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Eduardo González-Zamora, c Guillaume Maurin*b and Ilich A. Ibarra *a

The CO2 capture performance of InOF-1 was optimised by confining small amounts of MeOH within its

micropores (MeOH@InOF-1). In comparison with fully activated InOF-1, MeOH@InOF-1 shows a 1.30 and

4.88-fold increase in CO2 capture capacity for kinetic and static isothermal CO2 adsorption experiments

respectively. Density functional theory calculations coupled with forcefield based-Monte Carlo simu-

lations revealed that such an enhancement is assigned to an increase of the degree of confinement felt

by the CO2 molecules resulting from the formation of a lump at the vicinity of the μ2-OH groups since

MeOH strongly interacts with these adsorption sites and is thus highly localized in this region.

Introduction

Current studies have demonstrated how the confinement of
different solvents, within porous materials, can significantly
enhance the gas solubility in comparison with the values
expected by using Henry’s law, i.e. considering a linear evol-
ution of the concentration of a dissolved gas with respect to its
partial pressure above the solvent.1 This phenomenon is well
described in the literature as “gas-oversolubility”.2 In fact, the
oversolubility of different confined-solvents can dramatically
modify the characteristic physicochemical properties such as
the density, viscosity, specific heat and dielectric constant.3

A remarkable example was recently presented by Garcia-
Garibay and co-workers4 who demonstrated a striking increase
by 4 orders of magnitude of the dynamic viscosity of confined
DMF within UCLA-R3. Luzar and Bratko5 predicted, by Monte
Carlo calculations, the oversolubility of N2 and O2 up to a
10-fold increase when water molecules are confined in hydro-
phobic mesopores. Pera-Titus et al.1,6 demonstrated how the

confinement of CHCl3, n-C6H14, H2O, and EtOH in mesostruc-
tured materials considerably enhances H2 solubility. By confin-
ing N-methyl-2-pyrrolidone, in the mesopores of MCM-41,
Pellenq7 showed an outstanding 6-fold increment in CO2 solu-
bility. Farrusseng8 confined, within MIL-101(Cr), high
amounts of n-hexane, i.e. 60% of the pore volume, affording
an extraordinary 22-fold enhancement in H2 uptake. In the
context of CO2 capture where solvents are confined in metal–
organic frameworks (MOFs), the corner-stone investigation
was presented by Chang and Llewellyn.9 When 40 wt% of H2O
is confined within the mesopores of MIL-100(Fe), a significant
5-fold increase of CO2 uptake is achieved.

9

It is worth emphasizing that gas oversolubility, as presented
in the previous examples, was observed only in mesoporous
materials. In fact, when referring to gas oversolubility it is
required to incorporate via pre-adsorption or impregnation,
high amounts of solvents before any gas uptake. On the other
hand, when high quantities of solvents are confined within
the micropores of MOF materials, it is not possible to enhance
their CO2 adsorption properties as demonstrated in UiO-66,9

InOF-1,10 NOTT-40011 and NOTT-40112 since gas oversolubility
does not occur in microporous MOFs. However, when small
amounts of solvents are confined within these microporous
materials, an effective and efficient CO2 capture enhancement
was undoubtedly accomplished.13

Typically, Walton and co-workers14 showed CO2 capture
enhancements in microporous MOF materials by confining
small amounts of H2O. Recently, our research group showed
the relevance of confining small amounts of pre-adsorbed H2O
within microporous MOFs in order to enhance their CO2

capture properties.15 In addition to H2O, we explored the con-
finement of other solvents within MOFs: DMF,16 EtOH,17

MeOH18 and i-PrOH.18 We evidenced the positive impact of all
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these confined solvents on the CO2 adsorption performances
of a few microporous MOF materials.15–18 Particularly, for
EtOH17a and DMF,16 the interactions of these confined sol-
vents with the InOF-1 MOF material that afforded a consider-
ably enhanced CO2 capture for this MOF were possible to visu-
alise by single crystal X-ray diffraction.

Continuing with the progress of new CO2 capture techno-
logies,19 the uninterrupted development of hybrid MOF
materials with high adsorption capacity, fast sorption kinetics
and mild regeneration conditions,20,21 can contribute to the
“the twelve principles of CO2 chemistry” proposed by
Poliakoff.22 Here, we present the preparation of a hybrid
solvent-loaded MOF material (MeOH@InOF-1) for CO2 capture
by confining small amounts of methanol (MeOH). In addition,
the MeOH adsorption properties of InOF-123 are discussed
along with the enhanced CO2 adsorption properties of
MeOH@InOF-1. Analysis of the preferential adsorption sites
and the energetics in play for both MeOH and CO2 as single
components and a binary mixture is provided by a subtle com-
bination of periodic Density Functional Theory (DFT) and
force field-based Monte Carlo (MC) simulations. This compu-
tational work allows an understanding at the molecular level
of the origin of the enhancement of the affinity of InOF-1
towards CO2 in the presence of MeOH.

Experimental section
Synthetic preparations

InOF-1 was synthesised according to the procedure published
previously by Hong and co-workers.23 Thermogravimetric ana-
lysis (see Fig. S1, ESI†) and bulk powder X-ray diffraction pat-
terns (see Fig. S2, ESI†) of the as-synthesised InOF-1 confirmed
the structure of this microporous MOF material. Samples of
the as-synthesised InOF-1 were acetone exchanged24 and acti-
vated at 453 K for two hours (either under 10−3 bar, static
experiments, or with a constant flow of N2 gas, dynamic experi-
ments). N2 adsorption isotherms for activated InOF-1, at 77 K,
were performed to estimate a BET area (0.01 < P/P0 < 0.04) of
1065 m2 g−1 and a pore volume of 0.37 cm3 g−1.

Sorption isotherms for N2, CO2 and MeOH

N2 sorption isotherms (up to 1 bar and 77 K) were performed
on a Belsorp mini II analyser under vacuum (10−3 bar). CO2

adsorption–desorption isotherms, up to 1 bar and 196 K, were
carried out on a Belsorp HP (High Pressure) analyser. MeOH
isotherms were recorded in a DVS Advantage 1 instrument
from Surface Measurement Systems. Ultra-pure grade
(99.9995%) N2 and CO2 gases were purchased from PRAXAIR.

Kinetic CO2 uptake experiments

Kinetic CO2 capture experiments were carried out on a thermo-
balance (Q500 HR, from TA) at 303 K with a constant CO2 flow
of 60 mL min−1.

Computational details

Periodic Density Functional Theory (DFT) calculations were
first performed to optimize the geometry of the empty InOF-1,
CO2@InOF-1 and MeOH@InOF-1 structures starting with the
crystal structure of InOF-1 previously published23 and using
the PBE functional25 combined with the DNP basis set26 as
implemented in Dmol3. We considered for both CO2 and
MeOH the loading explored experimentally, i.e. 5.3 wt% and
2 wt% respectively.

Monte Carlo simulations in the NVT ensemble were carried
out at 303 K to predict the adsorption behavior of CO2 and
MeOH as single components and a mixture in InOF-1. The
same loadings than in the DFT calculations were considered
for both molecules, and the simulation box was made of 8 (2 ×
2 × 2) unit cells of the MOF. The host/guest and guest/guest
interactions were treated using Lennard–Jones (LJ) potential
and coulombic contributions. All-atom charged models were
selected for both CO2

27 and MeOH28 while the atoms of the
MOF framework were described by LJ charged sites with para-
meters extracted from the generic force field UFF29 (inorganic
node) and Dreiding30 (organic node). The corresponding LJ
parameters and partial charges are described in the ESI
(Table S1 and Fig. S1†).

Results and discussion
Methanol sorption studies

Methanol (MeOH) adsorption–desorption analyses were
studied for InOF-1. A sample of the acetone-exchanged InOF-1
was positioned in an analyser cell (DVS Advantage 1 instru-
ment) and activated (see Synthetic preparations, static experi-
ments). After the activated InOF-1 sample was cooled down to
303 K, a methanol adsorption–desorption isotherm was per-
formed from %P/P0 = 0 to 90 (Fig. 1), where P0 is the saturated
vapour pressure of methanol at the working temperature
(12.88 and 21.76 kPa at 293 and 303 K respectively).

Fig. 1 Methanol (MeOH) adsorption isotherm at 303 K of InOF-1 from
%P/P0 = 0 to 90. Solid circles represent adsorption, and open circles
show desorption. The inset shows the MeOH adsorption isotherm at
303 K from %P/P0 = 0 to 22.
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In Fig. 1 it is possible to observe a rapid MeOH uptake from
the beginning of the experiment up to approximately %P/P0 =
10 (18.49 MeOH wt%). Above this pressure, we observe a quasi-
plateau associated with a very slow uptake increase up to %P/
P0 = 85 with a total MeOH adsorbed amount of ∼23.3 wt%.
The steep increase of the adsorption uptake at low pressure
clearly indicates that InOF-1 shows a high affinity towards
MeOH.

This was further confirmed by the evaluation of the iso-
steric heat of adsorption (ΔH = −41 kJ mol−1, at low MeOH
coverage) that was obtained from the consideration of adsorp-
tion isotherms calculated at two different temperatures and
the application of the Clausius–Clapeyron equation (303 and
293 K see Fig. S3 and S4 ESI†).

Usually for MOF materials, the use of the Clausius–
Clapeyron and Viral equations is very well known and we, pre-
viously, successfully used these mathematical approaches.31

This calculation is also fully consistent with the MC-simulated
adsorption enthalpy for MeOH (−40.8 kJ mol−1), both values
being slightly higher than the molar enthalpy of vaporisation
for MeOH32 (−38.28 kJ mol−1). Finally, the ΔH for MeOH is in
good agreement with the value already reported for MOFs that
show bridging μ2-OH functional groups.33

The lack of an inflexion point in the shape of the isotherms
(Fig. 1 and 2), suggests only one domain of adsorption.11 The
overall MeOH isotherm-shape shows a characteristic type-I iso-
therm (IUPAC) and a minor hysteresis loop (at 303 K and %P/
P0 = 0–10) was observed with marked stepped profiles in the
desorption branch (Fig. 1, open circles). The pore diameter of
InOF-1 (∼7.5 Å)23 is considerably larger than the kinetic dia-
meter of MeOH (3.6 Å). Thus, this hysteresis cannot be corre-
lated with the arguments of “kinetic trapping”, as suggested
by many research groups for other materials (see ref. 34 for
some representative examples). Instead, the observed hyster-
esis might be due to the relatively strong host–guest inter-
actions mentioned above.

The MeOH isotherm at 293 K was similar to the sorption
experiment at 303 K with two main differences: the total
uptake at %P/P0 = 90 (∼25.1 MeOH wt%) is slightly higher
(∼23.3 wt%) and the hysteresis is much more pronounced.
These results are consistent with the lower operational temp-
erature (293 K); when reducing the temperature of the experi-
ment, a more efficient packing of the molecules can be favored
by a more localized interaction between MeOH and the μ2-OH
functional groups. Thus, a slightly higher total uptake and
more pronounced hysteresis are expected as previously
observed for EtOH at 293 K in InOF-1.17a

The DFT-optimized structure of MeOH@InOF-1 (Fig. 3a)
evidences a preferential sitting of the guest molecules at the
vicinity of the μ2-OH groups that leads to the formation of a
hydrogen bond between O(MeOH) and H(μ2-OH) associated
with a characteristic distance of 1.90 Å (Fig. 3a), similarly to
what was previously reported for ethanol (EtOH)17a in the
same MOF. The same adsorption behavior was also observed
in our MC simulations (Fig. 2b). The center of mass distri-
bution averaged over all the configurations generated by MC
simulations for a low CH3OH loading (2 wt%) reveals that the
arrangement of the guest is highly localized near the μ2-OH
groups (Fig. 3b) consistent with a strong host/guest interaction
as suggested by the relatively high calculated and experimental
adsorption enthalpy.

CO2 capture studies

Dynamic and isothermal kinetic CO2 capture experiments were
carried on the acetone-exchanged samples of InOF-1. These
samples were activated (see Synthetic preparations, static

Fig. 2 Methanol (MeOH) adsorption isotherm at 293 K of InOF-1 from
%P/P0 = 0 to 90. Solid circles represent adsorption, and open circles
show desorption. The inset shows the MeOH adsorption isotherm at
293 K from %P/P0 = 0 to 22.

Fig. 3 DFT-optimized structure for MeOH@InOF-1 showing the prefer-
ential adsorption of the guest towards the μ2-OH groups. (a) Illustration
of the preferential adsorption sites evidenced by MC simulations (b) and
the map of the center of mass distribution of MeOH averaged over all
the configurations generated by MC simulations.
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experiments) on a thermobalance Q500 HR. After the activated
sample was cooled down to 303 K (under a N2 flow), the N2

purge flow was switched to 60 mL min−1 of CO2. Fig. 4 shows
the kinetic CO2 uptake experiment at 303 K for activated
InOF-1. The maximum weight percentage gain corresponds to
the maximum amount of CO2 captured. This amount of
5.2 wt% was quickly reached after only 5 min and it was con-
stant until the end of the experiment (10 min), Fig. 4 (InOF-1).

The DFT-optimized structure of CO2@InOF-1 (Fig. S6†) evi-
dences that similarly to MeOH, CO2 preferentially adsorbs at
the vicinity of the μ2-OH groups however with an interacting
distance which is much longer (2.95 Å). This is consistent with
a much lower adsorption enthalpy calculated by MC (−21
kJ mol−1) for this guest as compared to MeOH (−40.8 kJ mol−1)
and a much more scattered distribution of the center of mass of
the CO2 in the pores of the MOF framework (Fig. S3†).

An acetone-exchanged sample of InOF-1 was activated
(vide supra), cooled down to 303 K (under N2) and fully satu-
rated with MeOH (see the ESI†). By following an activation
protocol (see the ESI†) the residual amount of confined MeOH
was equal to 2 wt%. In order to corroborate the reproducibility
of the activation protocol for InOF-1, we carried out 5 indepen-
dent experiments (see the ESI†) which provided us, approxi-
mately, the same residual amount of MeOH. Hereinafter, this
sample will be referred to as MeOH@InOF-1.

We decided to work only with small amounts of confined
MeOH, within InOF-1, motivated by our previous experimental
work on EtOH (2.6 wt%) confined in the micropores of
InOF-1,17a which led to the formation of hydrogen bonds with
the μ2-OH groups and to a significant improvement of the
overall CO2 capture (2.7 fold increase).17a

The effect of the μ2-OH groups present in different MOFs
on the strength of interactions with solvent molecules is also
well documented from a computational standpoint.35–37

A kinetic CO2 adsorption experiment (303 K) was performed
on a MeOH@InOF-1 sample. The total amount of CO2

adsorbed was equal to 6.9 wt%. This CO2 uptake was achieved
at ∼4 min and remained constant until the last part of the

experiment (10 min) (Fig. 4, MeOH@InOF-1). The samples of
MeOH@InOF-1 were synthesised with anhydrous methanol
(<0.005% water) and methanol (reagent alcohol, 95%). The
kinetic CO2 capture experiments exhibit no difference. Other
residual amounts of MeOH (3%, 4% and 5%) were tested and
the best result was obtained with 2 wt% of confined MeOH.
Thus, the dynamic CO2 capture, at 303 K, was approximately
1.3-fold improved (from 5.2 wt% to 6.9 wt%), after confining
small amounts of MeOH within InOF-1. Since ethanol is a
bigger molecule than methanol, it provides a stronger confine-
ment effect which enhances the CO2 capture even more.

Continuing with the investigation of the CO2 adsorption
properties of MeOH@InOF-1, static and isothermal CO2

adsorption experiments (increasing the partial pressure from 0
to 1 bar at 196 K) were carried out. The adsorption of CO2 at
303 K is rather complicated since it is very close to the critical
temperature of CO2.

33 At 303 K the density (δCO2
) of CO2

adsorbed is difficult to estimate because the CO2 saturation
pressure is really high and therefore the range of P/P0 is
limited to only 0.02 at sub-atmospheric pressures.38

Additionally, it has been postulated that adsorption in well-
defined micropores occurs by a pore-filling mechanism rather
than surface coverage.38,39 For example, N2 molecules (77 K)
can fill micropores in a liquid-like fashion at very low relative
pressures under 0.01. Conversely, CO2 adsorbed at ambient
temperatures can only form a monolayer on the walls of micro-
porous materials.39 Thus, in order to achieve pore-filling
micropores and a much better and precise description of the
CO2 adsorption properties of these MOFs, CO2 gas adsorption
experiments at 196 K are highly desired.40

For this purpose, a CO2 static sorption-experiment at 196 K
was performed on an activated (see Synthetic preparations,
static experiments) sample of InOF-1 with a total CO2 uptake
of 24.2 wt%, (Fig. 5, InOF-1). Then, a MeOH@InOF-1 sample
was quickly mounted in a high-pressure cell (Belsorp HP) and
carefully evacuated to eliminate any absorbed moisture. The
CO2 adsorption–desorption experiment from 0 to 1 bar and
196 K showed a CO2 uptake at low pressure (approximately

Fig. 4 Kinetic CO2 uptake experiments performed at 303 K with a CO2

flow of 60 mL min−1 in InOF-1 (blue curve) and MeOH@InOF-1 (orange
curve).

Fig. 5 Static CO2 adsorption–desorption performed from 0 to 1 bar at
196 K on InOF-1 (black circles) and MeOH@InOF-1 (red circles).
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0.026 bar) of 5.59 wt%, (Fig. 5, MeOH@InOF-1). Conversely,
the CO2 uptake of InOF-1 at the same pressure was equal to
1.14 wt%. This result is interesting since at very low pressure,
the CO2 uptake is considerably enhanced (4.88-fold increase)
by confining small amounts of MeOH. The total CO2 uptake of
MeOH@InOF-1 at 1 bar was 26.0 wt%, which in comparison
with the InOF-1 sample, corresponds only to a small improve-
ment (1.07-fold increase) (see Fig. 5). Both BET area (720
m2 g−1) and pore volume (0.34 cm3 g−1) obtained for
MeOH@InOF-1 are lower than the values for the empty InOF-1
(1065 m2 g−1 and 0.37 cm3 g−1 respectively). These obser-
vations are consistent with other confined solvents (EtOH and
DMF) @InOF-1 (see Table 1).16

Molecular simulations were further performed to gain
insight into the adsorption behaviors of MeOH and CO2 at the
molecular level. The MC calculations evidenced that the μ2-OH
groups are the most preferential adsorption sites for both
guests as mentioned above. However, since the adsorption
enthalpy for MeOH (−40.8 kJ mol−1) is significantly higher
than for CO2 (−21 kJ mol−1) as single components, MeOH is
favorably adsorbed around the μ2-OH groups in a binary
mixture and this geometry tends to screen the CO2/μ2-OH
interactions as can be observed from Fig. 6.

Fig. S8† shows that the presence of MeOH leads to a small
enhancement of the strength of CO2/InOF-1 interactions from
−21 kJ mol−1 to −23 kJ mol−1. The comparison between the
van der Waals surface area plotted for the DFT-optimized
empty InOF-1 and MeOH@InOF-1 structures demonstrates

that the presence of MeOH induces a decrease of the accessi-
ble porosity for CO2, consistent with the experimental find-
ings, by forming a lump at the vicinity of the μ2-OH groups
(Fig. 7b). This is also reflected in the plot of the pore size dis-
tribution for the two InOF-1 (Fig. 7c). This observation sup-
ports that the slightly higher CO2 affinity of MeOH@InOF-1 as
compared to the empty InOF-1 and hence the higher uptake is
most probably caused by the higher degree of confinement felt
by the adsorbed CO2 in the presence of MeOH rather than a
mutual energetic effect between the two guests.

Conclusions

The MeOH adsorption properties of InOF-1, a microporous
In(III)-based MOF material, were first investigated. Rapid MeOH

Fig. 7 van der Waals surface area plotted for the DFT-optimized empty
InOF-1 (a) and MeOH@InOF-1 (b) structures. Comparison of the pore
size distribution calculated for the two structures (empty InOF-1 solid
lines and MeOH@InOF-1 dashed lines) (c).

Table 1 Adsorption properties of InOF-1 loaded with different solvents

Sample BET surface area (m2 g−1) pore volume (cm3 g−1) Solvent loading (wt%)

CO2 uptake (wt%)

Kinetica (303 K) Staticb (196 K)

InOF-1 1066 0.37 0.00 5.24 1.14
MeOH@InOF-1 720 0.34 2 6.9 5.59
DMF@InOF-116 628 0.32 4.2 8.06 7.14
EtOH@InOF-117a 514 0.28 2.6 14.14 —

a CO2 uptake at 1 bar and 60 mL min−1 flux. b CO2 uptake at 0.026 bar.

Fig. 6 Illustration of the preferential adsorption sites simulated by MC
for both guests as a binary mixture in InOF-1 (a) and the map of the
center of mass distribution of CO2 (green region)/MeOH (red region) as
a binary mixture averaged over all the configurations generated by MC
simulations (b).

Paper Dalton Transactions

15212 | Dalton Trans., 2017, 46, 15208–15215 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 1
5 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 F

A
C

 D
E

 Q
U

IM
IC

A
 o

n 
30

/0
4/

20
18

 1
7:

30
:5

3.
 

View Article Online

http://dx.doi.org/10.1039/c7dt02709e


uptakes and hysteresis loops at low loadings (%P/P0 = 0 to 10)
at 303 and 293 K demonstrated a high affinity towards MeOH.
This MeOH affinity was experimentally quantified by the evalu-
ation of the isosteric heat of adsorption (ΔH = −41 kJ mol−1)
and confirmed by force field-based MC simulations (ΔH =
−40.8 kJ mol−1) while DFT geometry optimizations evidenced
the formation of a relatively strong hydrogen bond between
O(MeOH) and H(μ2-OH).

Kinetic isotherm CO2 experiments showed a CO2 uptake of
5.2 wt% for fully activated InOF-1. After confining small
amounts of MeOH (2 wt%) within its micropores, the CO2

capture, for MeOH@InOF-1, increased to 6.9 wt% corres-
ponding to a 1.3-fold improvement. Static and isothermal CO2

experiments (∼0.026 bar and 196 K) exhibited a remarkable
4.88-fold CO2 capture increase (from 1.14 wt%, for fully acti-
vated InOF-1 to 5.59 wt%, for MeOH@InOF-1).

MC calculations showed that MeOH forms a lump at the
vicinity of the μ2-OH groups that tends to increase the degree
of confinement felt by CO2, most probably at the origin of the
higher CO2 uptake observed in the low domain of pressure for
MeOH@InOF-1 as compared to the empty solid.
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