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CO2 capture enhancement in InOF-1 via the
bottleneck effect of confined ethanol†

Ricardo A. Peralta,a Alberto Campos-Reales-Pineda,a Heriberto Pfeiffer,a

J. Raziel Álvarez,a J. Antonio Zárate,a Jorge Balmaseda,a Eduardo González-Zamora,*b

Ana Martı́nez,a Diego Martı́nez-Otero,c Vojtech Jancik*c and Ilich A. Ibarra*a

CO2 capture of InOF-1 was enhanced 3.6-fold, at 1 bar and 30 8C, by

confining EtOH within its pores. Direct visualisation by single crystal

X-ray diffraction revealed that EtOH divides InOF-1 channels in

wide sections separated by ‘‘bottlenecks’’ caused by EtOH molecules

bonded to the l2-OH functional groups of InOF-1.

Global warming is one of the greatest threats to human civilisation.
In particular, the increasing levels of anthropogenic carbon dioxide
(CO2) emissions from fossil fuel combustion1 directly impact our
environment causing the continuous rise of temperatures across
the planet. Currently, many world leaders and governments are
promoting the development of new technologies for efficient and
effective CO2 sequestration.2 Porous metal–organic frameworks
(MOFs) or porous coordination polymers (PCPs) are amongst the
most promising candidates for CO2 capture because their CO2

sorption capacity is directly tuneable as a function of the topology
and chemical composition of the micropores.3 An emerging CO2

capture technology is based on the preparation of hybrid adsorbent
materials which can be synthesised by confining solvents inside
porous solid supports.4 It is believed that solvent confinement can
promote gas solubility considerably over the corresponding macro-
scopic values and therefore CO2 capture enhancement. In this
regard, Bratko and Luzar5 predicted a 15-fold increase in CO2

sequestration when water was confined in a hydrophobic

environment, which was confirmed by Llewellyn6 who reported
a 5-fold increase in CO2 capture by confining water in MIL-100(Fe).
Similarly, Walton et al.7 demonstrated that small amounts of
confined water enhance CO2 capture in PCPs that incorporate
–OH functional groups within the pores. However, to the best of
our knowledge, confined alcohol has never been used to enhance
CO2 capture inside a PCP. To investigate this possibility, we have
chosen a PCP material entitled InOF-18 composed of binuclear
[In2(m2-OH)] building blocks bridged by BPTC4� ligands (H4BPTC =
biphenyl-3,30,5,50-tetracarboxylic acid) (Fig. S1, ESI†). Furthermore,
InOF-1 shows a 3-D framework structure with channel openings of
approximately 7.5 Å (considering the van der Waals radii of the
surface atoms). It also represents an ideal system for the study of
the effect of confined alcohol on CO2 sequestration as the hydroxo
(m2-OH) functional groups are located inside the channels and can
play a fundamental role in the solvent confinement effect.

Herein, we report a 2.7-fold (kinetic experiment, 30 1C) or
3.6-fold (static experiment, 30 1C) increase in CO2 capture at
one bar of CO2 upon filling 10% of the pore volume of InOF-1
by ethanol, together with the ethanol adsorption properties of
InOF-1 and the direct visualisation of these ethanol molecules
in ethanol saturated InOF-1 through single crystal X-ray diffrac-
tion experiments.

Dynamic and isothermal CO2 experiments were carried out
on InOF-1. First, an acetone-exchanged sample of InOF-1 was
activated (see Experimental details and Fig. S2 and S3 in the ESI†)
and a kinetic CO2 uptake experiment (at 30 1C) showed a maximum
CO2 capture of 5.24 wt%, which was rapidly reached after only 5 min
and remained constant until the end of the experiment (20 min,
Fig. S4, InOF-1, ESI†). Later, an acetone-exchanged sample of InOF-1
was activated, cooled at 30 1C (under N2) and 10% of the pore
volume was filled with ethanol (EtOH) via a solvent wet impregna-
tion method (see the Experimental details in the ESI† and ref. 9).
Hereinafter, this sample will be referred to as impregnated InOF-1.
The 10% EtOH loading is based on the investigation of confined
H2O in the micropores of MIL-53(Cr),10 in which Paesani demon-
strated using computational infrared spectroscopy that at low water
loadings, these water molecules interact strongly with the hydroxo
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(m2-OH) functional groups, via hydrogen bonding, which are located
inside the pore walls of MIL-53(Cr).

Therefore, we hypothesised that at low EtOH loadings, the
microporous channels of InOF-1 can accommodate very efficiently
these EtOH molecules since the m2-OH functional groups act as a
template to ‘pin’ them. Consequently, these confined EtOH mole-
cules help to accommodate more efficiently CO2 molecules and
finally enhance the total CO2 capture.7 Then, a kinetic CO2

experiment, at 30 1C, was performed on the impregnated InOF-1
sample (300 mg of an activated InOF-1 sample were carefully
impregnated with 0.011 mL of EtOH, with the help of a micro-
pipette). Remarkably, the maximum amount of CO2 captured
corresponded to 14.14 wt%, which was reached in approximately
5 min and it was constant until 20 min (Fig. S4a, impregnated
InOF-1, ESI†). To evaluate the reproducibility of the sample
impregnation, six different samples of InOF-1 were impregnated
and kinetic CO2 experiments were performed (Fig. S4b, average of
14.07 wt%, ESI†). It is worth mentioning that we carried out the
impregnation of InOF-1 samples with anhydrous ethanol (o0.005%
water) and ethanol (reagent alcohol, 95%) and there was no
difference in the maximum amount of CO2 captured. In addition,
we also explored filling 8%, 12% and 15% of the pore volume of the
material with EtOH to confirm that the best results were obtained
by filling 10% of the pores with EtOH. Thus, an approximately
2.7-fold increase in the CO2 capture (from 5.24 wt% to 14.14 wt%)
was observed when the sample was impregnated with EtOH in
comparison to the non-impregnated sample. Moreover, the 2.7-fold
increase was reached at the same time (B5 min) as for the non-
impregnated sample, which clearly indicates that CO2 adsorption
kinetics were highly improved due to the presence of EtOH.

With the goal of investigating more about our hypothesis of
low EtOH loadings, in the micro-porous channels of InOF-1, the
pore volume of the material was filled from 85% with EtOH
(solvent wet impregnation method, see the ESI†). This sample is
referred as saturated InOF-1 in this work. Then, a kinetic CO2

experiment (at 30 1C) was carried out on this sample. Interest-
ingly, the amount of CO2 captured was equal to 0.2 wt% (Fig. S4,
saturated InOF-1, ESI†). We then rationalised that when the pore
volume of the material is filled with 85% of EtOH, the saturation
of the micropores in InOF-1, with EtOH molecules, was com-
pleted and therefore, the inclusion of CO2 molecules, into the
micropores, was unfeasible. PXRD analysis (Fig. S5, ESI†) con-
firmed the retention of the crystallinity in all samples after each
CO2 capture experiment.

Pera-Titus and Farrusseng9,11 demonstrated through static
and isothermal H2 adsorption experiments the enhancement of
the H2 uptake by confining solvents such as n-hexane or ethanol
in different mesoporous materials. In particular, the porous
coordination polymer MIL-101(Cr) showed an approximately
2-fold increase in the H2 uptake (at 298 K and 30 bar) by
confining n-hexane.9 Thus, another way to confirm the enhanced
CO2 capture by confining ethanol is static and isothermal adsorp-
tion experiments as demonstrated by Farrusseng9 for H2 in the
MIL-101(Cr) system. The total CO2 uptake (see Experimental
details in the ESI†) at 303 K and 16 bar (Fig. 1, InOF-1) was
15 mmol g�1 (66.0 wt%). At 1 bar and 303 K, the uptake was equal

to 3.81 mmol g�1, which is in good agreement with the previously
reported value of 4.02 mmol g�1 at 1 bar and 296 K.8 Later, an
impregnated InOF-1 (10% EtOH, see the ESI†) exhibited a total
CO2 capture of 20.2 mmol g�1 (88.9 wt%) at 16 bar (Fig. 1,
impregnated InOF-1). Remarkably, at only 1 bar and 30 1C, the
CO2 capture was equal to 13.7 mmol g�1 (60.3 wt%). Therefore,
at 16 bar and 30 1C the CO2 capture increased by approximately
1.3-fold when the sample was impregnated with EtOH (from 15 to
20.2 mmol g�1) in comparison to the non-impregnated sample.
Outstandingly, at 1 bar and 30 1C, the CO2 capture was approxi-
mately 3.6-fold increased (from 3.8 to 13.7 mmol g�1).

Finally, the pore volume of an activated InOF-1 sample was
filled from 85% with EtOH and the total uptake at 16 bar was
approximately 2.3 mmol g�1 (10.1 wt%) and at 1 bar and 30 1C,
the CO2 capture was only 0.3 mmol g�1 (1.3 wt%), (Fig. 1,
saturated InOF-1). This very low CO2 uptake represents the
adsorption on the surface of the microporous material rather
than the adsorption inside the pores. As previously showed by
kinetic CO2 experiments, when the sample is impregnated from
85% with EtOH the saturation of the micropores in InOF-1
occurs and thus, there is no effective CO2 capture. PXRD
experiments demonstrated (Fig. S5, ESI†) the retention of the
crystallinity in all samples.

Ethanol sorption experiments were performed on aceto-
ne-exchanged samples of InOF-1 at 20 and 30 1C, (see the ESI†).
At 30 1C, ethanol underwent rapid uptake at low pressure,
leading to saturation below %P/P0 = 10, indicative of favour-
able host–guest interactions, with a total uptake of 24.7 wt%
(B12.6 molecules per unit cell). Minor hysteresis was observed
(range from %P/P0 = 0 to 20) in the desorption phase (Fig. S6,
open symbols, ESI†). This observed hysteresis is most likely due
to the fact that ethanol molecules can form hydrogen bonds
with the bridging hydroxo functional groups (m2-OH), within
the pores, as we previously hypothesised.12 The isosteric
enthalpy of adsorption for EtOH (molar enthalpy of adsorption,
DH) was experimentally measured by EtOH adsorption micro-
calorimetry (see Fig. S8 and S9, ESI,† DH = 45.04 kJ mol�1) and
also calculated by using the Fowler–Guggenheim Adsorption
Isotherm (FGAI).13 This methodology provided us with a very
accurate fit for both experimental EtOH adsorption isotherms
(ethanol at 20 and 30 1C, see the ESI† for fittings and mathematical
treatment of equations) and the calculated molar enthalpy of

Fig. 1 Static CO2 uptake experiments carried out from 0 to 16 bar at 30 1C
on InOF-1 (red curve), impregnated InOF-1 (10% of the pore volume filled
with EtOH, blue curve) and saturated InOF-1 (85% of the pore volume filled
with EtOH, green curve).
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adsorption, at W = 0, was equal to DH = 44.61 kJ mol�1 (Fig. S13,
ESI†) which is in good agreement with the experimental value. This
value is slightly higher than the molar enthalpy of vaporisation for
ethanol14 (42.32 kJ mol�1). The proximity of both enthalpies for
ethanol (vaporisation and adsorption), explains the shape of both
adsorption isotherms: at 20 and 30 1C there is no inflexion point in
the shape of the isotherms (Fig. S6 and S7, ESI†), suggesting only
one domain of adsorption.15 In addition, the enthalpy of adsorp-
tion for ethanol is in good agreement with PCP systems that exhibit
bridging hydroxo functional groups (m2-OH) such as MIL-53(Cr).16

Ethanol adsorption–desorption recyclability of InOF-1, was carried
out, on the same sample, (Fig. S14 and S15, ESI†) with no apparent
decrease in capacity (24.7 wt% at 30 1C) and adsorption kinetics
over four cycles and showed a partial regeneration (retaining only
5 wt% of EtOH) of the material solely by evacuation for only 30 min
without any thermal activation.

To establish the role of ethanol in the adsorption of CO2 in the
InOF-1 channels, we decided to determine the crystal structure of
InOF-1 saturated completely with ethanol. To do so, the InOF-1
crystals were first rinsed with ethanol and dried to eliminate any
trace of residual solvents that could interfere with the study. Despite
the harsh treatment (170 1C and high vacuum), the inner crystalline
structure of the crystals was retained, and it was possible to collect a
full dataset and determine the crystal structure of the ‘‘empty’’ InOF-
1A (Table S1, ESI†). Such dried crystals were soaked in anhydrous
ethanol for two days, and another crystal was selected and measured
under the same conditions (InOF-1B, Table S1, ESI†). In this case, it
was possible to locate a highly disordered ethanol molecule
hydrogen-bonded to the In2(m2-OH) group. It is noteworthy that
the oxygen atom of the OH group is not accessible from inside of
the channel, as it is located behind the proton and inside a ‘‘dent
in the wall’’. Also, the position of the proton of the OH group was
determined from the difference electron density map excluding its
transfer to the ethanol molecule. The rest of the channels are filled
with 7.25 amorphously frozen ethanol molecules as determined by
the SQUEEZE routine.17 Thus in total, the unit cell contains
approximately 15.25 ethanol molecules. Remarkably, this number
is only 2.6 molecules of ethanol per unit cell more than is adsorbed
by the activated InOF-1 at 30 1C and an atmospheric pressure of
ethanol vapour. This is a very consistent result since the single
crystal X-ray diffraction experiment was carried out at 100 K
(�173 1C) which is a much lower temperature than 30 1C and the
crystals were taken directly from absolute ethanol. The high struc-
tural stability of the InOF-1 framework is also reflected in the
practically identical bond lengths and angles in both crystal struc-
tures (Table S2, ESI†). The O� � �O distances between the OH group
and the two ethanol positions in InOF-1B are 2.73 Å (71%
occupancy) and 2.92 Å (29% occupancy) indicating a very strong
hydrogen bond at the main position.

The structures of InOF-1A and InOF-1B were used to visualise
the effect of the confined ethanol on the diameter and shape of
the pore (Fig. 2) to try to explain the exceptional adsorption
properties of the impregnated InOF-1. In InOF-1A, the channel is
practically cylindrical with a diameter of 7.5 Å. The presence of
one hydrogen bond linked ethanol molecule inside this channel
has a dramatic effect on the free cross-section of the void in the

place of the ethanol as it gets significantly reduced by the ethyl
group pointing in the centre of the channel. As can be seen from
Fig. 2, each subsequent molecule of ethanol not only diminishes
further the free cross-section of the pore but also due to the
symmetry of the network deforms the shape of the channel
significantly. Thus, in InOF-1B, where all OH groups are bonded
to ethanol molecules, the pore is helix-shaped with an approximate
cross-section of the free space between 3.7 and 4.5 Å and pore
volume of 945 Å3 per unit cell (determined using a model without
disorder). Thus, the kinetic diameter of CO2 (3.3 Å)18 practically
inhibits the direct passage of the CO2 molecules through the
network and therefore results in a lower adsorption. This was
demonstrated by the virtually zero adsorption of CO2 on the 85%
impregnated sample of InOF-1 (vide supra).

Furthermore, the pore volume of 1504 Å3 in the unit cell of
InOF-1A determined by crystallography can be converted to
0.39 cm3 g�1 and is in excellent agreement with the BET studies
indicating this volume to be 0.37 cm3 g�1. The loading of 10% of
the pore volume with ethanol used in the adsorption studies
means that if all ethanol molecules were adsorbed and uniformly
distributed in the bulk material, there would be approximately
1.35 molecules of ethanol in the unit cell. It is safe to conclude
that in this case all the ethanol would be involved in hydrogen
bonds with the hydroxo bridges. These hydroxo bridges are all
equivalent, as they are related by the 41 screw axis. This creates an
interesting situation, as at even distribution, there would be two
molecules of ethanol in each 37 Å of the length of the channel

Fig. 2 Crystal structures of InOF-1A (top) and InOF-1B (bottom) and the
effect of the amount of ethanol confined in the pores via the formation of
a hydrogen bond to the In2(m2-OH) hydroxo groups on the pore diameter
and shape. View along the crystallographic 001 direction with and without
the channel surface (left) and along the 110 direction rotated additionally
by 351 around 010 (right) to demonstrate the change from an almost
cylindrical to a helicoidal shape.
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dividing it efficiently into wide sections separated by a ‘‘bottleneck’’
caused by the bonded ethanol. As can be seen from Fig. 2, this
‘‘bottleneck’’ effect is not too big to inhibit the CO2 molecules to
pass this point, but will force them to ‘‘stop’’ or ‘‘slow down’’. This
can be compared to a busy ‘‘multiline highway’’, where a quarter of
the lines are suddenly closed by a roadblock and local ‘‘traffic jam’’
is created. In the impregnated InOF-1, this ‘‘traffic jam’’ would in
the case of a uniform distribution of the ethanol molecules repeat
approximately every 19 Å. This also explains why this effect cannot
be replicated in materials with a smaller pore size but without
confined solvent. In this case, the ‘‘blocked lines’’ are missing
permanently. Another factor that probably helps to keep the CO2

in the impregnated InOF-1 is the availability of a large number of
free OH groups on the surface of the channels, which can bind the
CO2 molecules through the formation of OQCQO(d�)� � �H(d+)
hydrogen bonds as previously demonstrated by Yang, in a material
isostructural to InOF-1 labelled as NOTT-300.19

The CO2–InOF-1 adsorbate–adsorbent system involves mainly
three types of interactions: CO2–CO2 (similar to the bulk liquid),
dispersion CO2–InOF-1, and CO2–quadrupole moment tensor with
the electric field gradient of InOF-1.20 When the system is free of
EtOH molecules, the subsystem of CO2 molecules can behave like
an ideal gas since the channels of InOF-1 do not impose any steric
hindrance and the experimental temperature (30 1C) and critical
temperature of CO2 (30.98 1C) are very close.21 At 30 1C, the thermal
energy (B2.5 kJ mol�1) is enough to overcome potential barriers
that are imposed by the weak adsorbate–adsorbent interactions to
finally achieve a non-localised adsorption. Indeed, the entropy of the
CO2 subsystem is changed with the pre-adsorption of EtOH mole-
cules. The bottlenecks created by these EtOH molecules, reduce the
self-diffusion coefficient of CO2 forcing CO2 molecules to spend
considerably more time around the bottlenecks under large steric
constraints. These adsorbed ethanol molecules also impose steric
restrictions on the CO2 molecules that are adsorbed next to them.
Ethanol and constrained CO2 molecules affect the configuration of
free CO2 molecules, localised between bottlenecks and thus, the
overall effect is a reduction in their molar volume and energy. This
is clearly observed in the CO2 adsorption isotherm slope of the
impregnated InOF-1, (Fig. 1). Finally, the present study demon-
strates that loading 10% of the pore volume with ethanol represents
a perfect equilibrium, where the ‘‘bottleneck’’ effect is maximised,
and there is no excessive saturation of the channels by ethanol, thus
maximizing also the adsorption of CO2.

Quantum chemical calculations (Molecular Electrostatic
Potential, MEP) showed that a CO2 molecule should bind to
the OH group of an ethanol molecule which, in turn, is
hydrogen-bonded to the m2-OH functional group of InOF-1
(see the ESI†, Fig. S18). Finally, CO2 column separation studies
(see the ESI†), demonstrated that impregnated InOF-1 showed
a considerably higher affinity towards CO2 compared to the
fully activated InOF-1 material (see the ESI†).

CO2 capture enhancement was successfully achieved by con-
finement of EtOH within the micropores of InOF-1. The direct
visualisation of a very strong hydrogen bond between the OH
group (m2-OH) and the EtOH molecule was possible by means of
single crystal X-ray diffraction. These bonded EtOH molecules

create a ‘‘bottleneck effect’’ which can accommodate CO2 mole-
cules more efficiently, by partially blocking the pores of InOF-1,
resulting in a remarkably enhanced CO2 capture.
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M. Schröder, Nat. Chem., 2012, 4, 887.

20 R. M. Roque-Malherbe, Adsorption and Diffusion in Nanoporous
Materials, CRC Press, 2007.

21 D. R. Lide, Handbook of Chemistry and Physics, CRC Press LLC, 2004.

Communication ChemComm

Pu
bl

is
he

d 
on

 1
9 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 F
A

C
 D

E
 Q

U
IM

IC
A

 o
n 

19
/0

5/
20

17
 2

0:
49

:1
5.

 
View Article Online

http://dx.doi.org/10.1039/c6cc04734c



