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The properties of cage(3:13%) macrocycle in perchloropropene (PCP) as model for type II porous liquids were
studied using molecular simulation tools. Likewise, the behaviour of CO, in these porous liquid phases were stud-
ied to analyse the nanoscopic mechanism for carbon capture purposes. Quantum chemistry calculations using
Density Functional Theory were carried out to characterize the intermolecular forces between cage, solvent
and CO, molecules. Molecular dynamics simulations of liquid phases at different cage concentration provides in-
formation on the structuring, aggregation, solvation and dynamic properties of these porous liquids. The reported
results led to a full characterization of the features controlling type II porous liquids properties as well as the be-
haviour of carbon dioxide in them, thus providing the required information for the proper design of porous lig-
uids and their use for carbon capturing operations. The nanoscopic structure of the studied fluids showed that it is
possible to solubilize suitable amounts of the cages in the solvents to develop a network of pores in the liquid to
capture CO, in an efficient way.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Porous liquids are defined as liquid phases containing intrinsic per-
manent cavities, i.e. pores, and they were firstly considered by James
et al. [1]. The requirement of permanent empty spaces into the liquid
to be classified as porous leads to three different types: i) type I, neat lig-
uids with intrinsic porosity, ii) type II, liquids formed by the solution of
an empty host (cage) into a suitable solvent whose molecules can not
penetrate the cage cavity, and iii) framework materials dispersed into
a hindered solvent [1,2]. Type II porous liquids have attracted great at-
tention because of the possibility of developing a suitable collection of
materials through the design and selection of both cages and solvents,
even considering robotic design of suitable cage -solvent combinations
[3]. Many of the developed type Il porous liquids are based on porous or-
ganic cages (POCs), which are molecules with internal cavities being ac-
cessible through molecular windows [4]. The first type Il based on POCs
used crown-ether functionality and was successfully dissolved in 15-
crown-5 ether [5]. Dynamic covalent scrambling [5] has proved to be
a suitable approach for designing cages to develop type Il porous liquids.
The use of scrambled cages allows to solve two of the main problems in
the development of type Il porous liquids: i) a large number of cavities is
required for practical purposes, i.e. high solubilities for cages is required,
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and ii) cage internal cavities must remain empty, and thus, solvent mol-
ecules should not be able to penetrate into the cages (size excluded sol-
vents). Previous studies have showed that two POCs, namely CC3 and
CC13 are able to scramble into a cage (3%:13%), Fig. 1, with large solubil-
ity in perchloropropene (242 mg mL™!), leading to a type II porous lig-
uids with moderate viscosity (11.7 mPa s for a 20% w/v solution at
22 °C), which lead to a suitable porous liquid for many different practical
applications [6]. Additional cages were designed in the literature
starting from this cage (3*:13%) through an automatic screening proce-
dure [3].

In literature, one of the main highlighted applications of porous lig-
uids is gas capture purposes, considering that gas selectivity can be con-
trolled through the design and selection of cage windows size [7]. In
particular, the CO, solubility was considered [6], which is of great rele-
vance for environmental purposes through the development of post-
combustion carbon capture operations from flue gases in fossil fuels
combustion.

The development of new type Il porous liquids requires a detailed
knowledge at the nanoscopic level of the main properties of these ma-
terials. For this purpose, molecular simulation approach may provide
the required characterization, thus contributing to the porous liquid
field development. In spite of the relevance of these theoretical studies,
the available literature is scarce. Some studies have been reported using
molecular dynamics simulations to probe that solvent molecules (like
PCP) are excluded from scrambled cages cavities, e.g. cage(3°:13'3)
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cage(33:133)

perchloropropene (PCP)

Fig. 1. Porous organic cage and solvent considered in this study for the development of type Il porous liquids. Color code: (cyan) carbon, (blue) nitrogen, (red) cyclohexyl rings, (green)
dimethyl sites, (pink) chlorine atoms. The reported structures are optimized at B3LYP / 6-311G(d,p) theoretical level.

[6], or to analyse the behaviour of gas molecules, like methane, in these
type Il porous liquids [5]. Some literature studies have reported Density
Functional Theory (DFT) studies on gas sorption by porous liquids. Hol-
low silica porous ionic liquids for CO, absorption were studied by Zhang
et al. [8] probing the prevailing role of hydrogen bonding in the struc-
turing of these systems and the interaction with the gas molecules.
DFT studies on CO; in porous liquids formed by organic cages in PCP
were studied by Yin et al. [9], showing gas absorption by the cages
through hydrogen bonding and m-m interactions, with the strongest
gas — cage interactions inferred for cage(33:13'3). Additional gases
have also been studied in porous liquids by using DFT; Yin et al. [10]
studied hollow silica-ionic liquids systems with regard to SO, absorp-
tion confirming the role of hydrogen bonding and m-hole interactions.
Nevertheless, the available nanoscopic information is still scarce and a
fully detailed characterization of these systems is required.

This work considers the type II porous liquid formed by cage
(3%:13'%) + PCP, at different cage concentrations, with the objective of
inferring the main characteristics of the liquid phases in terms of inter-
molecular interactions, cage solvation, molecular diffusion, and struc-
tural properties. The type of cage and solvent were selected according
to their suitability [3,5,6], in terms of cage solubility and fluids viscosity,
which leads to a representative of type II porous liquids. Likewise, the
behaviour of CO, absorbed in the same porous liquid was analysed to
study the mechanism of gas capture and interaction with the solvent
constituents, with the objective of study the nanoscopic features of
this material for its possible use for post-combustion carbon capture op-
erations. The computational methodology considers a combined quan-
tum chemistry approach, using DFT, and classical Molecular Dynamics
(MD) simulations. The reported results provide a full nanoscopic char-
acterization of type II porous liquids, in neat phases and upon CO-, ab-
sorption, contributing to the development of these promising fluids
for technological applications for the first time.

2. Methods
2.1. Density functional theory calculations

DFT calculations were carried out for the isolated monomers (cage
(33:133), PCP and CO,), as well as for cage(3:13%) - PCP 1:1 dimers
and for cage(33:13%) - PCP - CO, 1:1:1 trimers, using ORCA software
[11]. The computational procedure required a two steps process consid-
ering the large number of atoms for dimers (156) and trimers (159), to
maintain simulation times in a reasonable framework. Therefore, geom-
etry optimizations involved i) first, structures being relaxed using PM3

method, and ii) output structures from PM3 calculations being sub-
jected to further geometry relaxation with the B3LYP functional
[12,13], coupled with van der Waals semiempirical contribution de-
scribed according to the method by Grimme [14], DFT-D3, and 6-311
++G** basis set.

In the case of cage(3%:13%) - PCP 1:1 dimers, six different configura-
tions were considered, namely dimer_PCP_01 to dimer_PCP_06, to ex-
plore the main interaction sites. Likewise, for the cage(3%:13%) - PCP -
CO, 1:1:1 trimers, six different configurations were studied, namely,
trimer_PCP_CO,_01 to trimer_PCP_CO,_07, including CO, molecule in
the main interaction sites outside the cage as well as the CO, molecule
confined inside the cage(33:13%) internal cavity.

For all the considered systems, the interaction energy (AE) was cal-
culated to quantify the strength of the interactions, being defined as the
energy difference between the corresponding multimer and the sum for
the corresponding monomers with the Basis Set Superposition Error
(BSSE) corrected with the counterpoise method [15]. Atomic charges
were calculated according to the ChelpG method [16]. Additional calcu-
lations were carried out to infer infrared spectra as well as thermody-
namic parameters for the interactions. The topological analysis of the
intermolecular forces for the optimized geometries were carried out ac-
cording to the quantum theory of atoms-in-molecules (Bader's AIM the-
ory) [17] using the Multiwfn program [18]. AIM analysis characterize
interactions by so-called critical points, which can be classified as
bond, BCP (3,—1), ring, RCP (3,+1), or cage, CCP (3,4 3), for which elec-
tron density, p, and Laplacian (V) of electron density, V?p [19] are used
to quantify the nature and strength [20,21]. Likewise, the use of the Re-
duced density Gradient analysis (RDG) into the non-covalent interac-
tion (NCI) approach [22] was considered to infer further characterization
of the mechanism of interaction.

2.2. Classical molecular dynamics simulations

MD simulations reported in this study were carried out with
MDynaMix v.5.2 [23] software using the forcefield parameterizations
reported in Table S1 (Supplementary Information). The forcefield pa-
rameterizations for the three included molecules (cage(33:133), PCP
and CO,) were extracted form SwissParam database [24], considering
Merck Molecular Force Field [25], except atomic charges which were
obtained from DFT / ChelpG calculations of monomers as reported in
the previous section.

The studied systems correspond to i) cage(3°:13) 4+ PCP mixtures
at three different compositions, and ii) cage(3%:13%) + PCP + CO, mix-
ture, for a fixed CO, content. The number of molecules considered in
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each case are reported in Table S2 (Supplementary Information). Initial
simulation boxes, corresponding to 1 g cm™> density, were built using
PACKMOL [26] program. The objective of these simulations is to under-
stand the behaviour of the porous liquid as a function of cage content as
well as the solution of CO, to check its suitability for carbon capturing
purposes. In the case of cage(3*:13%) + PCP mixtures three different
compositions were considered with x (cage mole fraction) being
0.035, 0.040 and 0.045, corresponding to 13.1, 14.8 and 16.5 wt%.
These concentrations (corresponding to 267, 308 and 345 mg mL™ )
are slightly above the reported experimental solubility data (242 mg
mL~") [6] but considering the larger temperature used for MD simula-
tions, they may be considered as reasonably representative systems in-
cluding enough cages for statistical purposes. In the case of CO, +
porous liquid mixtures, a mixture with moderate CO, content (3.9 mg
mL~") was considered, Table S2 (Supplementary Information).

All MD simulations were carried out in the NPT ensemble at 300 K
and 1 bar considering periodic boundary conditions in the three spatial
directions. Simulations were carried out in a two stages process: i) 10 ns
long for equilibration purposes, and ii) 100 ns production runs. The
equilibration before production runs was assured through the analysis
of total potential energy, intermolecular interaction energies and den-
sity. Systems pressure and temperature were controlled using the
Nose-Hoover method. The Ewald method [27] (15 A for cut-off radius)
was applied the control of electrostatic interactions. Lennard-Jones con-
tributions were calculated with 15 A cutoff with cross terms calculated
using Lorentz-Berthelot mixing rules. The equations of motion were
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considered with the Tuckerman-Berne double time step algorithm
[28] (1 and 0.1 f. for long and short-time steps). The analysis of results
and visualization were carried out with MDynamix - TRANAL [23],
VMD [29] and TRAVIS [30] programs.

3. Results and discussion
3.1. DFT results for molecular clusters cage + PCP

The porous liquid formed by cage(33:13%) in PCP should be charac-
terized by the interaction of the solvent (PCP) molecules with the
cages structures. For this purpose, DFT calculations were carried out
on cage - PCP interactions. Therefore, six different main interaction
sites were considered, Fig. 2, and the structures were optimized consid-
ering placement of PCP at mentioned positions. These sites were
selected considering the main possible gas absorption sites: cage win-
dows, cyclohexyl sites, dimethyl sites as well as cage vertices. The pos-
sibility of PCP molecules inside cage internal cavity was also explored,
for this purpose a single PCP molecule was initially placed inside the
cavity and it was tried to be optimized using DFT. The optimization of
PCP inside cage cavity was not possible, which can be attributed to steric
hindrance as PCP molecules do not fit inside the cage cavity. Therefore,
the discarding of the possible placement of PCP molecules inside the
cages confirms that cage - PCP may form true type II porous liquids,
i.e. cavities not occupied by solvent molecules. The optimized structures
for 1 cage - 1 PCP clusters reported in Fig. 2 show very different strength

(a)

dimer_PCP_01
AE = —12.4k] mol~!

dimer_PCP_04
AE = —41.9k] mol~!

dimer_PCP_02
AE = —17.7 k] mol~!

dimer_PCP_05
AE = —2.4k] mol!

(b) (c)

dimer_PCP_03
AE = —42.5k] mol™!

dimer_PCP_06
AE = —44.7 k] mol~!

Fig. 2. Optimized structures of cage(3>:13%) - PCP dimers for different possible interaction sites, calculated at B3LYP / 6-311G(d,p) theoretical level. Counterpoise corrected interaction

energies, AE, are reported for each dimer. Color code as in Fig. 1.
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(a) AIM

® (3,-1) BCP

@ (3,+3)CCP

(b) NCI

0.02a.u

steric

Fig. 3. AIM and NCI analysis of dimer_PCP_06 (Fig. 2) for structure optimized at B3LYP / 6-311G(d,p) theoretical level. Arrows indicate the region for cage(3>:132) - PCP interactions. Dimer

labelling as in Fig. 2.

of interaction, quantified using the interaction energy, AE, thus being
largely dependent on the position of PCP molecule with regard to the
cage. Larger AE values are obtained in the vicinity of cage windows
(Fig. 2¢, d and f) whereas remarkably lower values are inferred in on
top of the cyclohexyl sites (Fig. 2a) or in the vicinity of the dimethyl
sites (Fig. 2b or e). Thus, PCP molecules approaching to the cages
would be preferently placed in the cage window region, but without
penetrating in the cavity. The reason for the preference for close to
cage windows regions may be inferred from AIM and NCI analysis as re-
ported in Fig. 3. PCP molecules may adopt a quasi-planar configuration
on top of the cage window leading to a large BCPs and RCPs all along
the cage window region, Fig. 3a, which would justify the strength
of the interaction reported in Fig. 2f in comparison with the non-
window interaction sites. This behaviour is confirmed by the NCI analy-
sis reported in Fig. 3b, which shows a large and continuous region
corresponding to van der Waals - like interactions all along the window
in the region just below the PCP molecule. Therefore, the PCP - cage in-
termolecular interaction is characterized by a large number of van der
Waals - like contacts, which although not very strong separately, the
presence of a large number of these contacts in the cage windows region
leads to very effective PCP - cage total interaction, which would be in
the roots of the good solubility of the studied cages in this PCP solvent.

The effect of the presence of PCP molecules should change cage
properties, which can be calculated to further analyse the PCP - cage
interactions. Results in Table 1 show the molecular orbitals HOMO -
LUMO gap as calculated for clean cage and for 1 cage — 1 PCP dimers.
In all the cases, the interaction of the cage with PCP leads to a decrease
in the gap, although those dimers with larger AE (03, 05 and 06) lead
to lower decrease in the gap (roughly 0.3 eV) in comparison with di-
mers with lower AE (01, 02 and 04) which lead to a decrease in the
gap of 0.5-0.6 eV. This interaction of cage with PCP molecule leads
to the stabilization of the cage structure but with larger effects in cer-
tain positions (close to window regions). Likewise, the possible cage -
PCP charge transfer was analysed, and the reported ChelpG charges
for PCP molecules upon interaction with the cage are reported in
Table 1. Although a minor PCP to cage charge is inferred, with PCP
molecules slightly positively charged, this effect is almost negligible
for all the considered sites, thus discarding its effect on intermolecular
interactions, which are mainly of van der Waals site as inferred for re-
sults in Fig. 3.

Additional changes in cage properties by the presence of interacting
PCP molecules may be inferred from the calculated IR spectra as re-
ported in Fig. 4. Spectra for clean cage, Fig. 4a, and isolated PCP mole-
cule, Fig. 4b, were calculated and compared with those for the cage -
dimer clusters considering two very different interaction sites: i)
above the cyclohexyl ring (01; Fig. 4c) and ii) the largest AE site corre-
sponding to window cage (06; Fig. 4d). The reported results show that
the main vibrational features of the cage do not suffer remarkable
changes upon interacting with PCP molecule. The peak at 3054 cm™!
is maintained for dimer 06 and slightly redshifted for dimer 01, whereas
the peak at 1718 cm ™! is maintained constant for both dimers. The in-
teraction with the cage in dimer 06 is produced in the window region
and being of van der Waals character does not lead to remarkable
changes in the cage vibrations. In the cage of dimer 01, the interaction
is produced through the cyclohexyl sites, which lead to some changes
although not very large. Therefore, intermolecular interactions through
the window cages maintain most of the vibrations features of the cage.
In the case of PCP molecules, the most remarkable peaks, like the one at
742 cm™!, are not changed upon interacting with the cage, thus
confirming the nature of the interactions as van der Waals - like with
the formation of a large number of these interactions as the reason for
the large AE, although each interaction (atom to atom) not being very
strong, which is especially true for the cage windows region. The molec-
ular orbitals of cage — PCP are reported for cluster 06 in Fig. 5. The HOMO
is totally localized in the cage, corresponding to atoms in the cage

Table 1
Properties of cage(3%:13°) and cage(3°:13%) - PCP dimers calculated at B3LYP / 6-311G
(d,p) theoretical level.

dimer AEc | eV qpcp
cage(33:13%) 4.70 -

dimer_PCP_01 414 0.03
dimer_PCP_02 4.19 0.02
dimer_PCP_03 435 0.02
dimer_PCP_04 4.08 0.05
dimer_PCP_05 4.46 0.03
dimer_PCP_06 4.40 0.01

Dimer labelling as in Fig. 2. HOMO-LUMO energy gap (AE); total ChelpG charge on PCP
molecule (qpcp).
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windows region, whereas the LUMO is placed in the PCP molecules. The
density of states reported in Fig. 5¢ show the prevalence of cage contri-
bution to the total density of states over PCP, which is especially rele-
vant for the region in the vicinity of the HOMO. This HOMO - LUMO
arrangement should affect the electronic properties of the cage upon in-
teraction with the PCP, because of the presence of the first unoccupied
orbital in the PCP molecules.

3.2. MD results for cage + PCP liquid mixtures

The MD analysis of the cage — PCP solutions allows to infer additional
information to that provided by DFT calculations using small clusters
approach. Likewise, the cage concentration effect was also studied
using MD. Although DFT results discarded the possibility of having
PCP molecules inside the cage cavity, this was also analysed using MD
results. Greenaway et al. [6] analysed the distribution of PCP molecules
around cage(3°:13%) using a geometric criterion around the cage
center-of-mass, d: d < 3.5 A (inside cage), d = 5.5 A (cage window re-
gion), d = 9.0 A (around cage), d > 9.0 A (pseudobulk liquid PCP).
Using this geometric criterion the PCP arrangement around the cages
was calculated with results in Fig. 6a showing that cages cavities are
empty for all the studied concentrations, thus confirming the type II

Journal of Molecular Liquids 330 (2021) 115660

porous liquid character. There is also a non-negligible number of mole-
cules in the cage windows, increasing with concentration as well as in
the close region to the cavity, but with most PCP molecules placed
away of the region closely around the cage, Fig. 6a. Although the num-
ber of PCP molecules directly interacting with the cages, those in the
windows and in the first solvation shell, increases with concentration,
this variation is not too large. It should be considered that the size of
PCP molecules (139.7 A3 calculated molecular volume) is large thus lim-
iting the number of molecules around the cages because of steric hin-
drance in spite of the large affinity inferred from DFT results. The
formation of type II porous liquids should lead to volume expansion
upon the addition of cage molecules, this effect was quantified through
the so called percentage volume expansion (%V**P) in which the volume
of the neat PCP is compared with that of PCP + cage solutions, Fig. 6b.
The expansion because of the presence of cage molecules is confirmed
and it increases with cage concentration; nevertheless, this effect is
moderate, showing that the disruption of PCP liquid structuring because
of the cage molecules is not too large, with the solvent being able to ar-
range its structuring around the solute maintaining most of its proper-
ties, with this efficient solvation being on the roots of good cage
solubility. To confirm this effect, radial distribution functions, RDFs, for
PCP - PCP pairs were calculated for cage - PCP solution and compared

(a) HOMO

(b) LUMO

77.33
TDOS
65.73 | 3.193
PDOS (cage(33:133)
s4.13 -{ PDOS (PCP)
OPDOS
w4253 -
)
g; 30.93 — "
R 19.33 N
2777 ‘ 8
& \ Qo
S 773 M
o TN
Q = By
3.87 - 1
1
15.47 1
1
27.07 : 4.40 eV _, L -13.53
>
(c) 1 1
-38.67 . . . . . { - —1 . . -19.33
0.80 070  -0.60  -0.50  -0.40 0.30 0.20 0.10 0.00 0.10 0.20
Energy / a.u.

Fig. 5. (a,b) Molecular orbitals (HOMO and LUMO) and (c) the corresponding density of states from DFT optimized structures at B3LYP / 6-311G(d,p) theoretical level of dimer_PCP_06.
Dimer labelling as in Fig. 2. In panel c, total density of states (TDOS), partial density of states (PDOS) for the corresponding molecules and overlap density of states (OPDOS) are reported.
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(c) mix_a.5/»

Fig. 9. Spatial distribution functions of PCP (yellow isosurfaces) around central cage(3:13%) molecules for cage(3:13*) + PCP solutions for different cage content from MD simulations at

300 K.

with neat solvent., Fig. 7a. Results show almost negligible changes be-
cause of the presence of cage molecules, the structure of RDFs is main-
tained in terms of main peaks positions and intensities and although
some minor changes are inferred in some peaks, increasing with con-
centration, e.g. the first RDF peak, these RDFs support equivalent PCP
structuring in neat PCP as well as in cage solutions. The first RDF peak
at 6.5 A evolves with the formation of a shoulder at roughly 8.5 A
when cage solutions are formed, which can be attributed to the self-
interaction of PCP molecules in the region in the vicinity of the cage
(cage windows or direct solvation, Fig. 6a). The integration of the
RDFs led to the solvation numbers in Fig. 7b, which show a decrease
with increasing cage concentration in an almost linear way. This effect
may be again attributed to the local disruption of PCP molecules in the
vicinity of the cages for proper cages solvation, with the cage to PCP in-
teractions decreasing the PCP to PCP ones in the solvation shells around
the cages.

The solutions structuring was also analysed considering RDFs for
cage - PCP and cage - cage (center-of-mass) interactions, Fig. 8. The
RDFs for cage - PCP interactions, Fig. 8a, are characterized by a first
wide (from 4.5 to 9.6 A) peak corresponding to molecules around the
cage surface, involving both those in the cage windows as well as in
the first solvation shell. This structuring for RDFs is maintained in the
whole studied cage concentration range with no remarkable changes
in the cage solvation for the studied concentration range. The

450 ® PCP-PCP
® cage-cage
@® PCP-cage
_500 T I T I T I T
0 5 10 15 20
wt %

Fig. 10. Intermolecular interaction energy, Einer, for cage(3*:13%) + PCP solutions for
different cage content from MD simulations at 300 K.

distribution PCP molecules around cages is confirmed using the Spatial
Distribution Functions, SDFs, reported in Fig. 9. First, the absence of PCPs
inside the cavities is confirmed. Second, for lower cage concentrations,
Fig. 9a, PCP concentrations around the cage windows are large, whereas
when the PCP concentration increases, Fig. 9c, PCP molecules are more
delocalized around the whole cage surface, which agrees with the in-
crease of RDF peaks with cage concentration in Fig. 8a. For the case of
cage - cage interactions, Fig. 8b, the reported RDFs show a certain de-
gree of cage - self interaction, as confirmed by the first RDF peak in
the 5 to 10 A range increasing with cage concentration, thus although
these results show mostly cages dispersed between the PCP solvent
molecules, cage - cage self-interaction is also present in the solutions.

The strength of intermolecular interactions was calculated using the
interaction energy, Ejnr, for the involved molecular pairs, Fig. 10. First,
results in Fig. 8b showed a certain cage self-interaction with the forma-
tion of cage - cage clusters, this is confirmed in Fig. 10 by the large
values of Ej.c, increasing with cage concentration in a linear way. Like-
wise, the Ej., for cage - cage interactions are remarkably larger than
those for cage - PCP or PCP - PCP ones, which can be justified consider-
ing that all these interactions are of van der Waals nature, thus being de-
pendent on the number of van der Waals contacts, i.e. interacting
atomic pairs, which are remarkably larger for the bulky cages. The Ejpnzer
for PCP - cage interactions are only slightly lower than those for PCP -
PCP interactions, and increase (in absolute value) with cage concentra-
tions, in agreement with the larger number of PCP molecules in the first
solvation shell around the cages, Fig. 8a. Likewise, E;p., for PCP - PCP in-
teractions decreases (in absolute value) with increasing cage content,
which agrees with the decrease in PCP - PCP interactions as inferred
from RDFs in Fig. 7b. Nevertheless, this decrease in Ej., for PCP — PCP
pairs is only very minor for the studied concentration range, thus
confirming that although the trend of PCP molecules to effectively sol-
vate cage molecules, which agrees with DFT results, decreases the PCP
self-association, this effect is very minor, with the solvent maintaining
most of its features even in presence of the bulky cage molecules.

The dynamic properties of the studied solutions were also analysed.
Self-diffusion coefficients, D, were calculated from mean square dis-
placements and Einstein's equation, Fig. 11a. The D values for PCP and
cage molecules decrease with increasing concentration in an almost lin-
ear way, Fig. 11a, which leads to an increase of viscosity (calculated
using Green-Kubo method), but in this case in a non-linear way,
Fig. 11b. MD calculated values for cage molecules are slightly larger
than experimental values reported in the literature [6], which leads to
lower viscosities, Fig. 11b, but MD prediction can be considered in suit-
able agreement with experiments. Likewise, D values for PCP molecules
are three fold larger than those for the cages, which may be justified
considering on one side the larger size of cage molecule as well as the
larger E;..er values for interactions involving cage molecules, Fig. 10. Re-
garding PCP mobility, the presence of cage molecules decreases D in
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Fig. 11. (a) Center-of-mass self-diffusion coefficients, D (values for the cage and PCP molecules are reported), and (b) dynamic viscosity, for cage(3%:13%) or PCP molecules for cage(3*:13°)
+ PCP solutions for different cage content from MD simulations at 300 K. Experimental values from the literature [6] are reported for comparison purposes.

comparison with neat PCP solvent, but this decrease is very minor (from
24t02.0107°m? s~ in the studied concentration range), thus show-
ing that although E;,,., for cage - PCP interactions are large, Fig. 10, the
effects of cage — PCP interactions are localized in the shell around the
cage, RDFs in Fig. 8a, thus with minor disruption in bulk liquid PCP
behaviour.

3.3. DFT results for molecular clusters cage + PCP + CO,

The presence of cavities in the studied porous liquid makes this fluid
a suitable material for CO, capturing purposes. To analyse the cage - CO,
interactions 1:1 clusters were studied using DFT, including CO, mole-
cules placed in the external surface of the cage (clusters 01 to 05), con-
sidering the sites with largest AE values, as well as inside the cage cavity
(cluster 06), Fig. 12. The reported results show some variations but con-
siderably large binding energies for all the arrangements of CO, mole-
cule on the external surface of the cage, very effective interaction is
inferred both for gas molecules placed on the cage windows as well as
for the placement near de dimethyl sites. The confinement of CO, mol-
ecule leads to remarkably larger interaction energies than for any of the
orientations outside of the cavity, thus the confinement is preferred to
adsorption on the external surface, which would justify the trend of
CO, molecules to penetrate into the cage internal cavity.

The large stabilization of CO, molecules upon confinement inside
the cage is analysed in Fig. 13 using both AIM and NCI approaches.
The CO, molecule inside the cage cavity leads to the formation of a mas-
sive number of RCPs and CCPs according to AIM approach, Fig. 13a, thus,
showing how gas molecule may interact very effectively with all the
surrounding atoms forming the cage cavity. The nature of the CO, mol-
ecule - cage interaction is determined using NCI method, Fig. 13b. The
region surrounding the CO, molecule is characterized by a large surface
showing van der Waals like interactions with all the surrounding cage
atoms. Therefore, CO, molecule leads to large interaction energy
through the simultaneous interaction with surrounding environment,
which considering the size of CO, molecules leads to effective packing
and van der Waals forces, thus favouring molecular confinement and
confirming that the studied cage can be used for effectively storing
CO, molecule. Likewise, the cage - CO, molecule interaction energy
point to stabilization upon CO, confinement but it is not too large to
allow desorption upon heating [31], thus favouring the use of these
cages for CO, capturing purposes.

dimer_CO2_01.:
dimer_CO2_02:
dimer_CO2_03:
dimer_C02_04:
dimer_C0O2_05:
dimer_CO2_06:

AE = —23.8 k] mol~?
AE = —17.7 k] mol~!
AE = —15.3 kK mol™?
AE = —22.7 kK mol™?
AE = —18.0 k) mol™?
AE = —32.4 kK mol™?

Fig. 12. Optimized structures of cage(3*:13%) - CO, dimers for different possible interac-
tion sites, calculated at B3LYP / 6-311G(d,p) theoretical level. Counterpoise corrected in-
teraction energies, AE, are reported for each dimer. Color code as in Fig. 1. CO,
molecules are reported in different colors to highlight the studied sites. Position 06
shows CO, confined inside the cage cavity.
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Fig. 13. (a) AIM and (b) NCI analysis of CO, molecule confined inside the cavity of cage(3>:13%) calculated at B3LYP / 6-311G(d,p) theoretical level.

3.4. MD results for CO, in cage + PCP liquid mixtures

The properties of CO, in PCP + cage solutions were firstly analysed
using MD considering the percentage of cage occupancy, Fig. 14a. It is
reported in the literature an average occupancy of 54% [6] and results
reported in this work show a slightly lower average occupation
(45.7%) at 300 K but in reasonable agreement. Thus, half of the cages
are occupied at 300 K. It should be remarked that CO, molecules also
show a relevant affinity for the external surface of the cages; thus mol-
ecules may be also stabilized when adsorbed on the cage surface, thus
hindering their penetration toward the internal site. The dynamic pic-
ture of CO, molecules situation may be inferred from the time evolution
of cage occupancy at isothermal conditions, Fig. 14a. The reported re-
sults show the although the cage occupancy remains close to the aver-
age value, there are several events of occupancy decrease or increase,
i.e. a very dynamic behaviour is inferred with gas molecules leaving or
penetrating the cage internal cavity, which can be justified considered
the affinity of CO, molecules both for the internal cavity as well as for
the cage surface. The MD interaction energy is reported inn Fig. 14b
showing its dynamic behaviour. The energy for CO, - PCP interactions
are three-times larger than for CO, - cage ones, which show that CO,
molecules are also prone to interact with PCP solvent molecules. The
event episodes of cage occupancy showed in Fig. 14a are accompanied
by parallel variations in interaction energies. A decrease in cage occu-
pancy is also accompanied by a decrease of cage - CO, interaction en-
ergy and an increase in PCP - CO, energy, and vice versa for increasing
cage occupancy. The CO, molecules leaving cage cavities allow interac-
tion both with the external cage surface as well as with the PCP solvent
molecules, with both types of interactions being only slightly less strong
than those when CO, molecules are confined. These interaction energy
- related issues would justify that only half-of the cavities are occupied
by confined CO, molecules.

The dynamic properties of CO, - PCP - cage solutions were also stud-
ied considering the self-diffusion coefficients, Fig. 15a and compared
with those for the solution in absence of CO, molecules. The absorption
of CO, molecules leads to an increase of molecular mobility, the D values
for PCP increases a 20% and for the cage a 14% is inferred. Thus, a disrup-
tive effect is inferred because of the presence of CO, molecules, which
can be justified by the formation of PCP - CO, interactions weakening
PCP - PCP ones and thus leading to a decrease in fluid's cohesion

55

(a)
- 45.7+2.2 %

==

% occupied cages
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Fig. 14. (a) Percentage of occupied cages and (b) intermolecular interaction energy, Einer,
for the reported pairs in cage(3*:13%) + PCP + CO, solutions from MD simulations at 300
K. In panel a, the average occupancy is reported. Red dashed lines show correlated behav-
iour of occupancy and Ejyer.
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Fig. 15. (a) Self-diffusion coefficients, D, and (b) dynamic viscosity, 1), for cage(3*:13%) + PCP and in cage(3%:13%) + PCP + CO, solutions.

favouring molecular mobility. Likewise, D values for CO, molecules are
larger than for the PCP solvent or the cage. The increase in D values
upon CO, absorption leads to a decrease (—6.4%) in the calculated dy-
namic viscosity. Nevertheless, it should be remarked that these solu-
tions, porous liquids, are low viscous fluids, in absence or presence of
CO,, which would favour their application for carbon capturing,
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Fig. 16. (a) Self-diffusion coefficients, D, (b) dynamic viscosity, ), and (c) percentage of oc-
cupied cages for cage(3%:13%) + PCP + CO, solutions as a function of temperature, T.
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favouring mass and heat transfer processes. Considering that CO,
absorption - desorption processes may be developed at different tem-
peratures for developing carbon capture operations, the behaviour of
CO, - PCP - cage solutions was studied in the 300 to 340 K range,
Fig. 16. The D values as a function of temperature are reported in
Fig. 16a confirming an increase in molecular mobility for the three in-
volved types of molecules, although the ordering CO, > PCP > cage is
maintained in the studied temperature range. This increase in D values
leads to a remarkable non-linear decrease in viscosity, Fig. 16b, reaching
avery low value (1.1 mPa s) at 340 K, which show a suitable increase in
fluidity at moderate temperatures. Nevertheless, in spite of the increase
in molecular mobility the percentage of cages occupancies only de-
creases (on average) from 45.7% at 300 K to 40% at 340 K, thus
confirming the large affinity of CO, molecules for the cage cavity even
at moderate temperatures and showing the suitability of the studied po-
rous solvent for the development of carbon capture operations.

4. Conclusions

The properties of cage (3%:133) cage in liquid perchloropropene
(PCP) are studied using a computational approach considering quan-
tum chemistry and molecular dynamics. The type II porous liquid
character is confirmed by the absence of solvent molecules inside
the cavity for the studied concentration ranges. PCP molecules are
able to efficiently solvate cage molecules, with minor fluid's disrup-
tion, with the solvent molecules placed around the cage windows
and in a first solvation shell around the cages. The interaction of sol-
vent molecules with cages are of van der Waals nature but leading
to very efficient interactions with minor disruptions of solvent self-
association. Likewise, cages are able to self-interact contributing to
fluids' stabilization.

The absorption of CO, molecules is favoured by a stabilization of gas
molecules confined inside the cage cavities but also because of suitable
interaction with cage external surfaces and with the solvent molecules,
which leads to half of the cage cavities occupied but with a dynamic be-
haviour characterized by molecules leaving and entering the cage. The
confined CO, molecules leads to very efficient van der Waals interac-
tions with the surrounding environment, favouring stabilization upon
confinement. The cages occupancy is maintained in the 300 to 340 K
temperature range, which provides a suitable window for using these
liquid materials for CO, absorption. The considered porous liquid is
moderately viscous with the viscosity decreasing to low values upon
gas adsorption, which would favour its applicability at industrial scale.
Therefore, the considered porous liquid is able to admit cages in a
suitable concentration range without large changes in the solvent
properties but leading to a type Il porous material with cages suitable
to capture CO, because of the large affinity for the cages both for the sol-
vent and the adsorbed gas molecules.
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