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H> adsorption and syngas purification in charged soc metal-organic framework are
investigated using atomistic simulations. As experimentally observed, the extraframe-
work NO3 ions are entrapped in carcerand-like capsule with negligible mobility. At
low pressure, H, adsorption occurs concurrently at multiple sites near the exposed in-
dium atoms and organic components. The capsule is accessible at high pressure
through the surrounding channels by restricted windows. Adsorption sites identified
are remarkably consistent with inelastic neutron scattering measurements. The iso-
therm and isosteric heat of H, adsorption predicted match well with experimental
data. As loading rises, the isosteric heat remains nearly constant, revealing the homo-
geneity of adsorption sites. CO,/H, selectivity in syngas adsorption is up to 600 and
substantially higher than other nanoporous materials. With a trace of H>O, the selec-
tivity increases slightly at low pressure due to promoted adsorption of CO, by H,O
bound proximally to the exposed indium atoms, but decreases at high pressure as a
consequence of competitive adsorption of H>O over CO,. © 2009 American Institute of
Chemical Engineers AIChE J, 55: 2422-2432, 2009
Keywords: H, adsorption, syngas purification, charged metal-organic framework,
extraframework ions, atomistic simulations
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Introduction

H, is considered as an ideal energy carrier and clean fuel
for the future. A key issue for the practical utilization of H,,
for example, in mobile applications, is the development of
safe and high-capacity systems for H, storage. The U.S.
Department of Energy has set the targets for on-board H,
storage as of 6.0 wt % and 45 g/L by 2010 and 9.0 wt %
and 81 g/L by 2015." For effective use of H, an equally im-
portant issue is to purify H, from syngas that is converted
from a wide range of carbon materials, such as petroleum
and coal. Currently, more than 95% of industrially used H,
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is produced through two reactions, steam-methane reforma-
tion H,O + CH4 — 3H,; + CO and subsequently water-gas
shift Hb,O + CO — H, + CO,. The effluent gas (syngas)
typically consists of 71-75% H,, 15-20% CO,, 4—7% CHy,
1-4% CO, and trace of other gases such as H,0.> To pro-
duce high-purity H, from syngas, H, needs to be separated
from these gases.

Nanoporous materials such as zeolites and activated car-
bons have been proposed for H, storage and syngas separa-
tion.” Recently, metal-organic frameworks (MOFs) have
emerged as an important class of hybrid inorganic—organic
materials.* Composed of metal-oxide clusters and organic
linkers, MOFs possess extremely large porosities ever
recorded for crystalline materials and are highly regarded as
promising candidates for gas storage, separation, and other
important practical applications. Although a vast variety of
nanoporous materials with different pore shapes and
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dimensions have been synthesized, experimentally screening
of a suitable material can be difficult and time-consuming.
As an alternative, numerous simulation studies have been
performed for H, storage and syngas purification. Simula-
tions at atomic or molecular scale complement experiments
provide fundamental insight and subsequently assist the
rational design of novel materials and products. For example,
a systematic simulation study was reported for H, in 12
purely siliceous zeolites, in which the cell parameters and
framework flexibility were allowed to vary upon progressive
filling of gas molecules.’ Adsorption and diffusion of various
gases including H, were investigated in all-silica zeolite
MFI, AFI, FAU, CHA, DDR, and LTA; the correlation
effects were found to depend on zeolite structure, pore size,
and connectivity.® H, adsorption was reported in singe- and
multiwalled carbon nanotubes, and the uptake in nanotube
internal space was predicted to be lower than in the optimal
graphitic nanofiber with slit-like pores.” The high-energy
binding site for H, in IRMOF-1 was identified by simulation
at the corner that quickly saturated with 1.27 H, molecules at
78 K, whereas a broad range of binding sites were observed
at 300 K.® A simulation study of H, in 10 noncatenated
MOFs revealed that H, uptake correlates well with isosteric
heat at low pressure, with surface area and free volume sepa-
rately at intermediate and high pressure.” The effect of cate-
nation on interaction between H, and IRMOFs was simu-
lated, and catenated frameworks were found to store H, more
densely and exhibit a higher adsorption capacity than non-
catenated Counterparts.10 Simulation of H, in three examples
of IRMOF series demonstrated that catenation can be benefi-
cial for improving H, storage at cryogenic temperatures and
low pressure but not necessarily at room temperature.'’

For syngas purification, CO,/H, mixture in a microporous
silica was simulated, and the selectivity of CO, over H, was
compared with experimental data.'” The separation of CO,/H,
mixtures was studied in silicalite and ETS-10 (Engelhard Tita-
noSilicate No. 10) and a larger selectivity was reported in
ETS-10 at high pressure.'? Activated carbons represented by a
slit pore model were investigated for the separation of CO,/
H, mixture at different temperatures and pore sizes. The se-
lectivity decreases monotonically as the pore size increases
and reaches up to 90 at room temperature.14 Adsorption of
equimolar binary mixture of H, with CO, or CH, was simu-
lated in a nanofiber with herringbone structure.'” In dehy-
drated zeolite Na-4A, the simulated adsorption selectivity of
CO,/H, and CO,/N, mixtures decreases slightly with increas-
ing pressure at room temperature.16 Simulation of syngas in
IRMOEF-1 and Cu-BTC showed that geometry, pore size, and
electrostatic interaction affect separation efficiency for gas
mixtures with components of different chemistries.'”

In the ongoing quest for advanced porous materials, a
unique subset of ion-exchanged MOFs have been recently
developed. The presence of extraframework ions enhances the
binding energy of adsorbate and hence affects adsorption and
separation significantly. For example, various structural fac-
tors that might influence CO, adsorption on natural and syn-
thetic zeolites were reported, in which the exchangeable ions
were considered to play a key role.'® Recently, Liu et al. syn-
thesized a novel charged (square-octahedral) soc-MOF and
found that H, adsorption in (dehydrated) soc-MOF reaches up
to 2.61% at 78 K and 1.2 atm. Such a high capacity of H,
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has been rarely reported in MOFs and was attributed to the
narrow channels in the framework and the strong interactions
of H, under the localized charge densities.'® Following the
experiment, a simulation study was reported to examine H,
adsorption in soc-MOF. The isosteric heats were predicted to
be 14.354 and 10.645 kJ/mol at unsaturated and saturated
states, respectively.’® These values are substantially higher
than the experimentally measured 6.5 kJ/mol.

A better understanding of the fundamental mechanism for
high H, adsorption in charged soc-MOF is of importance,
which could facilitate the development of new MOFs for fur-
ther enhanced H, storage. In this work, we first investigate,
using atomistic simulations, the distribution and dynamics of
the extraframework NOj ions in soc-MOF. The microscopic
properties of extraframework ions in nanoporous materials
are crucial to elucidating and tailoring their functionality, and
subsequently to improve storage, catalytic, ion exchange, and
conductivity. We then simulate the isotherm and isosteric
heat of H, adsorption and identity the favorable adsorption
sites. As we shall see, fairly good agreement is obtained with
experimental measurements. In addition, syngas purification
is considered in soc-MOF. The syngas is initially mimicked
as a two-component mixture of H, and CO,, then as a four-
component mixture of H,, CO,, CO, and CH,, and finally as
a five-component mixture including a trace of H,O to exam-
ine the effect of H,O on separation. The as-synthesized soc-
MOF is insoluble in H,O and common organic solvents. It is
worthwile to note that exceptionally high selective adsorption
for CO,/CH, mixture in soc-MOF was found in our recent
work, to the best of our knowledge, which represents the first
study examining gas mixture in a charged MOF.*!

The models for soc-MOF framework, NOs;~ ion, and
adsorbates (CO,, H,, CO, CHy, and H,0O) are described in
Models section, followed by methodology in Methodology
section. Specifically, canonical Monte Carlo (MC) and mo-
lecular dynamics (MD) simulations were used to examine
the distribution and dynamics of NO;~ ions in soc-MOF.
Gibbs ensemble MC (GEMC) and grand canonical MC
(GCMC) simulations were used to predict the adsorption of
H, and mixtures, respectively. The adsorption isotherm, iso-
steric heat, simulation snapshot, and selectivity are presented
and discussed in Results and Discussion section. Finally, the
concluding remarks are summarized in Conclusions section.

Models

The charged soc-MOF has a molecular formula [In;O(C4.
No.sOoH| 5)6]J(NO3). It consists of rare soc topology
assembled by oxygen-centered indium-carboxylate trimer
[In3O(CO,)6] building blocks. Each trimer contains three
octahedra that are joined with six azobenzene organic link-
ers. There exist carcerand-like capsules and infinite narrow
channels (~1 nm in diameter). A capsule is isolated by eight
trimers connecting with six linkers and surrounded by nar-
row channels. The indium atoms in soc-MOF are trivalent,
yielding a cationic framework that is charge balanced by
NO;™ ions. As shown in Figure 1, a unit cell of soc-MOF
contains eight NO;~ ions, in which four NO;~ ions are
located tetrahedrally in the central capsule with N—N dis-
tance of 9.3 A and the other four NO;3™ ions are located in
different capsules of the periodic cells. In our recent study,
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Figure 1. A unit cell of soc-MOF with eight charge bal-
ancing extraframework NO; ions.

Four NOj3 ions are located tetrahedrally in the central car-
cerand-like capsule and the other four are located in differ-
ent capsules. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

NOy5 ions were simply assumed being distributed freely in
soc-MOF and their locations were identified by simulation.?'
The experimental study for H, adsorption in soc-MOF was
conducted in dehydrated form;'® consequently, in this work,
we consider the dehydrated soc-MOF (removing ligand H,O
molecules from the capsules and channels and from the api-
cal positions of trimer building blocks).

The atomic charges of soc-MOF framework atoms were
calculated from density-functional theory (DFT) based on
the fragmental cluster illustrated in Figure 2. The Lee—
Yang—Parr correlation functional (B3LYP) was used in the
DFT calculation with Gaussian 03 package. To maintain the
correct hybridization, the dangling C—C bonds in the cluster
were terminated by CH3 group. It has been commonly recog-
nized that quantum mechanically derived charges fluctuate
appreciably when small basis set is used. Nevertheless, they
tend to converge beyond the basis set 6-31G(d).?* Therefore,
6-31G(d) basis set was used in the DFT calculations for all
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Figure 2. Atomic charges of soc-MOF framework cal-
culated from density-functional theory.
To maintain the correct hybridization, the dangling C—C
bonds (indicated by the dashed circles) in the fragmental
cluster were terminated by —CHj; groups. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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atoms except the indium atoms, for which LANL2DZ basis
set was used. LANL2DZ is a double-zeta basis set and con-
tains effective pseudo-potentials to represent the potentials of
nucleus and core electrons experienced by the valence elec-
trons. This allows only the softer valence electron wave-func-
tions, which usually control the chemistry, to be explicitly
treated and can significantly reduce computational cost. After
the DFT calculation, the atomic charges were estimated by fit-
ting to the electrostatic potentials. The dispersion interactions
of the framework atoms were presented by Lennard-Jones
(LJ) potential with parameters from the universal force field
(UFF).% The Lorentz-Berthelot combining rules were used to
calculate the cross interaction parameters. A number of simu-
lation studies have shown that UFF can accurately predict the
adsorption and diffusion of gases in various MOFs.>*° For
instance, good agreement was obtained for Ar adsorption in
Cu-BTC between simulation and experiment.24 Simulated
adsorption isotherms and diffusivities of CO, and CH, in
IRMOF-1 match well with experimental data.*’~*’

The extraframework NO3~ ion in soc-MOF was consid-
ered as being rigid with a bond length N—O of 1.302 A and
a bond angle /ONO of 120°. The atomic charges of NO3~
ions were adopted from ab initio calculations with 0.197e
for N atom and 0.399¢ for O atom.’® H, was mimicked as a
two-site model with the LJ potential parameters fitted to the
isosteric heat of H, adsorption on a graphite surface.” CO,
was represented as a three-site rigid molecule and its intrin-
sic quadrupole moment was described by a partial charge
model.*! The partial charges on C and O atoms were g¢c =
0.576e and go = —0.288¢ (¢ = 1.6022 x_10~""), respec-
tively. The C—O bond length was 1.18 A and the bond
angle /OCO was 180°. CH, was represented by a united-
atom model with the LJ potential parameters from the
TraPPE force field that was developed to reproduce the criti-
cal parameters and saturated liquid densities of alkanes.*”
CO was modeled as two-site with the LJ potential parame-
ters fitted to the heat of CO adsorption on exfoliated graphite
(grafoil).® To examine the effect of H,O on syngas separa-
tion, H,O was included in a five-component mixture with
H,O represented by TIP3P (three-point transferable interac-
tion potential) model.** Table 1 gives the force field parame-
ters of the extraframework ion and adsorbates.

Methodology

To examine the locations and dynamics of NO;  ions,
canonical MC simulation was performed at 298 K. The

Table 1. Force Field Parameters of Extraframework
Ion and Adsorbates

Species Site G(A) elkp(K) q (e)
NO3 N 3.260 34.690 +0.197
(0] 3.118 30.166 —0.399
H, H 2.59 12.5 0
CO, C 2.789 29.66 +0.576
(0] 3.011 82.96 —0.288
CcO C 3.385 39.89 0
(0] 2.885 61.57 0
CHy4 CH, 3.73 148.0 0
H,O oW 3.151 76.42 —0.834
HW - - +0.417
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Figure 3. Channels and windows in a unit cell of soc-
MOF.

The central capsule is accessible from the surrounding chan-
nels through the restricted windows. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

simulation box contained a unit cell of soc-MOF with eight
NO;~ ions and the periodic boundary conditions were
applied. The initial positions of NO; ™ ions, as shown in Fig-
ure 1, were adopted from experimental crystallographic data.
The framework was assumed as being rigid and the frame-
work atoms were fixed during simulation. As a consequence,
the unit cell was divided into three-dimensional grids with
the potential energy tabulated in advance and then used by
interpolation during simulation. Such a treatment accelerated
the simulation by approximately two orders of magnitude. A
spherical cutoff of 11.2 A was used to evaluate the LJ inter-
actions. Beyond the cutoff, the usual long-range corrections
for homogeneous system were used.*® The use of the usual
long-range corrections was an appropriate approximation
because the error introduced by assuming homogeneity was
small compared with the magnitude of the long-range correc-
tions.*® For the Coulombic interactions, a simple spherical
truncation could result in significant errors; consequently,
Ewald sum with a tin-foil boundary condition was used
instead.”” The real/reciprocal space partition parameter and
the cutoff for reciprocal lattice vectors were chosen to be
0.2 A" and 8, respectively, to ensure the convergence of
Ewald sum. These methods to evaluate the LJ and Coulom-
bic interactions were also used in the simulations for the
adsorption of H, and syngas, respectively. A total of 10’
trial moves were carried out to sample the configurational
space of NO3  ions. Two types of trial moves, translation
and rotation, were used with equal probability. To quantita-
tively characterize the dynamics of NO3~ ions, MD simula-
tion was performed using DL_POLY program.*® The starting
configuration for MD was generated directly from the MC
simulation mentioned earlier. The Nosé-Hoover thermostat
was used to maintain a constant temperature of 298 K. The
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MD simulation was performed for 3 ns, including 1 ns equil-
ibration and 2 ns production. The potential and kinetic ener-
gies were monitored during the MD simulation to ensure
equilibration. The time step was 1 fs for good energy conser-
vation and history file was saved every 1 ps for analysis.

Most extant simulation studies for adsorption use GCMC
method at fixed chemical potential, volume, and temperature.
The chemical potential as an input in GCMC has to be con-
verted into pressure upon comparison with experiment. This
has to be implemented using empirical equations of state or
additional simulations. For H, adsorption under this study,
we used GEMC simulation directly at a desired pressure. To
do this, two simulation boxes were used one for soc-MOF
adsorbent and the other for bulk H,. The total number of H,
molecules was fixed, but they could swap from one box to
the other. The volume of soc-MOF was fixed, whereas the
volume of bulk phase fluctuated at fixed bulk pressure. Dur-
ing adsorption, the locations of NO;  ions were not fixed
and could move by translation and rotation. Four types of
trial moves were conducted for H, molecules including
translation and rotation in each phase, swap between the two
phases, and volume change of the bulk phase. It should be
noted that H, molecules were not allowed to insert randomly
into the capsules during swap move, but they might move
into there by translation from the surrounding channels. This
is to mimic experimental observation that the isolated cuboi-
dal capsules are strictly accessible from the channels via re-
stricted windows."” Figure 3 shows the channels surrounding
the central capsule, along with the restricted windows as en-
trance. The isolated capsule is accessible solely via the win-
dows (7.651 A x 5.946 A in dimensions). The total number
of trial moves in a typical simulation was 2 x 107, with the
first 10’ moves used for equilibration and the second 10’
moves to obtain ensemble averages. The block transforma-
tion method was used to estimate the statistical uncertainties
of simulated averages.37 Unless otherwise mentioned, the
uncertainties were smaller than the symbol sizes in the fig-
ures presented.

In our previous studies, GEMC has been used successfully
to simulate the adsorption of O, and N, in carbon-based
materials,””** CH, and H,O in ETS-10,*' and CO, in
MOFs?® and COFs.** The beauty of GEMC simulation is
that one can obtain uptake directly at a desired bulk pres-
sure, as well as the bulk density and enthalpy that are
required to calculate excess adsorption and isosteric heat. To
precisely characterize adsorption mechanism, isosteric heat
rather than adsorption isotherm is usually used, as the former
is more sensitive to the change of adsorption energy. In our
work, the isosteric heat gy was calculated from

oU,
G = Hy — [aNa]Tv’ M

where Hy, is the enthalpy of adsorbate in bulk phase obtained
from GEMC simulation. In most GCMC simulation studies, H,
is simply assumed to be RT in which R is gas constant. This
assumption is acceptable when the bulk phase behaves as an
ideal gas, but not accurate at high pressure and/or low
temperature. U, is the total adsorption energy including
contributions from adsorbate—adsorbent and adsorbate—adsor-
bate interactions, and N, is the number of adsorbed molecules.
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Figure 4. (a) Radial distribution functions of NO; ions around In, O1, and O2 atoms of trimer [In30(CO,)¢]. The inset
illustrates the location of NO3 ion near trimer. (b) Mean-squared displacement of NO; ions.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

There are two ways to evaluate the derivative in Eq. 1, by direct
differentiation or fluctuation theory; the former was used here.

GEMC is not readily applicable to simulate the adsorption
of mixture with a fixed composition. Consequently, GCMC
simulations were used for the adsorption of syngas. The syn-
gas was mimicked, progressively more complicated, as two-,
four-, or five-component mixtures. The bulk compositions
were CO,/H, = 15:85 for two-component mixture and CO,/
H,/CO/CH, = 15:75:5:5 for four-component mixture. To
examine the effect of trace amount of H,O, 0.1% of H,O was
added into the four-component mixture. The total number of
trial moves in the GCMC was 2 x 10 Six types of trial
moves were randomly attempted, namely, translation, rota-
tion, and partial regrowth at a neighboring position; complete
regrowth at a new position; swap with the reservoir including
creation and deletion with equal probability; and identity
exchange of molecules. Similar to H, adsorption in GEMC
simulation, the adsorbate molecules were not allowed to
insert into the capsules during regrowth and creation moves.
Although identity exchange is usually not required in GCMC
simulation, its use allows faster equilibration and reduces
fluctuation after equilibration. NO;~ ions were allowed to
move by translation and rotation in the simulations.

Results and Discussion

We first present the static and dynamic properties of extra-
framework NOj3 ions, including locations, radial distribution
functions, and temporal mean-squared displacement (MSD).
Then, the adsorption properties of H, at 78 K are shown.
Favorable binding sites are identified with increasing pres-
sure; adsorption isotherm and isosteric heat are compared
with experimental data. Finally, the adsorption and separa-
tion of syngas at 298 K are investigated for two-, four-, and
five-component mixtures. The locations of H,O in soc-MOF
and the effect of H,O on separation are examined.

Locations and dynamics of NOj ions

Eight NOj ions exist in a unit cell of soc-MOF and have
similar crystalline environment. The final locations of NO3
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ions from MC simulation are close to the initial positions in
Figure 1, which implies that NO5 ions cannot escape from
the capsule because of steric hindrance. As illustrated by
Figure 3, the capsule is accessible from the surrounding
channels via restricted windows; consequently, the energy
barrier for NOj3 ions to come across is high. In the capsule,
there exist eight corners proximal to the corner-sharing octa-
hedral trimers. Each NO3 ion occupies statistically two cor-
ners with equal probability. This is in good accordance with
experimental observation.'” To quantitatively identify the
locations, the radial distribution functions of NOj3 ions
around trimer [In;O(CO,)g] were calculated from

gii(r) = w 6)
nr2ArN;N;

where 1 is the distance from the center-of-mass of NO3 (i.e.,
the N atom) to an atom of trimer, AN(r,; + Ar) is the
coordination number within a shell from r to r + Ar, V is the
system volume, N;(IV;) is the number of species i (j). Figure 4a
shows the radial distribution functions of NO5 ions around In,
O1, and O2 atoms of trimer. The inset illustrates the typical
location of NOj ion near trimer. A trimer contains three In
atoms, one central O1 atom and 12 carboxyl O2 atoms. NO3
ion has an equal probability to the three In atoms with a
distalolce of 4.3 A. From NOj ion to Ol atom, the distance ois
3.7 A; and from NO3 to O2 atom, the distance is 3.4 A.
Apparently, NO3 ion is closer to O2 atom than Ol atom.
However, the first peak of g(r) around O2 is lower than that
around O1. This is simply because there are 12 O2 atoms and
coordination number was divided by 12 to calculate the
relative density using Eq. 2. The existence of second peak of
g(r) around O2 is because of the O2 atoms on the other side of
trimer. The extraframework NOj ions in soc-MOF behave
differently from the extraframework Na™ ions in titanosilicate
ETS-10. In a recent study, five types of Na' ions were
identified to exist in ETS-10 with various coordination
environments and site energies; type-V Na' ions exhibit
substantially greater mobility than other types.*!

The dynamics of extraframework ions was characterized
by the MSD from MD simulation

September 2009 Vol. 55, No. 9 AIChE Journal
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Figure 5. Density contours of H, molecules for the adsorption of H, at 1, 10, and 100 kPa, respectively.
Temperature T = 78 K. The center-of-mass distributions of NOj3 ions are denoted by purple balls. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]

MSD(r) = <}VZ Iri(r) = ri(0>\2>, 3)

where ¢ is time, N is the number of NO;3 ions, and r(?) is the
center-of-mass position of ion i at time 7. The multiple time-
origin method was used for better statistical accuracy. Figure
4b demonstrates that the MSD of NO; ions is very small and
fluctuates marginally around 0.27 A?. Consistent with the
finding from MC simulation discussed earlier, the negligible
mobility reveals that NO;3 ions essentially vibrate in the
capsule. This is attributed to the tight binding of NOj3 ions
with trimers and the steric restriction of capsule. The movie of
NOj ions is provided in the Supporting Information.

H, adsorption

To identify the favorable adsorption sites of H, adsorption
at 78 K, Figure 5 shows the density contours of H, mole-
cules at 1, 10, and 100 kPa from GEMC simulations. At dif-
ferent pressures, the center-of-mass distributions of NO3
ions are nearly identical in the capsules, implying that the
locations of NOj ions are not influenced discernibly by H,
adsorption. At low pressure (1 kPa), H, is adsorbed preferen-
tially at four different types of sites. Site I is between two
exposed indium atoms (4-5 A to In atoms) along the x direc-
tion and at the entrance of capsule. Site I or I” has the simi-
lar geometry but is along the z or y direction. These sites are
symmetrical in the crystalline structure and small in size.
Consequently, they can accommodate only a few molecules
and get saturated rapidly at low pressure. Site II is on the
top of azobenzene and parallel to azo backbone (—N=N—).
Site III is near azobenzene and perpendicular to azo back-
bone, also at the entrance of capsule. Site IV is on the top of
phenyl moiety and proximal to carboxylate group. The
adsorption at the favorable sites identified from simulation is
in good agreement with experiment, in which the concurrent
occupation of multiple sites was found at low loading. From
inelastic neutron scattering (INS), Liu et al. observed a well-
defined peak at 25.5 meV due to adsorption at the exposed
indium sites and other two peaks at 12.8 and 14.0 meV asso-
ciated with the organic components.'® The presence of multi-
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ple adsorption sites in soc-MOF leads to a homogeneous dis-
tribution of adsorption energy landscape; as a consequence,
the isosteric heat of adsorption is relatively a constant as dis-
cussed later. At moderate pressure (10 kPa), site I is already
saturated and more H, molecules are adsorbed at sites II, III,
and IV. This is consistent with the INS measurement that
there was a pronounced increase in intensity with loading at
12.8 and 14.0 meV, but not at 25.5 meV. At high pressure
(100 kPa), all the adsorption sites I-VI are almost fully
occupied and site II appears to possess the largest density.
Compared to the case at 10 kPa, more molecules are
adsorbed in the region between sites III and IV. Intriguingly,
adsorption at 100 kPa also occurs at a new site V in the cap-
sule. This is supported remarkably by INS spectra in experi-
ment." As illustrated in Figure 3, the capsule in soc-MOF is
isolated and accessible only through the surrounding infinite
channels by restricted windows. As a result of the high
energy barrier to come across the entrance, the capsule is
not accessible to H, at low pressure. Driven by high pressure
(external force), however, H, molecules can enter into the
capsule at 100 kPa. There are eight corners proximal to eight
trimers in the capsule, in which four of them are occupied
by tetrahedrally located NO5 ions and the other four by H,
molecules.

Figure 6a shows the isotherm of H, adsorption in soc-
MOF at 78 K. The simulated uptake agrees fairly well with
experiment,’ though slight underestimation at low pressure
and overestimation at pressure over 1 bar. The deviations
from experiment data could be attributed primarily to two
factors. First, the soc-MOF in our simulation is a perfect
crystal, whereas experimental sample may contain impur-
ities. The impurities are dispersed in the channels and lead
to a stronger interaction with adsorbate, consequently,
enhance adsorption at low pressure. On the other hand, the
impurities block the channels and decrease free volume, then
reduce adsorption capacity at high pressure. Second, the
force field used in the simulation may not be very accurate
and needs to be improved, for example, to include polariza-
tion effect. The adsorbate molecules are under the electric
field of charged framework and extraframework ions, there-
fore, polarization might occur. As found experimentally and
also in our simulation, H, uptake in soc-MOF at 78 K and 1
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Figure 6. H, adsorption at 78 K (a) isotherm and (b) isosteric heat.

Simulation results: open symbols; experimental data: filled symbols."® The isosteric heat from simulation is decomposed into two contribu-

tions, H,-MOF and H,—H,.

atm approaches a liquid-like state of H, (0.0708 g/cm® at boil-
ing point of 20 K and 1 atm) and is substantially higher than
in IRMOF-1** and most MOFs reported to date.** The high
uptake is driven by the nanometer channels, the localized
charges in framework, and the exposed metal sites. The nano-
meter channels have narrow diameter, leading to a strong over-
lap of potential energy fields, particularly, near the trimers.
Figure 6b shows the isosteric heat g, of H, adsorption in
soc-MOF at 78 K. The simulated gy matches well with ex-
perimental data, particularly, at intermediate and high load-
ings.19 The magnitude of ¢ is comparable to H, adsorption
in other ion-exchanged MOFs and zeolites.*>™** At infinite
dilution, ¢y is about 6.0 kJ/mol from simulation, slightly
lower than 6.5 kJ/mol by experiment. The Henry’s constant
is 0.38 mmol kPa~' cm > from simulation. With increased
loading, g remains nearly a constant. To further examine its
behavior, ¢y was decomposed into two contributions, one
from H,—H, interaction and the other from H,-MOF interac-
tion. The contribution from H,—H, interaction rises as load-
ing increases because of the increasingly greater cooperative
attraction between adsorbed H, molecules. In contrast, the
contribution from H,-MOF interaction drops with loading.
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This is because adsorption first occurs at the most favorable
sites and then in less favorable sites; consequently, H,-MOF
interaction becomes weaker when more H, is adsorbed.
Nevertheless, the drop in H,-MOF interaction is insignifi-
cant, which reveals the relatively homogenous characteristics
of adsorption sites in soc-MOF framework. This type of
behavior was also observed for SFq adsorption in alumina.*’

Syngas purification

Adsorption of two-component mixture CO,/H, with a bulk
composition of 15:85 was simulated in soc-MOF at 298 K.
As seen in Figure 7a, CO, is far more adsorbed than H,
because of three reasons. First, CO, is a three-site molecule
and has a much stronger interaction with the framework than
H,. Second, the temperature 298 K considered is subcritical
for CO, (T, = 304.4 K), but supercritical for H, (T. = 33.2
K); that is, CO, is substantially more condensable than H, at
298 K. It was observed in many studies that H, adsorption
at room temperature is quite small in various MOFs, though
the adsorption could be rather high at cryogenic tempera-
tures.'">* Third, the highly ionic framework and presence of
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Figure 7. Adsorption of two-component mixture CO,/H, (15:85) at 298 K.

(a) isotherm and (b) selectivity of CO, over H,.
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Figure 8. (a) Snapshot for the adsorption of five-component mixture CO,/H,/CO/CH,4/H,0 (15:75:5:5:0.1) at 10 kPa
and 298 K. (b) Locations of H,O molecules around [In;O(COy)el.

Color code: In, cyan; O, red; C, gray; N, blue; H, white; NO3, green for N and pink for O; CO, and H,O are shown in stick mode. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

extra framework NOj3 ions induce strong electrostatic inter-
actions with quadrupolar CO, molecules, and thus enhance
the adsorption for CO,. The separation factor of CO,/H,
mixture is quantified by adsorption selectivity defined by

Sifi = (xi/xp) (/i) )

where x; and y; are the mole fractions of component i in
adsorbed and bulk phases, respectively. Figure 7b shows the
selectivity of CO, over H, as a function of total pressure. With
increasing pressure, the selectivity increases sharply, passes a
maximum of about 600 at 300 kPa, and then decreases. It can
be expected that the selectivity will reach a plateau upon
further increasing pressure. The initial increase at low pressure
is caused by the strong interactions between CO, molecules
and multiple binding sites in soc-MOF, and further promoted
by the cooperative interactions of adsorbed CO, molecules.
The decrease in selectivity is attributed primarily to the
entropy (packing) effect at high pressure. H, molecules are
smaller in size and can fit into the channels more effectively,
leading to a decrease in selectivity.

We further simulated the adsorption of four-component
mixture (CO,/H,/CO/CH, = 15:75:5:5) and five-component
mixture (CO,/H,/CO/CH4/H,0 = 15:75:5:5:0.1) in soc-MOF
to mimic a typical syngas without and with the presence of
H,0. In some adsorption processes, the presence of H,O is
adverse, for example, a very small amount of H,O in Li-
LSX zeolite significantly affects the adsorption capacity of
atmospheric gases, such as N,, O,, and Ar, because of the
shielding of cation sites by H,0.>! Similarly, the adsorption
capacity of CO, on several different cationic forms of zeolite
X is inhibited by the presence of H,O.’* In some cases,
however, a small amount of H,O can be beneficial, for
example, the presence of preadsorbed H,O in the supercages
of BaX zeolite increases the selectivity toward p-xylene in
an equimolar p-xylene/m-xylene mixture.”® A recent study
revealed a pronounced increase in selectivity of CO, over
CH,4 in a hydrated form of MIL-53 compared with a dehy-
drated form.>*
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Similar to the two-component mixture CO,/H,, CO, is
more strongly adsorbed than other simple gases (H,, CO,
and CHy) in the four- or five-component mixture over the
entire range of pressure. Nevertheless, the presence of a tiny
amount of H,O has a significant influence. Figure 8a shows
the simulation snapshot of five-component mixture at 10 kPa
and 298 K. The adsorption of CO, CHy, and H, is negligi-
ble; therefore, they are not observed in the snapshot. Despite
the large molar ratio of CO, over H,O (15/0.1 = 150), H,O
is predominantly adsorbed against CO,. Unlike other simple
gases present in the mixture, H,O is a highly polar molecule
and strongly bound to the exposed indium atoms of trimer
[In;O(CO,)g]. As shown in Figure 8b, a trimer is surrounded
by three H,O molecules and the distance from the O atom
of H,O to the indium atom of trimer is ~3.2-3.4 A . Ina
recent simulation study on H,O adsorption in Cu-BTC, it
was also found that H,O is strongly coordinated to metal
atoms.”

Figure 9 shows the density contours of CO, and H,O mol-
ecules for the adsorption of five-component mixture (CO,/
H,/CO/CH4/H,O= 15:75:5:5:0.1) at 10, 100, and 1000 kPa,
respectively. As the adsorption of CO, CHy, and H, from the
mixture is vanishingly small, their density contours were not
plotted. Similar to Figure 5a for H, adsorption at 78 K, at
10 kPa CO, is preferentially adsorbed at sites I-IV. Never-
theless, the temperature here is 298 K, which results in a
high thermal motion of adsorbate molecules, the locations of
CO, are more dispersed compared to Figure 5a. The region
near trimer is also occupied by small amount of CO,, which
is not observed in Figure 5a. This is induced by H,O mole-
cules adsorbed surrounding trimer. As illustrated in Figure
8b, the positively charged exposed indium atoms of trimer
strongly interact with H,O and the bound H,O molecules act
as additional sites for CO, near trimer. With increasing pres-
sure from 10 to 100 and 1000 kPa, CO, at site I is com-
pletely replaced by H,O and more CO, is adsorbed at sites
II-1V; the density of H,O increases around trimer and addi-
tionally H,O enters the capsule occupying site V, but CO,
cannot enter. This is due to the fact that H,O has a
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Figure 9. Density contours of CO, and H,O molecules for the adsorption of five-component mixture CO,/H,/CO/
CH,4/H50 mixture (15:75:5:5:0.1) at 10, 100, and 1000 kPa, respectively.

Temperature T = 298 K. For clarity, the framework and extraframework ions are not shown. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

significantly stronger interaction than CO, with the NO;
ions in the capsule. The simulation results interestingly
reveal a promoted adsorption of CO, by H,O at low pressure
and a competitive adsorption between them at high pressure.

Figure 10 shows the adsorption selectivity of CO,/H, in
two-, four-, and five-component mixtures from simulation.
As a function of total pressure, similar trend is found in all
the three mixtures; that is, the selectivity increases up to a
maximum and then decreases. Compared to two-component
mixture, the selectivity in four-component mixture slightly
decreases. As mentioned, CO and CH, interact weakly with
soc-MOF and their adsorption is negligible. Therefore, their
presence only leads to a small change in selectivity. Never-
theless, in the presence of even a trace of H,O in five-com-
ponent mixture, H,O largely affects the selectivity. At low
pressure, the selectivity slightly rises because of the pro-
moted adsorption of CO, by H,O that act as additional sites.
In marked contrast, competitive adsorption occurs at high
pressure and H,O substitutes preadsorbed CO,; conse-
quently, the selectivity of CO,/H, drops.

The selectivity of CO,/H, in two-component mixtures is
close to 600 at 300 kPa, which is the typical operating pres-
sure for pressure-swing adsorption. In the presence of H,O,
the maximum selectivity drops to 550. The adsorption and
selectivity of CO,/H, mixtures have also been studied in
other nanoporous materials by experiments or simulations.
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For example, the selectivity is ~5 in silicalite and 3.5 in
ETS-10 for an equimolar CO,/H, mixture.'® In an activated
carbon, the selectivity ranges from 60 to 90 for different
mole fractions of CO,/H, mixtures.'* The selectivity is ~70
in zeolite Na-4A for a mixture with composition of 98.6% H,
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Figure 10. Selectivity of CO, over H, in two-, four-, and
five-component mixtures.
The compositions are in the parentheses.
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and 1.4% CO,.'® The selectivity is ~150 in Cu-BTC and 40
in IRMOF-1 for various compositions of CO,/H, mixtures at
298 K and 0.1 MPa."” The selectivity of CO,/H, in soc-MOF
from this study is the highest in MOFs and significantly
higher than other nanoporous materials reported in the litera-
ture. In our recent study, we also found the highest selectivity
of CO, over CHy in soc-MOF compared to other MOFs.?!
These reveal that the charged soc-MOF might be very useful
for the separation of CO, from syngas, biogas, or natural gas.

Conclusions

The static and dynamic properties of extraframework NO3
ions, H, adsorption, and syngas purification in charged soc-
MOF were investigated using atomistic simulations. A clear
understanding in the microscopic properties of extraframe-
work ions is critical to tailoring the functionality of nanopo-
rous materials. NO3 ions were found to reside in the carcer-
and-like capsules and cannot escape because of restricted
windows. In a capsule, four NO3 ions are distributed statisti-
cally near eight trimer building blocks with equal probabil-
ity. The mobility of NO5 ions is negligible attributed to the
strong interactions with highly ionic framework and the
steric hindrance.

The simulated isotherm and isosteric heat of H, adsorp-
tion in soc-MOF at 78 K agree fairly well with experimental
data. The extent of adsorption in soc-MOF is substantially
larger than in most reported MOFs. This is a consequence
of the strong interactions between H, and the narrow nano-
meter-scale channels, the localized charges, and the exposed
metal sites. The isosteric heat is about 6.0 kJ/mol at infinite
dilution and changes slightly as loading increases. The weak
loading dependence of isosteric heat suggests that adsorption
sites in soc-MOF are relatively homogenously distributed.
This is consistent with the concurrent occupation of multiple
adsorption sites. H, adsorbs at sites I-IV at low pressure
and also at site V at high pressure. Interestingly, site V is in
the capsule and only accessible at high pressure through the
surrounding channels via restricted windows. These simu-
lated results are supported remarkably by experimental
observations.

For syngas purification, two-, four-, and five-component
mixtures were considered with increasing complexity. In
two- (CO,/H, = 15:85) and four-component (CO,/H,/CO/
CH; = 15:75:5:5) mixtures, CO, is more preferentially
adsorbed over other gases because of the stronger interac-
tions with ionic framework, whereas the adsorption of Ho,
CO, and CH, is vanishingly small. The selectivity of CO,/
H, in two-component mixture reaches a maximum of about
600. With increasing pressure, the selectivity increases and
then decreases. The initial increase is caused by the strong
interactions of CO, molecule with framework and the coop-
erative interactions between CO, molecules. The decrease in
selectivity is attributed to the entropy (packing) effect at
high pressure. The selectivity in four-component mixture is
approximately the same at low pressure but decreases
slightly at high pressure. With the presence of 0.1% H,O in
mixture, the selectivity of CO,/H, slightly rises at low pres-
sure because of the facilitated adsorption of CO, by bound
H,0 around trimer. At high pressure, the selectivity drops
because H,O competitively replaces CO,. The predicted
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CO,/H, selectivity in soc-MOF is substantially higher than
in all other MOFs and nanoporous materials reported in the
literature. The maximum selectivity is 600 and achievable at
300 kPa, which is the typical operating condition for pres-
sure-swing adsorption. Combining with our recent study in
which soc-MOF shows the highest selectivity toward CO,/
CH,4 mixture, soc-MOF turns out to be a promising material
for the purification of gas mixtures, particularly for the sepa-
ration of CO, from syngas, biogas, or natural gas. In addi-
tion, soc-MOF exhibits exceptionally high uptake for H,
adsorption. We hope our simulation studies could trigger fur-
ther experimental investigations on new MOFs possessing
highly ionic frameworks, narrow-sized channels, and large
surface areas for high-efficacy adsorption and separation.
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