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Abstract. Modelling the adsorption of small molecule gases such as N,, CHy and CO; in porous solids can
provide valuable insights for the development of next generation materials. Employing a grand canonical Monte
Carlo simulation code developed in our group, the adsorption isotherms of CH4 and CO, in many metal organic
frameworks have been calculated and compared with experimental results. The isotherms computed within a
force field approach are able to well reproduce the experimental data. Key functional groups in the solids which
interact with gas molecules and the nature of their interactions have been identified. The most favorable inter-
action sites for CH4 and CO; in the framework solids are located in the linkers which are directed towards the
pores. The structure of a perfluorinated conjugated microporous polymer has been modelled and it is predicted
to take up 10% more CO, than its hydrogenated counterpart. In addition, the vibrational, orientational and dif-
fusive properties of CO, adsorbed in the solids have been examined using molecular dynamics simulations.
Intermolecular modes of such adsorbed species exhibit a blue shift with increasing gas pressure.
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isotherm.

1. Introduction

Adsorption of gases in porous solids has received a
lot of attention over the past several decades not only
from a fundamental point of view, but also towards
many applications including the development of effi-
cient and environmentally benign energy materials.'
Materials for storage of gases such as H,,>™* O,,> and
CH,%~® are important in energy applications and that for
C0O,% !0 in the environmental domain. Both volumetric
and gravimetric'!'~!'* uptake by a substance are impor-
tant quantities to judge its applicability for gas stor-
age. Apart from pore size, pore volume and surface area
of the adsorbent,'>-!® gas uptake is strongly influenced
by its chemical characteristics,'” the accessibility of its
pores to the gas molecule and temperature. '8!
Modelling of adsorption isotherms is essential to
develop a microscopic understanding of gas adsorp-
tion and gas-solid interactions. Various computational
techniques have been adopted to model gas adsorp-
tion and separation of gases using porous solids. For
a comprehensive review, see Ref.?> One of the impor-
tant modelling methods for studying adsorption is
the grand canonical Monte Carlo (GCMC) simulation,

*For correspondence

carried out in the constant uVT ensemble. The aver-
age number of molecules adsorbed as a function of
pressure, i.e., the adsorption isotherm can be obtained
from a GCMC simulation.*=3¢ While several open
source Monte Carlo simulation programs are available
such as the MCCCS Towhee,’” Etomica,® BOSS,*
DL_MONTE? and MUSIC.* Results reported here
are obtained through a code developed in-house called
MCIN.

In the present work, we focus on studying the adsorp-
tion of CO, and CH, in many metal organic framework
(MOF) solids. The MOFs considered here are well
characterized experimentally, both in terms of crystal
structure and through adsorption isotherms for either
CH, and/or CO,. They possess different organic linker
groups with varied functionalities. Thus, one can obtain
a microscopic rationalization of gas uptake in these sys-
tems, an aspect which has not yet been studied using
simulations. In addition, we have also examined the
adsorption of CO, in a yet to be synthesized, perflu-
orinated amorphous polymer. One of the key results
that have emerged from our investigations is that for
a proper reproduction of experimental isotherms, con-
sideration of electrostatic interactions between CO,
molecules is necessary while that of the same between
the gas and the framework appears not to be as relevant.
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We have also been able to predict an increased uptake
of CO, by an amorphous polymer upon its perfluorina-
tion. The manuscript is divided as follows. Following
this Introduction, we present details of the simulations
of gas adsorption in several MOFs and of modelling
the amorphous polymer. Subsequently, results from
the simulations are presented, followed by conclusions
drawn.

2. Computational details
2.1 GCMC Simulations using MCIN

Details of implementation of the GCMC code, its capa-
bilities and validation are provided in Supplementary
Information. Here, we provide the setup, potentials
and other run details for each of the system studied.
The adsorbents chosen have been well studied exper-
imentally in terms of structure and gas (CH4 or CO,)
adsorption characteristics.

2.1a CH, adsorption: We studied the adsorption
isotherms of CH, in FMOF-1, (Ag,[Ag,Tzs]),, where
Tz = 3,5-bis (trifluoromethyl) [1,2,4- triazolate]*' and
[Zn,(L)]w, L = 4, 4’ -bipyridine-2,6,2"** MOF. FMOF-
1 is quite hydrophobic due to perfluorinated ligands
and exhibits a high uptake of hydrocarbons over water
vapour.”® [Zn,(L)]. is demonstrated to show tremen-
dous thermal stability and reversible uptake of several
organics.” A cutoff distance of 12.8 A was used for
LJ interactions. Cavity biased GCMC simulations were
carried out (see Supporting Information for details).
Framework atoms were treated using the universal force
field (UFF)* and CH, molecule was considered as a
single LJ interaction site with parameters taken from
the TraPPE force field.* Thus, rotational moves for the
adsorbate were not necessary. At each state point, the
GCMC simulation consisted of 1 x 107 steps devoted
towards equilibration followed by 2 x 10% steps to sam-
ple the desired thermodynamic properties. Values of
0.8 0 and 0.5 o were used as cavity radii at low and
higher pressures respectively. The details of the GCMC
simulations are tabulated in table 1.

Table 1.
MOF. Both are orthorhombic systems.
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2.2 CO, adsorption

2.2a Zn(NDC)(DMBI) MOF: We performed GCMC
simulations using MCIN to study the adsorption
isotherms of CO, in a microporous framework,
Zn(NDC)(DPMBI) (where NDC=2,7-naphthalene
dicarboxylate and DPMBI=N,N’-di-(4-pyridylmethyl)
-1,2,4,5-benzenetetracarboxydiimide).*® Zn(NDC)(DP-
MBI) exhibits selective CO, capture from flue gas.*
An orthorhombic supercell of 1 x 2 x 2 unit cells
was taken as the simulation box and its dimensions
were 25.915A x 283488 A x 41.2084 A. Here too,
the TraPPE force field with LJ and charge sites*’ was
considered for CO,. While the gas-gas interactions
included both LLJ and Coulombic terms, that between
the gas and the framework was treated using purely
LJ interactions through the DREIDING*® and UFF*
force fields. Electrostatic interactions were calculated
using Ewald summation method. Cross LJ parameters
were calculated via the Lorentz-Berthelot mixing rule.
Framework atoms were considered as frozen in their
crystallographic positions. The force field parameters
of framework atoms are provided in table S3. A cutoff
radius of 12.8 A was used for LJ interactions. The
Peng-Robinson equation of state was used to convert
pressure into chemical potential. In this case, the fugac-
ity coefficients at a particular pressure and temperature
were calculated using Thermosolver software.* We
performed 4 x 107 cycles subsequent to 1 x 107 cycles
which were devoted to equilibration.

2.2b  Perfluorinated Amorphous Polymer: We had
recently modelled the structure and gas adsorption
characteristics of a conjugated microporous amorphous
polymer based on tetraphenylethylene moieties.™ In the
current work, we examine theoretically the effect of
perfluorinating this compound on its properties. The
methodology adopted to create a model for this flu-
orinated compound is the same as that described in
Ref.°. Further details are provided in Supplementary
Information.

It is pertinent to note that the framework (adsorbent)
has been treated to be rigid in the simulations reported

Simulation details of CH4 adsorption studies in FMOF-1 and [Zn;(L)]~

MOF Cell parameters Simulation cell ccell Temperature (K)
FMOF-1 a=b=13.366A 2x2x1 288
[Zn,(L)]oo MOF a=b="7.025A 4x4x2 298
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here. The organic linkers in MOF solids can in partic-
ular exhibit conformational flexibility which can mod-
ulate gas uptake. Introducing flexibility in the frame-
work within the MCIN code is beyond the scope of
the current manuscript. However, this aspect will be
studied by us in future, using methods such as hybrid
GCMC/MD.*'-% Configurations were visualized using
VMD.¢

3. Results and Discussion

In order to assess whether the widely used generic force
fields are able to describe the adsorbate-adsorbent inter-
actions accurately, we have studied the adsorption of
CO, in porous materials (two MOFs and one CMP)
with both DREIDING and UFF force fields. Pair cor-
relation functions have been calculated to delineate the
intermolecular arrangements of adsorbed CH, and CO,
as well as their favorable interaction sites within the
MOF framework as a function of gas pressure. Specific
structural details of the various MOFs are not described
here as they can be obtained from the original literature.

3.1 Adsorption Isotherm of CH,

3.1a FMOF-I: The adsorption isotherm calculated
from MCIN is compared with experimental data* in
figure la. To delineate the most favorable adsorption
sites for CH, in the framework, pair correlation func-
tions (PCFs) were calculated between the molecule and
different sites of MOF. F-CH,, N-CH,, C-CH, and Ag-
CH, PCFs were calculated at 1, 45 and 200 bar. PCFs
for various sites at 1 bar (low pressure) are compared in
figure 2a. Closest interactions for CH, were observed
with the F atoms of the —CF;, N and C atoms of the
1,2,4-triazole. Thus, further studies have been focused
on these three interactions. The PCFs of CH,; molecules
around F, N, C of the MOF and other CH, molecules at
1 bar, 45 bar and 200 bar in figure S22a-c respectively.
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In figure S22a, three features at 3.5 A, 43A, and 5.1A
are seen. The first hump corresponds to the CH, inter-
acting with a F atom of —CF; which is directed towards
the pore and the remaining two correspond to the other
two F atoms in the same CF; group. In figure S22b and
¢, the first hump corresponds to correlation between one
of the N and C atoms of 1,2,4-triazole and the remaining
correspond to other N and C atoms in the same group.
We observe that although the relative magnitudes of
the peaks are impacted by pressure, the peak positions
are not. The peak heights increase with increasing pres-
sure, as expected. The interactions exhibited by CH,4
with FMOF-1 atoms at 1 bar and 288 K are displayed in
figure 2b.

3.1b  [Zny(L)]oc MOF: The adsorption isotherm of
CH, simulated using MCIN is compared with experi-
mental data*’ in figure 1b. Here too, PCFs are calcu-
lated to identify favorable interaction sites for CHy in
MOF. The C-CH,4, H-CH, and O-CH, PCFs were cal-
culated at 0.5 bar, 4 bar, 10 bar and 298 K and the same
are compared at low pressure in figure 3a. The clos-
est possible interactions for CH, are with the H and O
atoms of 2, 2’-bipyridyl-5, 5’-dicarboxylic linker of the
framework. We have compared PCFs and correspond-
ing first shell coordination numbers of H-CH, as well as
O-CH,4 at 0.5, 4 and 10 bar and at 298 K as shown in
figure S23a-b. In figure S23a, the peak at 3.4 A rep-
resents CH, interaction with the two H atoms of
2,2’-bipyridyl-5,5’- dicarboxylic group. In figure S23b,
two prominent peaks centered at 3.6 A and 6.0 A are
observed. The first one corresponds to the CH, inter-
acting with the O atom of the carboxylate group of the
linker. The second peak corresponds to CH, interact-
ing with the O atoms of adjacent linker within the same
pore. These interactions are depicted in figure 3b. The
peak heights in the PCFs increase with increasing pres-
sure, as expected. The number of CH, molecules near
a H-atom of the MOF is around 1.1 at a pressure of 45
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Figure 1. Comparison of adsorption isotherm of CHs in a) FMOF-1; and b)
[Zny(L)]oc MOF obtained from MCIN (black circles) at 288 K and 298 K with

experimental data (continuous line).*?*3
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Figure 2. a) Comparison of pair correlation functions between different
types of atoms of FMOF-1 and CHy at 1 bar and 288 K. b) Primary interactions
for CH4 in FMOEF-1 at 1 bar and 288 K. Distances are in A unit. Color scheme:
C-silver, H-lime, N-blue, Ag-cyan and CHs-mauve.
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Figure 3. a) Comparison of the pair correlation functions between different
types of atoms of [Zn, (L)],cMOF and CHy at 0.5 bar and 298 K. b) Primary
interactions for CHy in the [Zn,(L)]o MOF at 0.5 bar and 298 K. Distances are
in A unit. Color scheme: C-silver, H-lime, O-red, and CHy-iceblue.

bar and does not increase much further with increase in
pressure.

3.2 Adsorption Isotherms of CO,

3.2a IRMOF-1: Simulations in this MOF were car-
ried out to validate the MCIN code, as described in
Supplementary Information. The calculated adsorption
isotherm of CO, at 298 K is compared in figure S8 with
the simulation results of Snurr et al.,>” and the isotherms
determined from experiment.”’ Figure S8 shows that
the predicted uptake using LJ interactions alone is con-
siderably lower than the experimental result. Inclusion
of coulombic interactions between the gas molecules is
able to estimate the saturated loading in much better
agreement with experiment. More importantly, it cap-
tures the inflection behavior. Our GCMC results agree
well with those of Snurr and coworkers.”” It should
be noted that the inflection is captured without invok-
ing any charges in the MOF structure itself. Figure S8
clearly shows the importance of electrostatic interac-
tions between CO, molecules to reproduce the shape
of the experimental adsorption isotherm. The marginal
difference with experimental CO, uptake could be due

to (i) deficiencies in the potential, (ii) the morphol-
ogy of the experimental MOF sample may impose a
kinetic barrier which can result in a lower uptake than
the theoretical estimate.®

The intermolecular arrangement of adsorbed CO,
molecules as well as favorable interaction sites for CO,
with the IRMOF-1 have been studied based on PCFs
between different pairs of atoms. Several PCFs were
calculated at 298 K and 4, 10 and 20 atm. The inter-
molecular PCFs between adsorbed CO, molecules at
three pressures are shown in figure 4. The peak heights
of gc_c(r) and gc_o(r) increase with increasing pres-
sure. Based on the PCFs of CO, with MOF atoms
obtained at low pressure (4 atm), the following inter-
actions can be identified between adsorbed CO, and
IRMOF-1: (i) O of CO, and H of the phenyl rings
of IRMOEF-1 (weak hydrogen bond interaction), (ii)
C of CO, and O of carboxylate groups of IRMOF-1
(Lewis acid-base interaction), and (iii) center of mass
of phenyl rings and the C atom of the CO,(;r-7 interac-
tion). Given the absence of electronic degrees of free-
dom in our simulations, these interactions have been
identified on established geometric criteria alone.>*~%2
These PCFs have been calculated at 4, 10 and 20 atm
and are shown in figure Sa—c. In figure 5a, two peaks
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Figure 4. Intermolecular pair correlation functions between sites of adsorbed CO,
molecules in IRMOF-1 a) C-C and b) C-O at 298 K and 4 atm, 10 atm, and 20 atm.
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Figure 5. Pair correlation functions between a) H of MOF and O of CO,; b) O of MOF and C of CO;; and c) center of mass

of phenyl ring (X) and O of CO, at 298 K and 4 atm, 10 atm, and 20 atm. The MOF is IRMOF-1.

can be found at 3.2 A and 4.6 A. The first one corre-
sponds to the interaction of O of CO, with one of the H
of phenyl ring while the other corresponds to the inter-
action of CO, with the other H of the adjacent phenyl
ring within the same pore. In figure 5b, the peak at 4.2 A
corresponds to the C of CO, interacting with the O of
carboxylate group of IRMOF-1. Although the coordina-
tion number increases with pressure (as it should), the
magnitude of the peak (which is the probability density)
decreases with increasing pressure. At higher pressures,
CO, prefers to adsorb in the pores by interacting with
H of phenyl rings which is the entropically dominant
zone.® The first shell coordination number of C of CO,
around the O of carboxylate group of IRMOF-1 as a
function of pressure is plotted in figure S24. This behav-
ior is analogous to the adsorption isotherm (blue curve
in figure S8). The number of CO, molecules present
near O of carboxylate group of IRMOF-1 at 12 atm is
2.7 and does not change much, with increase in gas
pressure. In figure 5c, the peak at 5 A corresponds to the
-1 interaction between phenyl ring of IRMOF-1 and
CO.,. Here too, the peak height decreases with increas-
ing pressure as CO, prefers to adsorb in the entropi-
cally dominant site. The interactions between CO, and
IRMOF-1 are shown in figure 6.

3.2b Zn(NDC)(DPMBI) MOF: Here, NDC = 2,7-
naphthalene dicarboxylate, and DPMBI = N,N’-di-(4-
pyridylmethyl)-1,2,4,5-benzenetetracarboxydiimide).

The adsorption isotherm of CO, in this MOF calculated
from MCIN is compared against experimental data*® in
figure 7. Here too, the intermolecular arrangement of
adsorbed CO, molecules as well as the favorable inter-
action sites of CO, with the Zn(NDC)(DPMBI) MOF
have been examined. Several PCFs have been calcu-
lated at 298 K and 0.05, 0.4 and 0.8 atm. Intermolecular
PCFs between adsorbed CO, molecules at three pres-
sures are shown in figure 8. The peak magnitude of
gc_c(1), gc_o(r) and corresponding coordination num-
bers increase with increasing pressure. At 0.8 atm
pressure, around 1.2 CO, molecules are observed
in the first coordination shell of any CO, molecule.
Based on MOF-CO, PCFs obtained at the lowest pres-
sure (0.05atm), the following favorable interactions
between adsorbed CO, and Zn(NDC)(DPMBI) are
identified: i) O of CO, and H of the NDC linker of
the MOF (weak hydrogen bonding), ii) C of CO, and
O of carboxylate groups of linker (Lewis acid-base
interaction), and iii) center of mass of pyridine rings
and the O of the CO, (-7 interaction). As before,
these interactions have been identified on established
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Interactions between a) H of MOF and O of CO,; b) O of MOF and C of CO,; and ¢) center of

mass of phenyl ring and O of CO, at 298 K and 4 atm in IRMOF-1. Color scheme: MOF atoms: C-Silver,

42 A corresponds to the C of CO, interacting with the
O of the carboxylate group of linkers (NDC or DPMBI)
via Lewis acid-base interactions. In figure 9b, the peak
height increases with pressure unlike the behavior seen
in IRMOF-1 (figure 5b). In Zn(NDC)(DPMBI) MOF,
O of carboxylic groups are directed towards the pore
which is the entropically dominant region.®® Thus,
CO, prefers this location at high pressures. However,
in IRMOF-1, O of carboxylate groups are at the cor-
ners of the pores which is the energetically favorable
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Figure 7. Adsorption isotherms of CO, in Zn(NDC)
(DPMBI) at 298 K calculated through MCIN (blue circles)
compared with experimental (brown squares) data.*6

geometric criteria alone.”~%? The corresponding PCFs

have been calculated at 0.05, 0.4 and 0.8 atm and are
shown in figure 9a—c. In figure 9a, the peak at 3.2 A
corresponds to the interaction of O of CO, with one
of the H of NDC linker ring. In figure 9b, the peak at
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domain. Thus, at high pressures, CO, prefers to bind in
the entropically dominant region and the peak height
decreases with increasing pressure (figure 5b). In
figure 9c, the peak at 5A corresponds to 7-7 inter-
action between the pyridine ring of DPMBI and CO,.
These interactions between CO, and the framework
atoms can be visualized in figure 10.

3.2c  Perfluorinated Conjugated Microporous Polymer:
MBD simulations using a force field were carried out on a
model compound, fluorine substituted tetraphenylethylene
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Intermolecular pair correlation functions between sites of adsorbed CO,

molecules in Zn(NDC)(DPMBI) MOF a) C-C; and b) C-O at 298 K and 0.05 atm,

0.4 atm, and 0.8 atm.
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Figure 9. Pair correlation functions between a) H of MOF and O of CO,; b) O of MOF and C of CO,; and c) center
of mass of pyridine ring (X) and O of CO, at 298 K and different pressures: 0.05 atm, 0.4 atm, and 0.8 atm. The MOF is

Zn(NDC)(DPMBI) MOF.

Figure 10.
of mass of pyridine ring and O of CO, at 298 K and 0.05 atm in Zn(NDC)(DPMBI) MOF. Color scheme:
MOF atoms: C-silver, O-red, H-green, Zn-iceblue and CO,: C-tan, O-red.

based conjugated microporous polymer, TPE-FCMP
(1) as discussed in Supporting Information. 1 was
characterized through calculations of powder X-ray
diffraction (PXRD), accessible surface area (ASA) and
adsorption isotherm of CO,. The density of the initial
model obtained using MD simulations is 1.1 g/cc. The
accessible surface area of this model structure was cal-
culated using a Monte Carlo code developed by Snurr
and co-workers.** Employing a value of 3.681 A for
the probe diameter of N,, the ASA for the 1.1g/cc
CMP model was calculated to be 481 m?/g. In general,
CMPs are kinetically controlled structures and do not
show long range periodicity, unlike MOFs and covalent
organic frameworks (COFs).%~%" In our earlier work on
TPE-CMP, the density of the modelled structure was
decreased by 20% in order to match the accessible sur-
face area™ determined experimentally. The same pro-
cedure was applied herein to TPE-FCMP. The density
of 1 was decreased to 0.89 g/cc, in steps. At each step,
post energy minimization, MD simulations for over 2 ns

Interactions between a) H of MOF and O of CO,; b) O of MOF and C of CO5; and c) center

was carried out and subsequently, the ASA was recalcu-
lated. The calculated ASA of the structure at 0.89 g/cc
density was found to be 867 m?*/g. The PXRD pattern
of the 0.89 g/cc structure was calculated (see Supple-
mentary Information for more details) with a resolu-
tion of 0.11 A~" and is shown in figure S16. One of the
oligomer in TPE-FCMP is highlighted in figure S14. To
understand the connectivity among the pores and void
spaces, N, accessible surface (with a probe radius of
1.82 A)% was estimated using Mercury® and the same
is shown in figure 11a, where the void space architec-
ture in the polymer is shown in yellow. The total void
volume is estimated to be about 36% of the simulation
cell.

3.2d GCMC simulations of CO, in 1: GCMC sim-
ulation results reported here were carried out using
MCIN,®" as discussed in section S4 of Supporting
Information. In our simulations, both the polymer and
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Figure 11.
cates the void space for N, while C and H atoms of the polymer are in
grey and white colors respectively. b) Adsorption isotherms for CO, in con-
jugated microporous polymers at 195 K. Experimental data for TPE-CMP>°
(brown dotted line); Blue circles and cyan squares are results from MCIN in
TPE-FCMP and TPE-CMP respectively.

CO, were assumed to be rigid. The calculated adsorp-
tion isotherm of CO, in TPE-FCMP (1), TPE-CMP
and the latter’s experimental uptake™ are compared in
figure 11b. Our calculations predict a 10% increase in
the uptake of CO, in the perfluorinated polymer over its
hydrogenated counterpart.

Adsorption isotherms of CO, in IRMOF-1 (298 K),
Zn(NDC)(DPMBI) (298K) and TPE-CMP (195K)
calculated using both DREIDING and UFF force
fields (for the adsorbent) are presented in figures S9,
S10 and S15, respectively. Experimentally determined
isotherms are also provided. The amount of CO, uptake
calculated using the UFF force field for the adsorbent
is marginally higher than that of either the DREIDING
prediction or experiment.

To understand the arrangement of adsorbed CO,
molecules near the nodes as well as linkers in the
TPE-FCMP polymer, their spatial distribution in the
matrix was studied at three pressures: 0.1, 0.5 and
1.0 atm. In typical MOF simulations, such spatial den-
sity maps are averaged over ensemble and time. How-
ever, all the nodes and linkers are not present in
the same environment in 1. It lacks long range peri-
odicity and nodes or linkers line present along the
pore surface have a different environment than those
lying in the core of the polymer matrix. Thus, we
have chosen to examine the locations of CO, around
a specifically chosen tetraphenylethene (node) and a
4,4’ -diethynyloctafluorobiphenyl (linker) moiety which
were identified visually to lie on a pore surface. These
were obtained via constant-NVT MD simulations car-
ried out for 15ns each at a temperature of 195K in
a fixed polymer framework. Isosurfaces of CO, den-
sity with respect to either the node or the linker present
on the pore surface are displayed in figure 12a—f. The
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a) Pore architecture in model TPE-FCMP. Yellow region indi-

cheese colored region indicates the distribution of CO,.
The maps demonstrate that CO, interacts with the
phenyl and ethylenic groups of the node and with the
phenyl and acetylenic groups of the linker.

3.3  Comparison of GCMC results with MD
simulations

Results from MCIN, in terms of adsorption isotherms
were compared against experimental data above. Neu-
tron and X-ray scattering experiments can provide
information on intermolecular structure of molecules
adsorbed in MOF solids. However, these experiments
are challenging and thus are very rare.”””’* Thus, we
compare the intermolecular structure obtained from
MCIN against results from MD simulations. A key
quantity to characterize is the pair correlation function,
results of which are presented here.

In these simulations, DREIDING and TraPPE force
fields were used to model the IRMOF-1 and CO, in
their all-atom representations respectively. CO,-CO,
structural correlations were calculated at a pressure of
10 atm. At this pressure, the variation in the number
of adsorbed CO, molecules with MC cycles is shown
in figure S25. The number of CO, molecules fluctuate
around a mean value of 86. CO, -CO, pair correlation
functions obtained from MD simulations performed
with 86 molecules in the MOF did not quite match
those obtained from the GCMC simulations. The issue
was resolved to the fact that the GCMC run had sig-
nificant fluctuations in the number of molecules while
the MD run was performed in the canonical ensemble.
Needless to state, the difference is a consequence of
the fact that one is not in the thermodynamic limit. We



Modelling Gas Adsorption in Porous Solids 1695

[a) (b}

{d}

if

Figure 12. (a,c,e/b, d, f) Spatial density distribution maps of CO, around a
specific node and linker in TPE-FCMP at 195 K around a specific node/linker
at 0.1, 0.5 and 1.0 atm respectively. Cheese colored surfaces show possible
locations of CO, at an isosurface value of 5 x 10~* a.u. Blue and tan colors are
C and H atoms of the node and the linkers in the polymer respectively. Rest of
the CMP atoms are shown as thin lines.

obtained the probability distribution (histogram) of the =~ NVT ensemble but with different number of molecules
number of molecules from the GCMC simulation and ranging between 60 and 120. Pair correlation functions
performed six independent MD simulations, each in the  obtained from each of these runs were weighted (via
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the histogram obtained from the GCMC run) and a
mean pair correlation function was obtained which is
compared to that from the GCMC run in figure S17a—
d. They match rather well, giving confidence on the
configurational sampling in MCIN.

Furthermore, we characterized the vibrational, orien-
tational and diffusive properties of CO, molecules in
IRMOF-1. Low frequency infrared spectrum provides
a precise understanding on the nature of interaction
between probe molecules e.g., CO, NO, and CO,, etc.,
with the MOE.”®> Herein, vibrational density of states
were calculated to delineate the intermolecular modes
of adsorbed CO, in IRMOF-1.

3.3a  Vibrational density of states: The vibrational
density states (VDOS) have been calculated to under-
stand intermolecular ‘modes’ of adsorbed CO, in
IRMOF-1 at 10, 20 and 30 atm and 298 K. Details of
the calculations are provided in Supplementary Infor-
mation. The low frequency band to intermolecular
‘modes’ exhibits a blue shift with increasing pressure
which is shown in figure S18.

A key character of adsorbed gases in framework
solids is cooperativity. Although in general the isosteric
heat of adsorption decreases with increasing coverage,
under certain circumstances, it can show an increase
(followed by a decrease). This occurs due to favorable
interaction between the adsorbed gas molecules, a fea-
ture called as cooperativity in the literature.”®’” Coop-
erativity between CO, adsorbed in IRMOF-1 was stud-
ied by examining the intermolecular angle distribution
between neighboring molecules at 298 K and 10 atm.
This distribution was compared with that obtained from
bulk CO,. Molecules confined within narrow pores,
with pore widths of a few molecular diameters, can
exhibit a wide range of physical behavior.”®:” The intro-
duction of wall forces, and the competition between
fluid-wall and fluid-fluid forces, can lead to interesting
surface-driven phase changes.®-3* These include new
kinds of phase transitions not found in the bulk phase.
Recently, Snurr et al., have calculated the density of
CO, in IRMOF-1 and compared the same with that of
bulk CO, at 298 K.>” However, the orientational distri-
bution between adsorbed CO, molecules has not been
studied yet, to our knowledge.

3.3b CO, orientation: The orientational ordering
between near neighbour adsorbed CO, molecules
in IRMOF-1 was calculated from the configurations
obtained from MCIN at 298 K and 10 atm. An illustra-
tion of a typical near-neighbour configuration is shown
in figure 13. To aid further discussion, we provide the
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Figure 13. Probability distribution of angles between

—— —
0,0, and C, 0, (Inset) obtained for CO, in IRMOF-1 from
MCIN and from MD simulations of bulk CO, at 298 K
and 1.1 g/cc. Inset: Illustration of a typical near-neighbor
arrangement of CO, molecules. The carbon of the central
molecule is denoted as C2 and the oxygen atom from another
molecule closest to it is denoted as Oa.

Table 2.
1 at 298 K.

Self-diffusion coefficients of CO, in IRMOF-

Pressure (atm) Diffusion Coefficient (x 108 m?/s)

10 6.8
20 3.9
30 3.1
Table 3. Self-diffusion coefficients of CO, in TPE-

FCMP at 195 K.

Pressure (atm) Diffusion Coefficient (x 10~ m?/s)

0.1 1.3
0.5 1.0
1.0 0.7

following nomenclature. The probability distributions

——> —
of the angle was calculated between 0,0, and C,0,,
where O, is the closest oxygen atom to the central car-
bon C,. The analysis has been carried out for molecules
lying within a distance of 3.4 A which defines the first
coordination shell as seen from the C-O gco(r) in fluid
CO,.»

Simultaneously, for the sake of comparison, classi-
cal NVT-MD simulations of bulk CO, were carried out
using LAMMPS®® with a time step of 1ns at 298 K.
The EPM2¥ potential model was employed for CO,. A
good match between the gco(r) of bulk CO, and that
in the IRMOF-1 (via MCIN) was obtained at a bulk
density of 1.1 g/cc as shown in figure S21. The proba-

bility distribution of angles between the vectors 0,0,

and C,0, was calculated. A comparison between the
data in bulk CO, and that confined in IRMOF-1 is
displayed in figure 13. The distributions in figure 13
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exhibit a preference for cosf values around zero indi-
cating that the closest neighboring molecules prefer a
distorted T-shaped configuration. This feature in the
near-neighbour arrangement between CO, neighbors is
comparable between the adsorbed and bulk phases.

Diffusion behavior of gases is of paramount impor-
tance in many applications that are envisioned for
porous materials.'*#-2 The self-diffusion coefficients
of CO, have been studied in IRMOF-1 as well as TPE-
FCMP at various pressures. Details of the calculations
are provided in Supporting Information. As expected,
the diffusion coefficients of CO, decrease with increas-
ing pressure, and these are shown in tables 2 and
3.

4. Conclusions

Adsorption isotherms for CO, in many metal organic
framework solids obtained from GCMC simulations
were presented here. The calculated isotherms com-
pare very well with experimentally determined ones, up
to 1 atm pressure. Intermolecular structural correlations
between the CO, molecules present within their micro-
pores were also investigated. They exhibited consider-
able similarities with those observed in bulk fluid CO,.
Specific sites of adsorption existing in metal organic
framework solids with which CO, interacts have been
identified. These include: fluorine, phenyl and carboxy-
late groups. van der Waals, Lewis acid-base, weak
hydrogen bonding and 7-7 interactions determine the
adsorption of CO, in these solids; this understanding
can aid in the design of other novel architectures involv-
ing such functional groups. Apart from the surface
chemistry of the pores, the pore architecture too deter-
mines gas uptake, as exemplified by differences in the
dependence of gco,_o(r) on pressure in two MOFs stud-
ied here. Such pair correlation functions can in princi-
ple be obtained through neutron scattering experiments
and we hope our work would spur more efforts in this
area,’3-74:93-95

We have also been able to predict the uptake of CO,
in a model microporous, amorphous polymer. Perflu-
orination is shown to increase CO, uptake by at least
10%. It remains to be seen if this perfluorinated polymer
can be synthesized and its CO, uptake be measured for
a comparison to the simulation results presented here.
The closest interaction sites for CO, in this polymer are
located at the pore surface lined by the linkers.

For the systems studied here, the UFF force field (for
the adsorbent) predicts a marginally higher gas uptake
than that obtained from the DREIDING force field.
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The latter is able to quantitatively reproduce exper-
imentally determined isotherms. The current Monte
Carlo simulations have been performed within a rigid
framework approximation. However, organic linkers in
MOFs can in particular show some degree of confor-
mational flexibility which can modulate gas uptake at
ambient conditions.?! In the systems studied herein,
the absence of flexibility of the framework appears not
to influence amount of gas adsorption. Yet, we plan
to implement methods to introduce flexibility to the
adsorbent within MCIN, in future.*®

We are interested in predicting model MOF com-
pounds which are not only CO,-philic but are also sta-
ble in the presence of water vapor. This aspect will
constitute our future endeavours.

Supplementary Information

The Supplementary Information associated with this
article has sections containing the development of
MCIN code and applications of MCIN: validation
of MCIN by reproducing simulated and experimen-
tal adsorption isotherms, modelling CO, adsorption in
TPE-FCMP, comparison of pair correlation functions of
CO, with respect to MOF sites obtained from MCIN
and LAMMPS, vibrational density of states of CO, in
IRMOF-1 and CO, diffusion in IRMOF-1 and TPE-
FCMP at various pressures, comparison of pair corre-
lation functions of adsorbed CO, with bulk CO,, com-
parison pair correlation functions of CH, in FMOF-1
and [Zny(L)]., at various pressures and running coor-
dination number of CO, around carboxylate group of
IRMOF-1. The Supplementary Information for this arti-
cle is available at http://www.ias.ac.in/chemsci.
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