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ABSTRACT: The bottleneck effect of confined N,N-dime-
thylformamide (DMF) molecules was observed in InOF-1 for
the first time: CO2 capture was remarkably enhanced in
samples of as-synthesized InOF-1, thermally activated in such a
way that a small residual amount of DMF molecules remained
confined within the pores (DMF@InOF-1). Dynamic CO2
adsorption experiments on DMF@InOF-1 exhibited a CO2
capture of 8.06 wt % [1.5-fold higher than that of a fully
activated InOF-1 (5.24%)]. DMF@InOF-1 can reversibly
adsorb/desorb 8.09% CO2 with no loss of CO2 capacity after
10 cycles, and the desorption is accomplished by only turning
the CO2 flow off. Static CO2 adsorption experiments (at 196
K) demonstrated a 1.4-fold CO2 capture increase (from 5.5
mmol·g−1, fully activated InOF-1, to 7.5 mmol·g−1, DMF@InOF-1). Therefore, these CO2 capture properties are the result of the
presence of residual-confined DMF molecules within the InOF-1 framework and their interactions via a very strong hydrogen
bond with the In2(μ-OH) groups, which prevent DMF leaching. The stability of this hydrogen bond is given by a perfect fit of
the DMF molecule in the “dent” around the OH group that allows a nearly ideal orientation of the DMF molecule towards the
OH group.

■ INTRODUCTION

The growth in atmospheric CO2 over the past decades is a
result of increasing and indiscriminate fossil-fuel combustion.1

In 2015, global CO2 emissions have augmented up to 35.7
billion tonnes per year, and 90% of these emissions are solely
associated with fossil-fuel combustion.2 The continuous rise in
CO2 emissions is directly connected to the continuous rise of
temperature across the planet, which contributes to one of the
highest threats to our civilization: global warming. Unfortu-
nately, the CO2 concentration in the atmosphere is expected to
increase before a noncarbon-containing fuel takes over as the
dominant energy resource.2 Given our high degree of
dependence on fossil fuels and the technical, economic, and
social difficulties of large-scale use of alternative energy options,
a drastic reduction of atmospheric CO2 emissions is essential to
minimize the related risks that global warming represents to our
planet.
The direct capture of CO2 from a very concentrated CO2

stationary source is technically possible and could be potentially
cost-effective. For example, in a typical power plant, the

composition of flue gas is CO2 (10−15%), NO (1500−2500
ppm), and SO2 (500−2000 ppm).3 NO is transformed by
selective catalytic reduction, SO2 is captured by a wet lime
scrubber, and CO2 is vented to the atmosphere.4 Therefore,
international leaders are intensively boosting many environ-
mental initiatives for the development of new CO2 capture
technologies.5 Current technological strategies for CO2 capture
are mainly based on CO2 absorption in aqueous amines with
many disadvantages such as the corrosion of pipelines, heat
instability, and high cost for their regeneration.6 The cost of
CO2 sequestration can be considerably reduced if an effective
CO2 capture sorbent system is established with the following
characteristics: (i) high CO2 capture capacity (>1000 μmol·
g−1) and (ii) long-term regeneration capacity.7 Poliakoff et al.8

postulated “the 12 principles of CO2 chemistry”, where CO2

capture corresponds to one of these principles (maximize
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integration) and the use of porous solid materials for this task
represents a very promising alternative.
Porous coordination polymers (PCPs) or metal−organic

frameworks (MOFs) are highly crystalline materials that show
high structure stability, adsorption capacity, and mild
regeneration conditions for CO2 capture and separation.9

Enhancement of CO2 capture in PCPs can be achieved by
optimizing intrapore interactions between these materials and
CO2 molecules.10 Typical synthetic strategies to improve host−
guest interactions in PCP materials are based on the
functionalization of pores with basic (Lewis) nitrogen-
containing groups such as triazole,11 amine,10a,12 and tetrazole13

and the generation of acid (Lewis) open metal sites.14

The confinement of solvents inside porous solid supports
represents a new and exciting synthetic strategy to improve
CO2 capture.

15 Because the physical properties of the solvents
strongly depend on the system scale, the confinement of these
in nanostructures considerably modifies their viscosity, density,
dielectric constant, and specific heat.16 For example, Luzar and
Bratko17 predicted [by performing molecular dynamics (MD)
computer simulations] a 15-fold increase in CO2 capture via the
confinement of H2O in a hydrophobic environment. Pellenq et
al.15 confined N-methyl-2-pyrrolidone in a mesoporous materi-
al, entitled MCM-41, and demonstrated a 6-fold increase in the
CO2 solubility. Remarkably, Llewellyn et al.18 reported a 5-fold
increase in CO2 capture by the confinement of H2O in MIL-
100(Fe). Similarly, Walton et al.19 demonstrated that
controlled H2O adsorption can enhance CO2 capture in
PCPs by incorporating functional groups within the pores of
these materials. They showed that hydroxyl (−OH) functional
groups act as directing agents for H2O molecules inside the
pores, allowing a more efficient and ordered packing of H2O.

20

Furthermore, Yaghi et al.21 proposed that the presence of these
functional groups (−OH) improves the affinity of PCP
materials to H2O.
We are interested in developing hybrid adsorbent PCP

materials capable of sequestering large amounts of CO2 (via
confinement of DMF in the pores of PCPs) in parallel with our
previous studies, where H2O

22 and ethanol (EtOH)23 were
confined within the micropores of PCPs, to increase CO2
capture. In fact, when solvent molecules are confined within
PCPs, they partially block their micropores, and this
phenomenon results in an enhanced CO2 capture (due to a
more efficient CO2 packing within PCPs); we designated this
singularity as the “bottleneck effect”.23 Conversely to the
standard procedure of solvent exchange after PCP materials
have been synthesized, herein we report the direct use of
thermally activated samples of InOF-1,24 which contain a small
residual amount of DMF within the pores of the PCP material.
InOF-1 crystallizes in the chiral space group I4122, and it is
based on a binuclear [In2(μ2-OH)] building block.24 Each
indium(III) center adopts an octahedral coordination environ-
ment, with four oxygen donors from four different BPTC4−

ligands (H4BPTC = biphenyl-3,3′,5,5′-tetracarboxylic acid)25

and two μ2-OH groups. InOF-1 shows a 3D framework
structure with channel openings of approximately 7.5 Å
(considering the van der Waals radii of the surface atoms). In
this contribution, we report for the first time, to the best of our
knowledge, the CO2 capture enhancement properties of InOF-
1 by confining DMF within its micropores, along with the
precise localization of DMF molecules, via single-crystal X-ray
diffraction experiments.

■ EXPERIMENTAL SECTION
Chemicals. Indium nitrate [In(NO3)3], biphenyl-3,3′,5,5′-tetracar-

boxylic acid (H4BPTC), N,N-dimethylformamide (DMF), acetonitrile
(CH3CN), and nitric acid (HNO3, 65%) were purchased from Sigma-
Aldrich and used as received.

Material Synthesis. In2(OH)2(BPTC) (InOF-1, where BPTC =
biphenyl-3,3′,5,5′-tetracarboxylate) was synthesized according to
previously reported procedures:24 In(NO3)3 (156 mg, 0.40 mmol)
and H4BPTC (33 mg, 0.10 mmol) were dissolved in CH3CN (5 mL),
DMF (5 mL), and HNO3 (65%, 0.2 mL) and sealed in a pressure tube.
The clear solution was heated at 358 K in an oil bath for 72 h. The
tube was cooled to room temperature over a period of 12 h, and the
colorless crystalline product was separated by filtration, washed with
DMF (5 mL), and dried in air. Yield: 72% (based on the ligand).
Thermogravimetric analysis (TGA) and powder X-ray diffraction
(PXRD) were carried out to assess the purity of the material (see
Figures S1 and S2 in the Supporting Information).

Adsorption Isotherms for N2, CO2, and H2O. N2 isotherms (up
to 1 bar and 77 K) were recorded on a Belsorp mini II analyzer under
high vacuum in a clean system with a diaphragm pumping system.
CO2 isotherms up to 1 bar and 196 K were recorded on a Belsorp HP
(high-pressure) analyzer. Ultrapure grade (99.9995%) N2 and CO2
gases were purchased from Praxair. H2O isotherms were obtained with
a humidity-controlled thermobalance (Q5000 SA, from TA) at 303 K.

Kinetic CO2 Uptake Experiments. Kinetic experiments were
performed by using a thermobalance (Q500 HR, from TA) at 303 K
with a constant CO2 flow (60 mL·min−1).

Adsorption Microcalorimetry for CO2. CO2 adsorption micro-
calorimetry experiments were carried out on InOF-1, EtOH@InOF-1,
and DMF@InOF-1 at 303 K. The evolved heat was measured using a
Tian-Calvet microcalorimeter (CA-100, ITI). This instrument
measures the CO2 isotherm and the enthalpy of adsorption for CO2
simultaneously using a point-by-point introduction of CO2 gas to the
sample.

Single-Crystal X-ray Diffraction Experiments. Single crystals of
as-synthesized InOF-1 were obtained by slow cooling of the reaction
mixture after its synthesis. These crystals were separated from the
mother liquor, submerged in Paratone oil to protect them from
moisture, and used for data collection. A selected crystal was mounted
on a Bruker APEX DUO diffractometer equipped with an Apex II
CCD detector at 100 K. Frames were collected using ω scans26 and
integrated with SAINT.26 Multiscan absorption correction (SA-
DABS)26 was applied. The structures were solved by intrinsic phasing
(SHELXT)27 and refined using full-matrix least squares on F2 with
SHELXL28 within the ShelXle GUI.29 Weighted R factors, Rw, and all
goodness-of-fit indicators are based on F2. All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms of the C−H bonds
were placed in idealized positions, whereas the hydrogen atom from
the OH moiety was localized from the difference electron density map,
and its position was refined with Uiso tied to the parent atom with
distance restraint (DFIX). The disordered DMF molecule was refined
using geometry (DFIX and SAME) and Uij restraints (SIMU and
RIGU) implemented in SHELXL.28 The molecular graphics were
prepared using Mercury and GIMP.30 The surface of the “dent” was
calculated with a probe radius of 1.5 Å and a grid spacing of 0.1 Å
within Mercury.31 CCDC 1518398 contains the supplementary
crystallographic data for this paper. Copies of the data can be
obtained free of charge via http:/www.ccdc.cam.ac.uk/const/
retrieving.html or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, U.K. [fax (+44)1223-336-033;
e-mail deposit@ccdc.cam.ac.uk].

■ RESULTS AND DISCUSSION

Single-Crystal X-ray Diffraction Studies. In our previous
study, we determined that the increment of CO2 capture in
InOF-1 is the result of a bottleneck effect due to the pores
being partially filled by EtOH molecules hydrogen-bonded to
the In2(μ-OH) group.23 Thus, the crystal structure of the as-
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synthesized sample of InOF-1 was determined to unambigu-
ously confirm the nature of the interaction of the InOF-1
framework with the DMF molecules (Table 1 and Figure 1).

As expected, the In2(μ-OH) group forms a hydrogen bond
with the DMF molecule; however, in contrast to the hydrogen-
bonded EtOH molecule in our previous study,23 the DMF
molecule shows less disorder and is, in fact, involved only in a
symmetry-induced disorder caused by its presence in the
vicinity of a 2-fold axis. This substantial difference can be
rationalized in terms of the present hydrogen bonding, the free
space around the In2(μ-OH) group, and the shape of the
solvent molecule. As can be seen in Figure 2, the −OH group is

located inside a “dent in the wall” created by two organic BPTC
ligands bridging the same In4(μ-OH)3 unit. The shape of the
dent is the main reason why DMF binds far more strongly to
the −OH group than EtOH. The hydrogen bond is usually
described by the O−H, O···O, and H···O distances and the O−
H···O angle. These parameters are 0.83(1), 1.84(2), and
2.663(9) Å and 172(2)° for DMF and 0.84(1), 1.97(2), and
2.73(1) Å and 151(2)° for the main position of the EtOH
molecule.23

In the case of EtOH, the geometry around its oxygen atom
and specifically the presence of its acidic proton is not
compatible with the form of the dent around the In2(μ-OH)
group, and thus the EtOH molecule cannot assume an ideal
position for hydrogen-bonding formation. That is visualized by
a longer O···O distance and mainly by the C−O···H angle of
153° between the proton of the In2(μ-OH) group and the C−

Table 1. Selected Crystallographic Data for the As-
Synthesized InOF-1

chemical formula C11H11InNO6

formula mass 368.03
cryst syst tetragonal
a (Å) 15.4702(8)
b (Å) 15.4702(8)
c (Å) 12.3125(6)
α (deg) 90
β (deg) 90
γ (deg) 90
unit cell volume (Å3) 2946.7(3)
temperature (K) 100(2)
space group I4122
wavelength (Å) 0.71073
Z 8
density (g·cm−3) 1.659
absorption factor (mm−1) 1.623
F(000) 1448
cryst size (mm3) 0.246 × 0.106 × 0.060
θ range (deg) 2.114−28.281
limiting indices −20 ≤ h ≤ 20, −20 ≤ k ≤ 20, −16 ≤ l

≤ 16
reflns collected 17397
reflns unique (Rint) 1842 (0.0272)
no. of data/restraints/param 1842/62/121
GOF on F2 1.125
R1,

a wR2
b [I > 2σ(I)] 0.0180, 0.0493

R1,
a wR2

b (all data) 0.0185, 0.0496
absolute structure param 0.21(5)
residual electron density (e·Å−3) 0.628/−0.316
SQUEEZE volume of the voids
(Å3)

568

SQUEEZE no. of removed
electrons (e)

198

aR1 = ∑||Fo| − | Fc||/∑|Fo|.
bwR2 = [∑w(Fo

2 − Fc
2)2/∑(Fo

2)2]1/2.

Figure 1. Views of the binuclear building block of two metal-ion
oxygen octahedra bridged by a μ2-hydroxo group (left), the BPTC4−

ligand (center), and the crystal structure of InOF-1 along the c axis
showing 7.5 Å channels (right).

Figure 2. Space-filling model of (a) the close ambient of the In2(μ-
OH) group (b) with 3D topology of the “dent”, (c) with a hydrogen-
bonded EtOH molecule, and (d) with a hydrogen-bonded DMF
molecule.
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O fragment of the EtOH molecule. In the case of the perfect
orientation of the EtOH molecule, this angle should be close to
109°.23 On the other hand, the orientation of the DMF
molecule is nearly perfect because the corresponding angle is
with 115°, very close to the theoretical 120° value for sp2

hybridization. Also, the O−H···O angle is nearly linear
[172(2)°]. Additionally, the methyl group of the EtOH
molecule is forced against the “dent’s” wall (Figure 2c). All of
this allows the DMF molecule to interact very strongly with the
In2(μ-OH) group (Figure 3), explaining the high temperatures

(453 K) necessary for activation of the as-synthesized InOF-1
and t h e h i g h s t a b i l i t y o f t h e DMF@InOF -1
[In2(OH)2(BPTC)·DMF0.34] material during the repeated
cycles of CO2 adsorption/desorption. It is also worth noting
that 4.2 wt % residual DMF in DMF@InOF-1 (vide supra) is
equivalent to 1.37 DMF molecules per unit cell (0.17 DMF
molecules per μ-OH group) and is practically identical with
that found for the maximum bottleneck effect of EtOH in
InOF-1 (1.35 EtOH molecules). Thus, in DMF@InOF-1, the
adsorption of CO2 is enhanced by the bottleneck effect, but
simultaneously, the flow of CO2 is not capable of breaking the
hydrogen bond between the DMF molecule and the frame-
work, suppressing DMF leaching and making this system
reusable.
CO2 Capture Studies. Dynamic and isothermal CO2

experiments (kinetic) were carried out on InOF-1 (see
Activation Methods in the Supporting Information). Figure 4
(InOF-1) shows the kinetic CO2 uptake experiment at 303 K.
At this temperature, the material showed the maximum weight
percentage gain, which indicates the maximum amount of CO2

captured. This amount corresponded to 5.24 wt %, and it was
rapidly reached after only 5 min, remaining constant until the
end of the experiment (10 min; Figure 4, InOF-1).
Later, a freshly synthesized sample of InOF-1 was activated

(453 K for 1 h and under a flow of N2) and cooled to 303 K
(under N2). Hereinafter, this sample will be referred to as
DMF@InOF-1. It was decided to activate the as-synthesized
InOF-1 samples at 453 K for 1 h with the goal of partially
removing the DMF molecules from the pores of InOF-1. In
fact, by running a high-definition TGA on an as-synthesized
sample of InOF-1 [high-resolution (Hi-Res) mode with a
heating rate of 5 K·min−1, a Hi-Res setting of 5, and a sensitivity
of 1], we managed to estimate the amount of residual DMF
within the micropores of DMF@InOF-1 as 4.2 wt % [see
Figure S3 (left) in the Supporting Information]. In order to
confirm the reproducibility on the amount of residual DMF,
five freshly synthesized samples of InOF-1 were analyzed with
Hi-Res TGA, and the results are shown in Table S1 (see the
Supporting Information). By taking the average of those five
experiments, the residual DMF in InOF-1 corresponded to
4.242 wt % (see Table S1 in the Supporting Information). In
fact, a fully activated sample of InOF-1 (4 days in acetone
followed by 453 K and 10−3 bar for 1 h) was saturated with
anhydrous DMF, and a TGA experiment [see Figure S3 (right)
in the Supporting Information] showed that it can adsorb 28.2
wt % DMF.
Additionally, another fully activated sample of InOF-1 was

saturated with anhydrous DMF, and Hi-Res TGA demon-
strated that when this DMF-saturated sample reached 453 K,
the residual amount of DMF within the pores of DMF
corresponded to 6.7 wt % [see Figure S3 (left) in the
Supporting Information]. This result showed that when the
sample is fully activated, it can adsorb more DMF than the as-
synthesized sample, and thus we decided to only work with as-
synthesized samples of InOF-1. From the energy-savings and
practical points of view, the direct use of as-synthesized samples
of InOF-1 (with only a simple activation step) is much more
attractive for any CO2 capture studies than the much longer (at
least 4 days) and energy-consuming solvent-exchange (e.g.,
acetone) process.
We previously reported that small amounts of H2O

22 and
EtOH,23 within the micropores of PCPs, enhanced CO2
capture. Therefore, we hypothesized that small amounts of
DMF occluded inside the microporous channels of InOF-1
(DMF is “pinned” to the μ2-OH functional groups via
hydrogen bonding) could also improve the CO2 adsorption
capacity of the material. This hypothesis was also comple-
mented by Paesani and co-workers,32 who showed by
computational IR spectroscopy that when the material MIL-
53(Cr) is loaded with small amounts of H2O, these can directly
interact with the hydroxo (μ2-OH) functional groups of the
PCP material (hydrogen bonding).
By taking the approach of MD, Haigis et al.33 proposed that

H2O molecules can form strong hydrogen bonds with the μ2-
OH functional groups, in MIL-53(Cr), as a function of H2O
loading. Additionally, Maurin et al.34 corroborated by grand
canonical Monte Carlo computational simulations, in MIL-
53(Cr), that at low H2O loadings these H2O molecules are
regularly accommodated inside all of the pores of the material.
Then, a kinetic CO2 experiment (303 K) was carried out on

DMF@InOF-1. The adsorption isotherm showed a two-step
uptake for the DMF@InOF-1 sample (Figure 4). The first step
(from 0 to approximately 0.5 min) showed a very fast CO2

Figure 3. Mutual orientations of the DMF molecule and InOF-1
framework, showing the hydrogen bond between the DMF and In2(μ-
OH) groups (a) in the direction of the channel and (b) showing
details of the hydrogen bond.

Figure 4. Kinetic CO2 uptake experiments performed at 303 K with a
CO2 flow of 60 mL·min−1 in InOF-1 (black curve), DMF@InOF-1
(4.2 wt % DMF within the pores; red curve), and as-synthesized InOF-
1 (blue curve).
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uptake (∼2 wt %), which indicates a high CO2 affinity of the
DMF@InOF-1 material. This affinity was experimentally
corroborated by the molar enthalpy of adsorption (ΔH) for
CO2 (vide infra). The maximum amount of CO2 captured was
equal to 8.06 wt % and was achieved within approximately 5
min, and it was constant until the end of the experiment
(Figure 4, DMF@InOF-1). Therefore, when there is a residual
small amount of DMF (4.2 wt %), CO2 capture (in InOF-1)
was roughly 1.5-fold-augmented (from 5.24 to 8.03 wt %) in
comparison to the fully activated InOF-1 sample. Furthermore,
the CO2 adsorption kinetics were considerably improved by the
presence of the remaining DMF molecules, within the
micropores of InOF-1, because the 1.5-fold increase was
reached at the same time (approximately 5 min). Later, a
freshly synthesized InOF-1 sample (without any activation
protocol) was used for a kinetic CO2 experiment at 303 K. The
total amount of CO2 captured was approximately equal to 0.1
wt % (Figure 4, as-synthesized InOF-1). In this case, the pores
in the as-synthesized InOF-1 sample are filled with the reaction
solvent mixture (DMF/CH3CN/H2O), and thus the inclusion
of CO2 molecules, into the micropores of the material, was not
possible.
As it was stated before, for any CO2 capture material, it is

essential to show a long-term regeneration capacity with low-
energy requirements for CO2 release.7 Certainly, this step is
another fundamental factor in the cost of potential industrial
separation processes.35 In fact, different regeneration method-
ologies can be used depending on the characteristics of a given
material. One of the most common methods is vacuum- and
temperature-swing desorption. Long and co-workers36 reported
a working CO2 capacity (total CO2 adsorption) of approx-
imately 7 wt % at 25 °C on mmen-CuBTTri. The PCP material
was regenerated by switching the flow (15% CO2 in N2) to a
pure N2 stream followed by raising the temperature to 60 °C.
This treatment was necessary because the enthalpy of
adsorption for CO2, for mmen-CuBTTri, was calculated to be
ΔH = 96 kJ·mol−1 (very close to that of chemisorption
formation, ca. 100 kJ·mol−1), which indicates a very strong
physisorption between CO2 molecules and the pore walls of the
material; therefore, more energy was required for CO2 release.
Yaghi et al.37 reported on Mg-MOF-74 a working CO2 capacity
of 8.9 wt % with full regeneration of the material under purge-
flow conditions at 80 °C. Denayer and co-workers38 reported a
separation capacity (total CO2 adsorption) of 3.7 wt % for
NH2-MIL-53 with regeneration of the material at 159 °C under
a purge flow.
To test the regeneration properties of DMF@InOF-1, a

freshly synthesized sample was subjected to kinetic CO2
adsorption/desorption experiments at 303 K (Figure 5). Each
cycle consists of an adsorption step (15 min) and a desorption
step (15 min), enabling a cycling time of only 30 min without
the use of N2 or high temperature.
When only the CO2 flow was turned off (reducing the

pressure: desorption step) at the same adsorption temperature
(303 K), complete regeneration of the DMF@InOF-1 material
was achieved with no loss of CO2 capacity even after 10
adsorption/desorption cycles (average CO2 adsorption = 8.09
wt %; Figure 5). This is a remarkable result because there is no
need to use a purge gas (e.g., N2) and, more importantly, no
thermal reactivation of the sample is required, resulting in a
very low-cost separation process. The isosteric enthalpy of
adsorption for CO2 on DMF@InOF-1 (molar enthalpy of
adsorption, ΔH) was experimentally measured by CO2

adsorption microcalorimetry (see Figure S4 in the Supporting
Information), giving a value of ΔH = 45.6 kJ·mol−1, which is a
characteristic value for a mild physisorption in PCPs.5 In order
to establish a comparison of the CO2 affinity of this material
(DMF@InOF-1) with InOF-1 and EtOH-impregnated InOF-
1,23 the isosteric enthalpy of adsorption for CO2 for these two
materials (InOF-1 and EtOH@InOF-1) was determined in the
same way (see Figures S5 and S6 in the Supporting
Information). The ΔH values for InOF-1 and EtOH@InOF-
1 were 32.4 and 48.7 kJ·mol−1, respectively. Thus, the DMF@
InOF-1 material showed a value of the molar enthalpy of
adsorption for CO2 between the fully activated material (InOF-
1) and the material impregnated with EtOH (EtOH@InOF-1)
which is also in good agreement with the total CO2 capture:
InOF-1 (5.24 wt %) and EtOH@InOF-1 (14.14 wt %).23 In
addition, the Brunauer−Emmett−Teller (BET) surface area of
EtOH@InOF-1 was calculated to be 514 m2·g−1 with a pore
volume of 0.28 cm3·g−1 (see Table 2).
The heat of adsorption (ΔH) for DMF, confined in the

sample DMF@InOF-1, was experimentally measured by
differential scanning calorimetry (DSC) from room temper-
ature to 873 K (with a ramp of 5 K·min−1). The ΔH value was
equal to 56.6 kJ·mol−1 (see Figure S7 in the Supporting
Information). This value is considerably higher than 45.04 kJ·
mol−1, which corresponds to the ΔH value for EtOH.23 The
molar enthalpy of vaporization for DMF is 56.7 kJ·mol−1, and
the proximity of both enthalpies for DMF (vaporization and
adsorption) suggests only one domain of adsorption for DMF,
as previously observed for EtOH.23

From a practical point of view, the use of DMF@InOF-1 for
potential CO2 capture applications has been shown to be
promising because of the high working capacity (approximately
8 wt % CO2) and very low-cost regeneration conditions
(without purge flow and at 303 K). With the intention of
investigating more characteristics of DMF@InOF-1 for possible
postcombustion CO2 applications, a series of “key” experiments
were performed. First, after the CO2 adsorption/desorption
cycling experiments for DMF@InOF-1 (see Figure 5) were
carried out, TGA was performed (see Figure S8 in the
Supporting Information) with the motivation of further
investigating the residual amount of DMF in the MOF
material. TGA showed a DMF residual amount of 4.2 wt %,
in good agreement with the residual amount previously
observed by Hi-Res TGA experiments (vide supra).
Later, we decided to investigate the stability of DMF@InOF-

1 towards H2O by running a H2O adsorption isotherm on a
freshly synthesized DMF@InOF-1 sample at 303 K (Figure 6).

Figure 5. Adsorption/desorption cycling for DMF@InOF-1, demon-
strating a reversible CO2 uptake of 8.09 wt %.
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The adsorbed amount of H2O slowly augmented with
increasing pressure up to %P/P0 = 20. Then, a rapid H2O
uptake was observed in the pressure range from %P/P0 = 20 to
30. Finally, from %P/P0 = 30 to 80, there was a steady H2O
weight increase, and the maximum H2O uptake at %P/P0 = 80
was approximately 33.3 wt %.
The overall H2O isotherm showed a sigmoidal shape, and a

slight hysteresis loop (at %P/P0 = 20−30) was observed
(Figure 6, open circles). Interestingly, this H2O adsorption
isotherm is relatively similar to the one previously reported for
an isostructural material entitled NOTT-400.22d The maximum
H2O uptake for NOTT-400 was ∼44.9 wt %, which in
comparison to DMF@InOF-1 is relatively higher. This result is
consistent because the DMF@InOF-1 material hosts DMF (4.2
wt %), and therefore these DMF guest molecules reduce the
capacity to adsorb H2O.
Additionally, after the H2O adsorption experiment was

finished, we decided to evaluate the maximum CO2 capture on
this sample (DMF@InOF-1) by running a kinetic CO2 uptake
experiment (see Figure S9 in the Supporting Information). The
total CO2 capture was equal to 7.4 wt %, which indicated that
the total CO2 uptake for the DMF@InOF-1 sample was slightly
reduced (from approximately 8.1 to 7.4 wt %) after being
exposed to high amounts of H2O (80% relative humidity).
Therefore, high amounts of H2O can replace some of the DMF
molecules in the DMF@InOF-1 material and, thus, reduce the
CO2 adsorption capacity. However, when the DMF@InOF-1
sample was left for 7 days under ambient conditions (20 °C and
50% relative humidity), the total CO2 capture (determined by a
kinetic CO2 uptake experiment) was equal to ∼8.1 wt %.
Perhaps the most important parameter for CO2 post-

combustion applications for PCPs is the CO2 uptake at 0.15
bar and 40 °C and the N2 uptake at 0.75 bar and the same
temperature (40 °C). Then, CO2 and N2 adsorption experi-
ments were performed. The CO2 uptake of DMF@InOF-1 at
0.15 bar and 40 °C was equal to 0.22 mmol·g−1, whereas for the
fully activated sample (InOF-1), this value was 0.19 mmol·g−1.

Later, with these experimental measurements, we were able to
calculate the adsorption selectivity for CO2 (α39) for both
materials. Thus, the uptake values of N2 at 40 °C and 0.75 bar
for the DMF@InOF-1 and InOF-1 samples were 1.4 and 1.8
mmol·g−1, respectively. The CO2 selectivities for these
materials were estimated to be α = 0.79 and 0.53 for DMF@
InOF-1 and InOF-1, respectively. Certainly, these selectivities
are very low in comparison to those of other representative
PCPs.39

To investigate the CO2 adsorption properties of DMF@
InOF-1, we performed static and isothermal CO2 adsorption
experiments, from 0 to 1 bar at 196 K, on the InOF-1 samples.
It was decided to carry out these static CO2 adsorption
experiments at 196 K because the adsorption of CO2 at 30 °C
(303 K) is complex because of the fact that this is just 1 °C
below the critical temperature of CO2.

40 This complexity arises
from the uncertainly of the density of the adsorbed phase
(CO2), and the CO2 saturation pressure is extremely high so
that the range of P/P0 is limited to 0.02 at subatmospheric
pressures.41 Adsorption in fine micropores takes place by a
pore-filling mechanism rather than surface coverage.41,42 For
example, N2 at 77 K can fill these micropores in a liquidlike
fashion at very low relative pressures (below 0.01). Conversely,
CO2 adsorbed at around ambient temperatures (298 or 303 K)
can only form a monolayer on the walls of the micropores.42

Thus, in order to achieve pore filling within the micropores of
PCPs and, thus, a better description of the CO2 adsorption
properties of these materials, CO2 gas adsorption experiments
at 196 K are preferred.43

A CO2 sorption experiment at 196 K was performed on a
fully activated sample of InOF-1 (see Activation Methods in the
Supporting Information), exhibiting a total CO2 uptake of 5.5
mmol·g−1 (24.2 wt %; see Figure 7, InOF-1). Later, a newly as-
synthesized InOF-1 was placed in a high-pressure cell (Belsorp
HP) and activated (453 K and 10−3 bar for 1 h) “in situ” to
prepare DMF@InOF-1. The CO2 uptake was measured from 0

Table 2. Adsorption Properties of PCP Materials Studied Here

sample BET surface area (m2·g−1) pore volume (cm3·g−1) CO2 uptake (303 K, wt %) ΔH (kJ·mol−1)

InOF-1 1066 0.37 5.24 45.6
DMF@InOF-1 628 0.32 8.06 32.4
EtOH@InOF-1 514 0.28 14.14 48.7

Figure 6. H2O adsorption isotherm of DMF@InOF-1 with a
maximum uptake of 33.3 w%, obtained at 303 K.

Figure 7. Static CO2 adsorption/desorption performed from 0 to 1 bar
at 196 K on InOF-1 (black circles), DMF@InOF-1 (red circles), and
as-synthesized InOF-1 (blue circles): solid circles, adsorption; open
circles, desorption.
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to 1 bar at 196 K, and the resultant CO2 capture was 7.5 mmol·
g−1 (33.2 wt %; Figure 7, DMF@InOF-1). Exceptionally, at 1
bar and 196 K, the CO2 capture was approximately 1.4-fold
increased (from 5.5 to 7.5 mmol·g−1) even if part of the pore
volume is filled by the residual DMF. The assessment of the
BET surface area of DMF@InOF-1 was equal to 628 m2·g−1

with a pore volume of 0.32 cm3·g−1 (lower values than those for
the fully activated InOF-1 vide supra, and see Table 2). When
these values are compared to those of different PCP materials,
DMF@InOF-1 consistently showed, at 196 K, a CO2 uptake of
7.5 mmol·g−1, which is (in comparison) approximately half of
the value for a microporous PCP material entitled PCM-1544

(14.1 mmol·g−1). However, PCM-15 exhibited a BET surface
area of 1187 m2·g−1, almost double the BET surface area of
DMF@InOF-1. An additional example shows that these values
for DMF@InOF-1 are also consistent with the results reported
for PCM-16,45 which showed a BET surface area of 1511 m2·
g−1 and a CO2 uptake of 19.8 mmol·g−1. These two values (the
BET surface area and CO2 uptake at 196 K) for PCM-16 are
almost 3 times the observed values for DMF@InOF-1.
Finally, an as-synthesized InOF-1 sample was loaded into a

high-pressure cell (Belsorp HP). After mild evacuation at room
temperature to remove any absorbed moisture, a static CO2
adsorption isotherm was started at 196 K and 1 bar (Figure 7,
as-synthesized InOF-1). The total uptake at 1 bar was
approximately 1.0 mmol·g−1 (4.4 wt %). This low CO2 uptake,
at the cryogenic temperature of 196 K, signifies adsorption onto
the surface of the material. In order to evaluate possible sample
degradation after dynamic and static CO2 capture experiments,
PXRD analysis of each sample was carried out, confirming
retention of the crystallinity in all samples (see Figure S10 in
the Supporting Information).

■ CONCLUSIONS
When samples of as-synthesized InOF-1 were thermally
activated, vide supra, a small residual amount of DMF
molecules (confined) was preserved within the pores of
InOF-1 (4.2 wt %), affording DMF@InOF-1. Dynamic and
isothermal CO2 experiments on DMF@InOF-1 showed a CO2
capture of 8.03 wt %, which is approximately 1.5-fold higher
than that of a fully activated InOF-1 (5.24%). DMF@InOF-1
can reversibly adsorb/desorb 8.09% CO2 with no loss of CO2
capacity after 10 cycles, and the desorption is accomplished by
turning the CO2 flow off without the need for changing the
temperature or using inert gas. These properties are the result
of the presence of residual DMF molecules in the InOF-1
framework and their interactions via a very strong hydrogen
bond with the In2(μ-OH) groups that prevents DMF leaching
and thus conserves the CO2 sequestration activity even after the
10 cycles. The stability of this hydrogen bond is given by a
perfect fit of the DMF molecule in the “dent” around the OH
group that allows a nearly perfect orientation of the DMF
molecule toward the OH group. Furthermore, static and
isothermal CO2 experiments (from 0 to 1 bar of CO2 and 196
K) also demonstrated a 1.4-fold CO2 sequestration increase
(from 5.5 mmol·g−1, fully activated InOF-1, to 7.5 mmol·g−1,
DMF@InOF-1). The BET surface area for DMF@InOF-1 was
estimated to be 628 m2·g−1, and, interestingly, its CO2 uptake at
196 K (7.5 mmol·g−1) is very much consistent with PCP
materials that exhibited larger BET surface areas (and therefore
higher CO2 uptakes at 196 K), e.g., PCM-1544 and PCM-16.45

Finally, these findings explain the key role of the host−guest
interaction in the CO2 capture and allow the design of more

efficient systems working under very mild and reversible
conditions. Such work is currently underway.
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(29) Hübschle, C. B.; Sheldrick, G. M.; Dittrich, B. ShelXle: A Qt
Graphical User Interface for SHELXL. J. Appl. Crystallogr. 2011, 44,
1281−1284.
(30) GIMP: The GNU Image Manipulation Program, version 2.8; The
GIMP Development Team, 2012; http://www.gimp.org (Jan 9, 2017).
(31) Macrae, C. F.; Bruno, I. J.; Chisholm, J. A.; Edgington, P. R.;
McCabe, P.; Pidcock, E.; Rodriguez-Monge, L.; Taylor, R.; van de
Streek, J.; Wood, P. A. Mercury CSD 2.0 − New Features for the
Visualization and Investigation of Crystal Structures. J. Appl.
Crystallogr. 2008, 41, 466−470.
(32) Medders, G. R.; Paesani, F. Water Dynamics in Metal−Organic
Frameworks: Effects of Heterogeneous Confinement Predicted by
Computational Spectroscopy. J. Phys. Chem. Lett. 2014, 5, 2897−2902.
(33) Haigis, V.; Coudert, F.-X.; Vuilleumier, R.; Boutin, A.
Investigation of Structure and Dynamics of the Hydrated Metal-
Organic Framework MIL-53(Cr) Using First-Principles Molecular
Dynamics. Phys. Chem. Chem. Phys. 2013, 15, 19049−19056.
(34) Salles, F.; Bourrelly, S.; Jobic, H.; Devic, T.; Guillerm, V.;
Llewellyn, P.; Serre, C.; Ferey, G.; Maurin, G. Molecular Insight into
the Adsorption and Diffusion of Water in the Versatile Hydrophilic/
Hydrophobic Flexible MIL-53(Cr) MOF. J. Phys. Chem. C 2011, 115,
10764−10776.
(35) Metz, B.; Davidson, O.; Coninck, H.; de Loos, M.; Meyer, L.
IPCC, 2005: IPCC Special Report on Carbon Dioxide Capture and
Storage; Cambridge University Press: Cambridge, U.K., 2005.
(36) McDonald, T. M.; D’Alessandro, D. M.; Krishna, R.; Long, J. R.
Enhanced Carbon Dioxide Capture upon Incorporation of N,N′-
Dimethylethylenediamine in the Metal−organic Framework CuBTTri.
Chem. Sci. 2011, 2, 2022−2028.
(37) Britt, D.; Furukawa, H.; Wang, B.; Glover, T. G.; Yaghi, O. M.
Highly Efficient Separation of Carbon Dioxide by a Metal-Organic
Framework Replete with Open Metal Sites. Proc. Natl. Acad. Sci. U. S.
A. 2009, 106, 20637−20640.
(38) Couck, S.; Denayer, J. F. M.; Baron, G. V.; Reḿy, T.; Gascon, J.;
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