candidate for preparing Type II porous liquids.'*" There
have also been attempts to decorate cages with long alkyl chain
functionality to lower the melting points in the preparation
of Type 1 porous liquids.'®"”] Some of the properties of POCs
can be retained when transferred into the liquid state, such
as size-selective guest uptake,®l while others, such as chiral
recognition, are lost. One potential way to retain the solid-
state properties of POCs is to form Type III porous liquids,
rather than Type I or Type II systems.

As a multiphase system, the colloidal stability of Type III
porous liquids is an important consideration. For example, Dai
and co-workers used hydrogen bonding between H-ZSM-5 zeo-
lites and bulky phosphonium ionic liquids to construct a col-
loidally stable Type III system,’?”l whereas Li and co-workers
and Liu et al. used surface functionalization to coat particles
of UiO-66 or silicalite-1, respectively, with solvent-similar poly-
meric groups to stabilize these as Type 111 porous liquids.[??2
More recently, the surface functionalization method was also
used to form a stabilized ZIF-67 dispersion, which can be used
directly as a Type III porous liquid or conveniently processed
further to form mixed matrix membranes with excellent selec-
tivity between propane and propylene.?)l While a 3D imine-
linked covalent organic framework (COF) was functionalized
with ionic liquid functionality on its outer shell, forming COF

Adv. Funct. Mater. 2021, 31, 2106116 2106116 (2 of"l'l)

colloids that were extremely stable toward flocculation (>1 year)
in an ionic liquid.?¥ Alternatively, in ZIF-8-based Type III
porous liquids, a rapid synthetic method can be employed to
produce nanocrystalline particles that allow for stable emul-
sions when the solid ZIF-8 is dispersed.?’]

POC nano- and microparticles can also be easily fabricated
from solution by either direct synthesis of a cage in a binary sol-
vent mixture,?% or by exploiting the chiral recognition between
two prefabricated homochiral precursor cages, producing
cocrystals in a modular way without the use of any surfactants
or templating agents.'””] These can either be prepared from
enantiomeric variants of the same cage species to form a race-
mate (Figure 1c), or formed from isostructural cage derivatives
of opposite chirality to produce quasiracemic cocrystals.?$-3%
By using two chemically different cages to form quasiracemic
cocrystals, it is possible to tune the properties of the pore car-
rier, such as the pore size or the chemical environment in the
pores—for example, to produce materials with superior proper-
ties for quantum sieving of hydrogen isotopes.?!l Furthermore,
upon cocrystallization, the solubility of these racemic and qua-
siracemic cage materials is often greatly reduced compared
to the solution-processable enantiopure cage precursors, thus
making them good candidates for preparing Type III porous
liquids.

Here, we report the first use of POC assembled microparti-
cles to form stable Type III porous liquids. Unlike POC-based
Type Il porous liquids whose increase in gas uptake arises
solely from the intrinsic cavity of the POC, the porosity in
POC microparticle-based Type III porous liquids arises from

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOWWIOD BAIEe.D 3(dedldde ayy Aq pausenob ale sajole O ‘8sn JO 3| 10j AreIq1T 8UIUO 8|1 UO (SUO N IPUOD-PUE-SWLBIALI0D" A8 | Afeq Ul UO//:SdnL) SUOBIPUOD pue ss | 8y 88s *[£202/80/0€] uo Ariqiqauljuo Ao|im ‘uopuoabe|jod Eredw AQ 9TTI0TZOZ WIPe/Z00T OT/I0p/Woo A8 Im ArIq1euljuo//:Sdny Woly pepeojumod ‘TS ‘TZ0Z ‘82089T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

both the intrinsic cage cavities and the extrinsic connections
between pores. However, all porous liquids must contain per-
manent intrinsic porosity from a pore carrier, rather than just
the transient extrinsic porosity, which is present in all liquids,™
and it is within this context that we present these systems.
Different compositions of cage microparticles (CC3-R/CC3-S,
CC3-R/CC15-S, and CC3-R/CC19-S) were dispersed in a selec-
tion of size-excluded liquids including a range of oils and
ionic liquids, and their gas uptakes were investigated. Overall,
a versatile Type III porous liquid platform can be built using
different POCs in neat liquids, without the need for any sur-
factants or postsynthetic modification, with physical properties
that can be tailored according to the application.

2. Results and Discussion

2.1. Synthesis and Characterization of POC Microparticles

First, the formation of three different POC microparti-
cles was investigated: racemic CC3-R/CC3-S, quasiracemic
CC3-R/CC15-S, and quasiracemic CC3-R/CC19-S (Figure 2a).
The synthesis of CC3-R/CC3-S microparticles by chiral recog-
nition was reported previously, where homochiral solutions of
CC3-R and CC3-S were mixed and uniformly fine microparticles

a)

were formed.”! Using a slight modification of that method,
multiple large-scale batches of CC3-R/CC3-S microparticles
were formed by rapidly mixing dilute solutions of both CC3-R
and CC3-S in dichloromethane at room temperature with over-
head stirring (Table 1, entries 1-5). Rapid precipitation of the
POC microparticles was observed upon mixing, which were iso-
lated by filtration—due to the uncontrolled nature of this rapid-
mixing technique, this led to some variation in the average
size of the obtained particles. However, the particle size can
be tuned by finely controlling either the addition rate or tem-
perature,l¥l and therefore an additional batch of CC3-R/CC3-S
was formed using a carefully controlled addition rate for com-
parison (Table 1, entry 6). We also investigated the formation
of CC3-R/CC15-S, and CC3-R/CC19-S, with crystallization of
CC3-R/CC19-S occurring rapidly using the same method
as with CC3-R/CC3-S (Table 1, entry 8). However, for
CC3-R/CC15-S, rapid precipitation did not occur under these
conditions; this is thought to be due to the methyl groups in
CC15, which reduces the favorable interaction between the cage
windows that promotes rapid cocrystallization. Slater et al. gen-
erated cocrystals of CC3-S/CC15-R from dichloromethane using
fivefold more concentrated solutions of the two cages, although
small particle sizes were not targeted in that study.'¥l We found
that microcrystalline particles of CC3-R/CC15-S could be pre-
pared at the same dilute concentration by changing the solvent

CC3-R

~N N
{ /
N N,

CC3-s

€C3s c€C3-s Cce3s

9.0.9.

€C3-5 _cc3-s €3-S

21

75

< CC3-RICC3-S 9 CC3-RICC15-S 9 CC3-RICC19-S
g 20 ; 14 ; 50
z = 2
E 10 .“_E’ K g 25
0 o 0
0 1000 2000 0 50 100 0 1000 2000
Size (nm) Size (um) Size (nm)

Figure 2. a) Scheme for POC microparticle formation by combining CC3-R with either CC3-S, CC15-S, or CC19-S with the window diameter of each
POC highlighted with a red circle. b) Scanning electron micrographs for CC3-R/CC3-S, CC3-R/CC15-S, and CC3-R/CC19-S microparticles. c) Particle size
distributions of CC3-R/CC3-S (by DLS in dichloromethane), CC3-R/CC15-S (by SLS in EtOH), and CC3-R/CC19-S (DLS in dichloromethane).
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Table 1. Summary of the POC microparticle compositions investigated,
along with the measured particle sizes and observed particle mor-
phology for each sample.

Entry Microparticle ~ Z-average Particle size Average Particle
components  particle size range by particle size  morphology

by DLS [nm] SEM [nm] by SEM [nm] by SEM

1 CC3-R/CC3-S 540 200-700 374 Spherical

2 CC3-R/CC3-S 600 300-800 492 Spherical

3 CC3-R/CC3-S 1200 300-1000 594 Spherical

4 CC3-R/CC3-S 720 300-1000 613 Spherical

5 CC3-R/CC3-S 630 200-800 599 Spherical
6 CC3-R/CC3-S 940 200-1500 799 Octahedral
7 CC3-R/CC15-S 17 0002 8000-31 000 16 337 Octahedral
8 CC3-R/CC19-S 300 200-800 478 Octahedral

Particle size determined with static light scattering (SLS) measurements.

to a 1:1 mixture of dichloromethane:methanol (Table 1, entry 7).
For full details of the formation and characterization of
the different batches of CC3-R/CC3-S, CC3-R/CC15-S, and
CC3-R/CC19-S microparticles (Table 1), please see Section S2 in
the Supporting Information.

Analysis of these cocrystals confirmed they were the desired
microparticles (Table 1), as determined by dynamic light scat-
tering (DLS) measurements and scanning electron microscopy
(SEM), with diameters for CC3-R/CC3-S and CC3-R/CC19-S
ranging from =200 nm to 15 pm (Figure 2b,c). The
CC3-R/CC15-S particle size could not be measured using the
solvents that we deployed for DLS because sedimentation
occurred in MeOH, while the cocrystal dissolved in dichlo-
romethane. However, by using static light scattering (SLS)
measurements, these particles were found to be significantly
larger (17 um). This reflects the slower precipitation of these
particles, which gives them the chance to increase in size.
SEM also gave an indication of the particle morphology; when
CC3-R/CC3-S was isolated after rapid mixing, the micropar-
ticles were spherical, whereas on slow addition, octahedral
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particles were formed (Figure S4, Supporting Information). For
CC3-R/CC19-S, SEM images also confirmed an octahedral mor-
phology when using the rapid addition technique, whereas for
CC3-R/CC15-S, larger blocks of crystals with blended octahedral
morphology were apparent, which corresponded to the larger
particles observed by SLS (Figure S8, Supporting Informa-
tion). While the particle size ranges were broadly comparable
for the CC3-R/CC3-S particles formed using the same method
(Table 1, entries 1-5), due to the variance in average particle
sizes as measured by DLS, the average sizes were also calcu-
lated from the acquired SEM images, resulting in much more
comparable sizes across the different batches (Table 1)—the
variance between the two average particle sizes for each batch
of microparticles is likely due to the z-average by DLS being the
intensity weighted harmonic mean size while the average by
SEM is the arithmetic mean. Analysis by powder x-ray diffrac-
tion (PXRD) showed results that were consistent with previous
studies; the cocrystals had powder patterns that were similar to
CC3q, but with peak shifts that reflected smaller unit cell sizes
(Figures S3 and S7, Supporting Information). This indicates
that all cocrystals adopt a window-to-window arrangement, with
tighter packing due to the use of opposite cage enantiomers.

2.2. Screening for Type Ill Porous Liquids Using POC
Microparticles

We first carried out a screen for suitable size-excluded liquids
to construct Type III porous liquids using the CC3-R/CC3-S
microparticles (Table 1, entries 3 and 5). A range of liquids was
selected, including different oils and ionic liquids (Figure 3a),
some of which were reported previously to be size-excluded
for MOFs and zeolites, such as silicone oil, pyridinium
bis(trifluoromethanesulfonyl)imide ([BPy][NTf;]), and trihex-
yltetradecylphosphonium  bis(trifluoromethanesulfonyl)imide
([Peseal[NTE]).207) A 12.5 wt% dispersion of CC3-R/CC3-S
microparticles was prepared in these liquids by mixing and
sonication. For oils that were more viscous, such as Halocarbon

[ Dispersions |
%4 Liquids

4'0 8‘0 150 1é0 260
CO, Uptake (umol/g, )

Figure 3. a) Bulky liquids screened in this study for the formation of Type IIl porous liquids with CC3-R/CC3-S POC microparticles. b) Comparison
of the CO, uptakes for the neat bulky liquids and corresponding 12.5 wt% dispersions of CC3-R/CC3-S. 2lonic liquids screened with homochiral cage
CC3 instead of CC3-R/CC3-S POC microparticles to determine if homochiral POCs can be used as a rapid indicator of size-exclusivity and porosity. °A

5 wt% dispersion was studied to reduce viscosity.
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27 and Fomblin Y, 5 wt% loadings were prepared to obtain a
flowable dispersion. These dispersions were then screened for
porosity to allow comparison of the gas uptakes with the neat,
unadulterated liquids. Previously, analytical techniques such as
IR and NMR spectroscopy, or gas displacement measurements,
were used to probe the gas solubility in POC-derived Type II
porous liquids.>-1>18 Here, the use of bulky liquids with high
boiling points and low vapor pressures allowed us to study the
gas solubility using more standard sorption measurements
that are used for porous solids. Specifically, the use of a Quan-
tachrome Nova instrument, benchmarked to known uptakes
in liquids and with stirring to ensure that the liquids reached
saturation uptake, allowed different gases to be screened and
adsorption isotherms to be obtained (see Section S1 in the Sup-
porting Information for more information).

Comparison of the CO, uptakes at 1 bar in the neat liquids
and the corresponding CC3-R/CC3-S dispersions (Table S3
and Figure Slla-k, Supporting Information) indicated that
most of the dispersions showed a marked improvement in
CO, solubility over the neat liquid (Figure 3b). An exception
was a 12.5 wt% dispersion in Genosorb 1753, where the neat
liquid absorbed more CO, than the dispersion, suggesting
perhaps that the liquid molecules can occupy the pores in the
CC3-R/CC3-S microparticles. It should also be noted that
Genosorb liquids are designed specifically to absorb CO,, and
hence have a relatively high native CO, solubility in any case.
However, the use of a Type I1I porous liquid which incorporates
permanent micropores with tunable properties may offer cer-
tain advantages over conventional liquid sorbents, including
Genosorb 1753, which is used to remove CO, from natural gas
(CHy) and syngas (CO/H,),?2 by exceeding both uptake and
selectivity while requiring less energy for regeneration, offering
a potentially more efficient alternative for carbon capture. The
most marked increases in CO, solubility were found with sili-
cone oil (5 cSt), silicone oil AR 20, and [BPy][NTf,]. Comparison
of the measured uptakes with theoretical maximum uptakes
for each dispersion, calculated by taking into account the pro-
portions of the cage solid and the liquid (Table S4, Supporting
Information), found that 59-66% of the overall theoretical max-
imum porosity was obtained for these three liquids. The 5 wt%
CC3-R/CC3-S dispersions in Halocarbon 27 and Fomblin Y
also displayed 57-60% of the maximum theoretical porosity,
but higher solid loadings led to highly viscous systems that did
not flow. The remaining dispersions ranged from 25% to 46%
of the maximum theoretical porosity. These calculations took
into account both the contribution from the porous solid and
the solubility of CO, in the neat liquid, but on calculating the
percentage porosity maintained on the microparticles being
dispersed (Table S4, Supporting Information), this ranged from
0% in Genosorb 1753 up to 42% in [BPy][NTf;], Halocarbon
27 and Fomblin Y, and 54% in silicone oil (5 cSt) and silicone
oil AR 20. This suggests that some porosity is lost on moving
from the solid to dispersed state, even for the systems which
demonstrate the highest CO, uptakes. The observed reduc-
tions in uptake are likely due to a number of factors, including
the potential loss of some extrinsic porosity that may be pre-
sent between the POC microparticles in the solid state when
CC3-R/CC3-S is dispersed, differing degrees of preferential
binding or interpenetration of the liquid used to form the
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dispersion indicating that not all of the selected liquids are
excluded from the porous network and are instead occupying
the cavities within the POC microparticles, and the potential
viscosities of each liquid and dispersion affecting the diffusion
of gas through the system. However, the increased uptakes
indicated the successful formation of some Type III porous lig-
uids. Additionally, all of these dispersions were visually stable
after standing at room temperature for at least 24 h.

Interestingly, the use of the ionic liquid [BMIM][NTL,] did
not lead to an improved gas uptake, whereas the use of [BPy]
[NTf;] did—this suggests that the anion is size-excluded but
the cation is having an effect on the gas uptake capability. In
particular, it initially suggested that the 5-membered imidazo-
lium ring in the [BMIM] cation is not size-excluded, whereas
the 6-membered pyridyl ring in the [BPy] cation is, even with
the same nbutyl appended chains. Therefore, to investigate
the relationship between the structure of the ionic liquid (in
terms of the effect of the cation) and the overall gas uptake
performance further, a series of additional ionic liquids were
also investigated (Figure S1ln, Supporting Information). On
addition of a para-methyl group to [BPy][NTf;] to form the
6-membered analogue of [BMIM][NT{)] (i.e., [MBPy][NTf,]) the
porosity was shut-off (Figure S1in(b), Supporting Information),
whereas when this methyl is replaced with a bulky tbutyl group
((TBPy][NTf,]; Figure Slln(c), Supporting Information), the
porosity is restored. Additionally, on replacing the methyl group
in [BMIM][NTf,] with another nbutyl group ([BBIM][NTL,];
Figure S1In(d), Supporting Information), the resulting disper-
sion was also partially porous. This suggests that it is not solely
due to the size of the ring system in the ionic liquid cation that
certain combinations exhibit low or zero improvement in gas
uptake, but instead is primarily due to the functionality on the
rings, with the methyl groups potentially having a preference
to penetrate and occupy the outer cage windows and thus block
the porosity of the POC microparticles.

In order to gain further understanding of these systems,
the CC3-R/CC3-S dispersions in both silicone oil and [BPy]
[NTf;] were selected for further studies. These 12.5 wt% dis-
persions illustrated the greatest enhancement in CO, uptake
over the neat liquids, for example, in silicone oil the disper-
sion illustrated an approximately twofold increase in capacity
(198 £ 3.8 umol g; ! vs 84.8 £ 2.4 pmol g; ! for pure silicone
oil). A similar increase was also observed for the dispersion in
[BPy][NTf,] (172.1 = 3.6 umol g;~! vs 78.3 £ 4.5 umol g;! for
pure [BPy|[NTf;]). In addition, both of these Type III porous
liquids exceeded the CO, uptake in Genosorb 1753 at 1 bar
(198 umol g; 7! and 172.1 pmol g;~! vs 104 umol g;7!), and also
had the lowest viscosities in each class out of the oils and ionic
liquids, allowing higher weight loadings to be studied.

2.3. Comparison of Type 11l POC Microparticle Porous Liquids
with Control Liquids

In our preliminary screen, CC3-R/CC3-S dispersions led to
similar gas uptake improvements in different liquids (e.g., sili-
cone oil vs [BPy|[NTEL,]; Figure 4a), indicating that the enhanced
gas uptake was related to the CC3-R/CC3-S microparticles
introducing extra pore volume into the liquid. To further
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Figure 4. a) CO, adsorption isotherms of 12.5 wt% dispersions of CC3-R/CC3-S with varying particle sizes in silicone oil and [BPy][NTf,]. b) CO, adsorp-
tion isotherms of nonporous control molecule dispersions in silicone oil and [BPy][NTf,], with inset showing the structure of the control molecule.
) CO, adsorption isotherms of homochiral cage CC3 dispersions in silicone oil and [BPy][NTf,]. d) CO, adsorption isotherms of 12.5 wt% dispersions
of CC3-R/CC3-S with different particle morphologies in silicone oil. The numbers in brackets indicate the batch of microparticles used from Table 1.

confirm that the observed improvement in CO, uptake was
due to the internal pore space of the CC3-R/CC3-S microparti-
cles, rather than, say, surface adsorption on the microparticles,
a control molecule that mimics a fragment of the CC3 cage
was synthesized (Figure 4b inset). This nonporous control
molecule does not dissolve in silicone oil or [BPy][NTf;], and
thus can also be dispersed, allowing us to evaluate the effect
of surface adsorption on the particles in the system. CO, iso-
therms were measured on dispersions of the control molecule
in both silicone oil and [BPy|[NTf,] for direct comparison with
the CC3-R/CC3-S dispersions. No improvement in CO, uptake
was observed in either system, confirming that surface adsorp-
tion does not contribute measurably to the observed improve-
ments in gas uptake (Figure 4b). Additionally, in contrast to the
microparticle dispersions in the same liquids, dispersions of
the control molecule were not stable, with sedimentation rap-
idly occurring (<1 h) on standing.

Dispersions of homochiral cage CC3-R in silicone oil, and
CC3-S in [BPy|[NTL)], were also investigated for their gas solu-
bility—while similar gas uptakes were obtained compared to the
CC3-R/CC3-S microparticle systems (Figure 4c), the homochiral
dispersions were not as colloidally stable, with sedimentation
occurring when stirring was not maintained at room tempera-
ture. However, this further confirms that these liquids are size-
excluded from CC3, and that homochiral cages could be used to
rapidly determine whether new liquids are size-excluded prior to

Adv. Funct. Mater. 2021, 31, 2106116 2106116 (6 of"l'l)

forming POC microparticles with controlled particle sizes and
narrow distributions. For example, measurement of the CO,
uptake in dispersions of CC3-S in [Pe614][NTE] and benzyl(ethyl)
dimethylammonium bis(trifluoromethanesulfonyl)imide
((BEMA][NTE,]) demonstrated that these two ionic liquids were
size-excluded (Figure 3a; Figure S11l,m, Supporting Information).

Finally, different batches of CC3-R/CC3-S microparticles were
investigated to evaluate the effects of particle size and surface
morphology on the gas uptake. Dispersions of CC3-R/CC3-S with
particle sizes of 600 and 720 nm (Table 1, entries 2 and 4) show
similar CO, solubility compared to dispersions with particle sizes
of 1200 and 630 nm (Table 1, entries 3 and 5), in silicone oil and
[BPy|[NTH,], respectively (Figure 4a). When CC3-R/CC3-S with an
octahedral morphology (Table 1, entry 6) was used, its dispersion
presented similar gas uptakes to spherical CC3-R/CC3-S micro-
particles (Figure 4d). Overall, this shows that the particle size
and morphology has little if any effect on the gas uptake of the
dispersions, but that controlling the particle size is important for
ensuring good, long-term dispersion stability.

2.4. Gas Uptake, Properties, and Stability of
Type 11l CC3-R/CC3-S Microparticle Porous Liquids

To be put into practical use, porous liquids should offer
favorable characteristics, such as being recyclable and thermally
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Table 2. Summary of viscosity measurements on the liquids and dif-
ferent concentration dispersions investigated.

Liquids Viscosity [mPa s]
0 wt% 5 wt% 12.5 wt% 20 wt%
dispersion dispersion dispersion dispersion
Silicone oil 5.01£0.01 7.41£0.09 13.22+£0.55 19.09 £ 0.60
[BPY[NTF,]  67.34+0.06 86.1840.16 14224014 303.5+0.29

stable. We selected two systems from the initial screen—
CC3-R/CC3-S in silicone oil and in [BPy][NTf,]—to more fully
study their physicochemical properties. Different loadings of
CC3-R/CC3-S microparticles (5, 12.5, and 20 wt%) were pre-
pared in both liquids to evaluate the effect of microparticle con-
centration on both the gas uptake and the dispersion viscosity.
The viscosity of the dispersions in [BPy][NTf,] was higher
than those in silicone oil (Table 2), which is due to the general
viscous nature of ionic liquids.”®! However pure [BPy]|[NTf,]
has a viscosity of 67.34 mPa s, which is substantially lower than
the viscosity of other size-excluded ionic liquids; for example,
[Pess14l[NTEy] and [BEMAJ[NTE)] have viscosities of 395.7 and
496.6 mPa s, respectively. Viscosity studies on the 5, 12.5, and
20 wt% dispersions of CC3-R/CC3-S microparticles in [BPy]
[NTf;] and in silicone oil showed that the viscosity of the dis-
persions increased with increasing particle concentration
(Table 2). However, while the ionic liquid dispersions had rela-
tively higher viscosities, which could slow down gas adsorption
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kinetics, the saturated gas solubilities appeared to be unaffected:
both CO, and CH, uptakes increased linearly with increasing
CC3-R/CC3-S content from 0 to 20 wt% for both the [BPy][NTf,]
and silicone oil-based dispersions (Figure 5a; Figures S12-S15,
Supporting Information). At 20 wt%, the uptakes were fairly
comparable across both systems, although the overall uptakes
for both gases were slightly higher in the silicone oil disper-
sion (CO,: 280 wmol g; ! vs 210 wmol g;7%; CH: 121 pmol g; ™
vs 103 pmol g;7Y). Dispersions of CC3-R/CC3-S in silicone
oil were also investigated up to 50 wt%, with a linear trend
for CO, adsorption again being observed up to 635 umol g;
at 50 wt% (Figure 5b; Figure S16, Supporting Information).
Interestingly, on calculating the CO,/CH, selectivity based on
the measured uptakes at 1 bar for each of the different wt%
dispersions in both silicone oil and [BPy][NTf,] (Table S7, Sup-
porting Information), the selectivity increased at higher load-
ings of CC3-R/CC3-S in silicone oil, but decreased at higher
loadings when dispersed in [BPy|[NTf;]. This indicates that the
choice of size-excluded liquid could not only have an impact
on the overall gas uptake in a system, but could also lead to
improved gas selectivity in a Type III porous liquid containing
the same pore carrier.

The dispersion in [BPy|[NTf,] demonstrates good thermal
stability according to thermal gravimetric analysis (TGA;
Figure 5c), with no significant mass loss observed until 325 °C.
However, the low viscosity silicone oil used in these studies
(PDMS, 5 mPa s) has a significantly higher vapor pressure
(<700 Pa at 298.15 K)3* compared to [BPy][NTf,] (0.0519 Pa at

b)

900
—m— Silicone oil

~—#— 5 wt.% CC3-R/CC3-S in silicone oil

#—12.5 wt.% CC3-R/CC3-S in silicone oil
7504 —m— 15 wt.% CC3-R/CC3-S in silicone oil

- 17.5 wt.% CC3-R/CC3-S in silicone oil

#— 20 wt.% CC3-R/CC3-S in silicone oil

¥ 25 wt.% CC3-R/CC3-S in silicone oil -
—&— 30 wt.% CC3-R/CC3-S in silicone oil '

#-— 50 wt.% CC3-R/ACC3-S in silicone oil ‘l,l"

) e =i n
b = gy
/ e ==
= P/, I,aj‘ti'i%:jf%. I«l::':
i et

0.0 0.2 0.4 0.6 0.8 1.0

@
=3
S

1

L]

IS
&
3

I

u

CO, Uptake (umol/g,)
8
o
!
L}
| |
n

d) Pressure (bar)

300
—=&— 12.5 wt.% CC3-R/CC3-S (3) in silicone oil T= 1 day

—— 12.5 wt.% CC3-R/CC3-S (3) in silicone oil T= 24 days
250 —A— 12.5Wt.% CC3-R/CC3-S (5) in [BPY]INTfp] T= 1 day
—~—12.5 wt.% CC3-R/CC3-S (5) in [BPY]INTfp] T= 30 days

200

@
t=)
1

100

CO, Uptake (umol/g, )

50

Pressure (bar)

Figure 5. a) Measured gas uptakes for a range of CC3-R/CC3-S dispersions at different concentrations (1 bar, 298-300 K). b) CO, adsorption isotherms
of silicone oil and the corresponding 5, 12.5, 15, 17.5, 20, 30, and 50 wt% dispersions of CC3-R/CC3-S microparticles. c) TGA of [BPy][NTf,] and 5, 12.5,
and 20 wt% CC3-R/CC3-S dispersions in [BPy][NTf,]. d) CO, adsorption study of aged dispersion samples.
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498.07 K),*¥ and the corresponding porous liquid therefore
demonstrates a much lower thermal stability, with mass loss
occurring from 80 °C based on TGA analysis (Figure S17a, Sup-
porting Information). This does not cause significant problems
for the gas sorption measurements carried out here, with the
degassing and uptake measurements performed immediately
after sample preparation at ambient temperature, but this
increased volatility might account for the slightly elevated CO,
adsorption isotherm of a 12.5 wt% silicone oil dispersion after
~1 month compared to after 1 day, possibly due to slow evapora-
tion of the liquid at ambient temperature over time (Figure S17b,
Supporting Information) and increased evaporation when put
under repeated dynamic vacuum to degas the sample prior to
gas uptake measurements (overall 6% mass loss observed after
2 degas cycles), making the porous liquid more concentrated,
while the gas uptake remained nearly unchanged for the aged
[BPy][NTf;] sample (Figure 5d).

For these two systems, the viscosity and thermal stability are
essentially trade-offs; ideally, one would like a high thermal sta-
bility liquid with low viscosity to allow the broadest range of
potential applications. We note that the thermal stability limit is
imposed by the liquid, rather than the POC.

While there is a trade-off between the viscosity and thermal
stability for dispersions in silicone oil (PDMS, 5 mPa s)
versus [BPy]|[NTf;], the other physical properties for these two
porous liquids are broadly similar. Both systems retain their
porosity over time (Figure 5d). To evaluate the recyclability of
these liquids as gas sorbents, the CO, uptake was measured
over 10 cycles in a 12.5 wit% dispersion of CC3-R/CC3-S in
[BPy|[NTf;] (Figure 6a; Figure S18, Supporting Information),
with reactivation by vacuum degassing for 100 min carried out
between measurements. The CO, uptakes were reproducible,
with no loss in uptake apparent over repeated cycles (average
CO, uptake over 10 cycles: 174.3 + 4.6 umol g7'). Due to the
slight volatility of the silicone oil, the corresponding 12.5 wt%
dispersion was only cycled twice, but again, the CO, solubility
was completely reproducible over two cycles (Figure S19, Sup-
porting Information).

The cage microparticle and phase stability of both disper-
sions was also investigated in more detail. The crystallinity of
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the CC3-R/CC3-S microparticles was retained upon forma-
tion of dispersions in silicone oil and [BPy][NTf,] (Figures S20
and S21, Supporting Information), and no phase change was
observed postsorption (Figure S22, Supporting Information). In
addition, the morphology and average size of the particles was
maintained postdispersion as confirmed by SEM of recovered
CC3-R/CC3-S particles from the [BPy|[NTf,] dispersion by fil-
tration (Figure S23, Supporting Information). Both the silicone
oil and [BPy|[NTf,] dispersions of CC3-R/CC3-S microparticles
appeared to be visually stable over extended periods. To quantify
the dispersion stability, a LUMiSizer was used to accelerate the
creaming or sedimentation process for 12.5 wt% dispersions of
CC3-R/CC3-S (particle size: 500-700 nm) in both silicone oil
and [BPy][NTH,].%! According to Stoke’s law, particle size plays
an important role in determining the ratio of gravitational to
Brownian forces applied to the particles in a dispersion, and
hence reducing the particle size can help to control the sedi-
mentation velocity and thus stabilize multiphase systems.[! At
a relative centrifugal force of 532 x g, the CC3-R/CC3-S micro-
particles separate by creaming to the surface of the silicone oil
at a sedimentation velocity of 0.24 mm day™}, indicating that the
dispersion is stable (Table S8 and Figure S24, Supporting Infor-
mation). The [BPy][NTf,] system also showed creaming but
had a reduced sedimentation velocity of 0.04 mm day™, indi-
cating that this dispersion has improved stability over the one
in silicone oil (Table S8 and Figures S25 and S26, Supporting
Information). This could be due to the increased viscosity of the
ionic liquid, or potentially because the cation and anion of [BPy]
[NTf,] provide electrostatic stabilization for the POC particles.”]

Finally, the increased thermal stability of [BPy|[NTf,] allowed
for further adsorption studies to be carried out at higher tem-
peratures to investigate the potential of a temperature-swing
process for gas uptake and release. The CO, uptakes of neat
[BPy][NTf;] and its corresponding 12.5 wt% CC3-R/CC3-S dis-
persion were measured at a range of temperatures: 25, 40, 60,
80, and 100 °C (Figure 6b; Figures S27 and S28, Supporting
Information). Both systems showed measurable uptakes,
even when the temperature was increased to 100 °C, which
might arise from the strong interaction of CO, with the ionic
liquid, but the working absorption capacity of CC3-R/CC3-S
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Figure 6. a) Recycling study for CO, uptake (1 bar, 298-300 K) in a 12.5 wt% dispersion of CC3-R/CC3-S in [BPy][NTf,]. b) CO, solubilities in [BPy]
[NTf,] and the corresponding 12.5 wt% CC3-R/CC3-S dispersion at 25, 40, 60, 80, and 100 °C. The Type Il porous liquid has a higher working capacity
(104 umol g, ™) than the neat ionic liquid (37 umol g, ") between 25 and 100 °C.
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in [BPy][NTf,] was significantly larger than for neat [BPy][NTf;]
(104.30 pumol g; ! vs 3727 umol g;~! between 25 and 100 °C).
The increased working capacity in the porous liquid is due to
the presence of the POC microparticles, with the significant
capacity decrease at higher temperatures predominantly dic-
tated by the gas uptake behavior in the dispersed microporous
material, whereas the difference in capacity at increasing tem-
peratures in the ionic liquid is much smaller and likely due
to the strong interaction between the CO, molecules and the
anion, and the absence of permanent intrinsic porosity with
CO, absorption occurring in the extrinsic “free space” that is
available.

2.5. Modification of Porosity in Type 11l PLs by the Modular
Assembly of Two POCs into Micropatrticles

Controlling POC pore structure to influence the gas uptake
has been studied widely in the solid state, for example by intro-
ducing bulky groups to decrease the window or cavity sizes, as
applied in Xe or hydrogen isotope separation.'?3! Likewise,
specific functional groups have been introduced into POCs
to modulate the chemical environment for CO,/CH, separa-
tions.l?”] This concept was also recently translated to the liquid
state in Type II porous liquids with POCs that dissolve in bulky
organic solvents.'8] Here, we sought to transfer this concept to
Type 111 porous liquids by using quasiracemic cocrystals.

Two systems were studied: CC3-R/CC15-S and CC3-R/CC19-S
(Figure 2a). CC15 is isostructural with CC3, but methyl groups
occupy the four windows and reduce the window size to 2.0 A
(from 4 A in CC3).¥ The reduced cage window size in CC15
affects gas sorption in the internal cavities and in the portal
sites, with the methyl groups both excluding larger guests and
interfering with electrostatic interactions of guest molecules
with the imine bonds. For example, CO, and Xe uptakes in
CC15 were approximately half as large as for CC3 in the solid
state,'2l and this occlusion was even more pronounced in a
CC15-derived Type II porous liquid, where the Xe uptake was
almost shut off entirely."® CC19 has an analogous molecular
structure, but with one hydroxyl group attached to each of its
four aromatic rings. The incorporation of these polar hydroxyl
groups has been reported to improve the CO, uptake in the
solid state compared to CC3, while lowering CH, uptakes.*’]
Hence, by incorporating either CC15 or CC19 into the micro-
particles, there is an opportunity to tune the gas selectivity in
the corresponding Type III porous liquids.

Previously, we have demonstrated that single molecule anal-
ysis of POCs gives an indication of the overall properties of the
solid-state material.?® On comparison of the window and cavity
sizes of CC3-S, CC15-S, and CC19-S (Figure S32, Supporting
Information), it can be observed that the presence of the methyl
groups in CC15 significantly impacts the window size compared
to CC3, while the hydroxy-functionality in CC19 does not have
the same impact (Figure 2a). Additionally, because all three sys-
tems pack in the CC3« arrangement based on the measured
PXRD patterns, where window-to-window interactions domi-
nate the pore network, the decreased window size in CC15 leads
to an expected decrease in porosity for CC3/CC15 compared to
CC3 (Figure S33, Supporting Information). This corresponds

Adv. Funct. Mater. 2021, 31, 2106116 2106116 (9 of 1)

with the observed CO, and CH, uptake in the solid micropar-
ticles (Figures S5, S9, and S10, Supporting Information), with
the uptake of both gases being reduced in CC3-R/CC15-S com-
pared to that in CC3-R/CC3-S due to the restricted window
portals, and an increased CO, uptake and a comparable CH,
uptake observed in CC3-R/CC19-S compared to CC3-R/CC3-S
due to the similar interconnected pore network and incorpora-
tion of polar hydroxy functionality in the structure.

As might be expected, both the CO, and CH, uptakes
in the 12.5 wt% dispersion of CC3-R/CC15-S in silicone oil
were significantly reduced compared to the CC3-R/CC3-S
liquid (CO,: 68.5 £ 1.3 umol g;! vs 198.0 + 3.8 pumol g7}
CH,: 30.2 £ 0.3 umol g; ! vs 105.2 £ 16.5 umol g;Y). By con-
trast, a slightly higher CO, uptake, and broadly comparable
CH, uptake, were observed in the 12.5 wt% dispersion of
CC3-R/CC19-S in silicone oil (CO,: 210.3 £ 3.3 umol g%
CH,: 1174 + 21.4 umol g; ) (Figures S29-S31, Supporting Infor-
mation). The reduction in porosity upon introducing CC15-S
is likely due to the methyl groups blocking the cage windows.
While incorporation of CC19 into the microparticles improved
gas uptakes in the Type III porous liquids, no significant
enhancement in CO,/CH, selectivity was observed (Table S7,
Supporting Information), unlike in the solid state for pure
CC19. This is probably due to its homogeneous distribution in
the CC3-R/CC19-S microparticles, because previous studies!*’!
found that CO,/CHj, selectivity only occurred when CC19 was
included in a core-shell morphology. The use of such core—
shell cocrystals to form selective Type III porous liquids is a
subject for future studies.

3. Conclusions

We present here the first Type III porous liquids based on the
dispersion of POC microparticles prepared by chiral recogni-
tion between chirally opposed isostructural cages. A selection
of size-excluded carrier liquids was investigated, including oils
and ionic liquids, which can be used to tailor the porous liquids
to meet application requirements. We were able to access lig-
uids with relatively low viscosity, high thermal stability, or good
recyclability, while maintaining properties such as gas solubility
and colloidal stability. These liquids also demonstrate increased
gas uptakes compared to previously reported Type II porous
liquids based on dissolving POCs in size-excluded solvents,
predominantly due to the much higher accessible loadings. A
12.5 wt% CC3-R/CC3-S dispersion in silicone oil or [BPy][NTf)
showed an approximately twofold increase in CO, uptake over
the neat silicone oil and [BPy|[NTf;], and up to eight times
the CH, uptake. These POC microparticle dispersions main-
tained their gas adsorption properties for at least one month
and showed good colloidal stability. CC3-R/CC3-S dispersions
in [BPy][NTE,] suffered no mass loss until 325 °C, and demon-
strated a working capacity of 104.30 pumol g;~! by temperature
swing (25-100 °C). These liquids were recyclable over at least
ten CO, adsorption/desorption cycles. The incorporation of
CC15 into the microparticles reduced the CO, and CH, uptakes
significantly, while inclusion of CC19 increased the uptake of
these gases, demonstrating the feasibility of fine-tuning gas
sorption properties in Type III porous liquids by changing the
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microparticle components. Other potential applications for the
future include the separation of volatile organic compounds or
chiral separations using POC porous liquids.!?>]
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