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ABSTRACT: A three-dimensional (3D) pillared-layer metal—
organic framework, [Cd(bipy),s(Himdc)](DMF)], (1), (bipy
=4,4"bipyridine and Himdc = 4,5-imidazoledicarboxylate) has
been synthesized and structurally characterized. The highly
rigid and stable framework contains a 3D channel structure
with highly polar pore surfaces decorated with pendant oxygen
atoms of the Himdc linkers. The desolvated framework
[Cd(bipy),s(Himdc)], (1°) is found to exhibit permanent
porosity with high H, and CO, storage capacities. Two H,
molecules occluded per unit formula of 1’ and the
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corresponding heat of H, adsorption (AHy,) is about ~9.0 kJ/mol. The high value of AHy, stems from the preferential
electrostatic interaction of H, with the pendent oxygen atoms of Himdc and aromatic bipy linkers as determined from first-
principles density functional theory (DFT) based calculations. Similarly, DFT studies indicate CO, to preferentially interact
electrostatically (C%*---O%) with the uncoordinated pendent oxygen of Himdc. It also interacts with bipy through C—H---O
bonding, thus rationalizing the high heat (AHcq, ~ 35.4 kJ/mol) of CO, uptake. Our work unveiled that better H, or CO,
storage materials can be developed through the immobilization of reactive hetero atoms (O, N) at the pore surfaces in a metal—

organic framework.

B INTRODUCTION

Porous coordination polymers (PCPs) or metal—organic
frameworks (MOFs) are widely regarded as promisin%
functional materials for many applications such as gas storage,

catalysis,2 separation,3 luminescent sensing,” magnetic materi-
als® ion—exchange,6 and even as delivery vehicles for controlled
medicine.” In recent years, the synthesis and characterization of
MOFs based on mixed ligand systems attracted considerable
interest because of its control over (i) structural dimensionality,
(i) interpenetration, (iii) pore size, (iv) chemical environment
and the polarity of the pore in the resulting MOF structure.®
Many groups including ours have reported the porous
properties particularly H, storage characteristics of the modified
and tunable pore surfaces in MOF composed of mixed ligand
systems.**™ Recent research suggest that an energy of
interaction of about 22—25 kJ/mol would be enough to
maintain high capacity H, adsorption in porous materials at 298
K in the pressure range of 1.5—30 bar.” The immobilization of
unsaturated metal sites in the coordination framework has been
one of the successful methods for the increase of heat of H,
adsorption,'® and we have previously shown that an
unsaturated alkali metal cation (K') has pronounced effect in
the enhancement of heat of H, adsorption which was also
supported by first principles calculations.'® MOFs with
heterogeneous surface structure with local dipoles may enhance
H, and CO, uptake capacity as they can interact more strongly
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than only through weak dispersion forces. Therefore, the
inclusion of heteroatoms or highly electronegative atoms like F,
O, or N in the pore surface is another effective way to increase
adsorption energies for H, and CO,."" Recently we and other
groups showed that MOFs with fluorinated linkers have
profound impact on the heat of H, adsorption, which has
been correlated with the dipole induced dipole interaction-
s."1*7¢ Similarly, the potential of fluorine or amine groups to
interact with CO, is now reasonably well understood, as
chemisorption by amines is an effective technology for removal
of CO, from power plant flue gases. Recent results suggest that
modifying the pore surface by incorporating Lewis basic sites
(-amino, -pyrimidine, -hydroxo) or organic cations enhances
low pressure CO, uptake and isosteric heat of adsorption.''™
In this context 4,5-imidazoledicarboxylic acid (Hiimdc) is a
versatile linker having three pH dependent abstractable protons
and may provide diverse binding mode based on two imidazole
nitrogen and four carboxylate oxygen atoms.'” Therefore, a
MOF composed of Hiimdc and aromatic linkers can afford
several adsorption sites for electrostatic interactions with H, or
CO, and can increase adsorption enthalpy. In this Article, we
report the synthesis and structural characterization of a three-
dimensional (3D) rigid metal—organic framework [Cd-
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(bipy)o.s(Himdc)](DMF)], (1), (bipy = 4,4"-bipyridine and H-
imdc = 4,5-imidazoledicarboxylate) composed of mixed ligand
system. It possesses high thermal stability and exhibits
permanent porosity with moderate surface area. The framework
shows 1.23 wt % uptake for H, at 77 K under high pressure
with a high heat of adsorption (~9.0 kJ/mol). Similarly, the
framework exhibits 23.5 wt % and 9.0 wt % CO, storage
capacity at 195 and 298 K, respectively, with heat of adsorption
of about 354 kJ/mol. The high heat adsorption can be
attributed to the favorable interactions of H, or CO, with the
pore surface. Using first principles calculations, we substantiate
this energy quantitatively and unearth the nature of H,/CO,—
MOF interactions from the detailed structures determined for
various sites of interactions, and we demonstrate that hetero
atoms (e.g, N, O) or aromatic sites on the pore surface are the
favorable adsorption sites.

B EXPERIMENTAL SECTION

Materials. All the reagents and solvents employed were
commercially available and used as supplied without further
purification. Cd(NO,),-4H,0, 4,5-imidazoledicarboxylic acid, and
4,4"-bipyridine were obtained from Aldrich Chemical Co.

Physical Measurements. The elemental analyses were carried out
using a Thermo Scientific Flash 2000 CHN analyzer. IR spectrum of
the compound was recorded on a Bruker IFS 66v/S spectropho-
tometer using KBr pellet in the region 4000—400 cm™". Thermogravi-
metric analysis (TGA) was carried out on Mettler Toledo TGA850
instrument in the temperature range of 25—600 °C under nitrogen
atmosphere (flow rate of 50 mL/min) at a heating rate of 3 °C/min.
Powder X-ray diffraction (PXRD) studies in different state of the
samples were recorded on a Bruker D8 Discover instrument using
Cu—Ka radiation.

Synthesis of [Cd(bipy), s(Himdc)l(DMF)], (1). Cd(NO;),-4H,0
(0.25 mmol, 0.077 g) was dissolved in 12.5 mL of acetonitrile with
constant stirring. 4,5-Imidazoledicarboxylic acid (Hsimdc) (0.25
mmol, 0.039 g) and 4,4-bipyridine (bipy) (0.125 mmol, 0.0195 g)
were dissolved in 12.5 mL of N,N-dimethylformamide (DMF) and
stirred well for 30 min to make a homogeneous solution. Acetonitrile
solution (2 mL) of Cd(NOs;), was slowly and carefully layered on top
of the ligand solution of DMF (2 mL) using the 2 mL buffer solution
of acetonitrile and DMF (1:1). After two weeks colorless block type
single crystals were grown at the junction of the two different solvents.
The crystals were separated and washed with acetonitrile, which was
subjected to X-ray diffraction. Yield: 80%. Anal. Calcd. for
C5HsN,0,Cd: C, 37.44; H, 2.88; N, 13.44. Found: C, 37.35; H,
2.98; N, 1324%. IR (KBr, cm™): v(N—H), 3244; v(C—H), 2928;
v,,(0CO), 1602; v,(OCO), 1368 and v (Arc—c)1557.

Adsorption Measurements. Adsorption studies of N, (77 K),
CO, (195 and 298 K) and H, (77 and 87 K) on the dehydrated
samples prepared at 473 K under high vacuum, were carried out using
a Quantachrome Autosorb-1C analyzer. The adsorption isotherm of
different solvents (like CH;CN, EtOH, and C¢H,, at 298 K and
MeOH at 293 K) were measured in the vapor state by using a
BELSORP-aqua volumetric adsorption instrument from BEL, Japan.
In the sample chamber (~12 mL) maintained at T +0.03 K was placed
the adsorbent sample (100—150 mg), which had been prepared at 473
K at 107" Pa for 18 h prior to measurement of the isotherms. The
adsorbate was charged into the sample tube, and then the change of
the pressure was monitored and the degree of adsorption was
determined by the decrease of the pressure at the equilibrium state. All
operations were computer-controlled and automatic. High-pressure H,
(77 K) and CO,, CH, (298 K) sorption measurements were carried
out on a fully computer controlled volumetric BELSORP-HP, BEL
Japan high pressure instrument. All the gases used for the high
pressure measurements are scientific/research grade with 99.999%
purity. For the measurements, an approximately 300 mg sample was
taken in a stainless-steel sample holder and degassed at 493 K for a
period of 18 h under 107" Pa vacuum. Dead volume of the sample cell

7104

was measured with helium gas of 99.999% purity. Nonideal correction
for H, and CO, gases were made by applying virial coefficients at the
respective measurement temperature.

X-ray Crystallography. A suitable single crystal of compound 1
was mounted on a thin glass fiber with commercially available super
glue. X-ray single crystal structural data were collected on a Bruker
Smart—CCD diffractometer equipped with a normal focus, 2.4 kW
sealed tube X-ray source with graphite monochromated Mo—K,
radiation (4 = 0.71073 A) operating at 50 kV and 30 mA, with @
scan mode. The program SAINT™ was used for integration of
diffraction profiles, and absorption correction were made with
SADABS prolgram.14 The structure was solved by direct methods
using SIR-92" and followed by successive Fourier and difference
Fourier Syntheses. All the non-hydrogen atoms were refined
anisotropically. Potential solvent accessible area or void space was
calculated using the PLATON'® multipurpose crystallographic
software. All calculations were carried out using SHELXL
97,"SHELXS 97,'® PLATON 99,'® and WinGX system, ver.
1.70.01."° All crystallographic and structure refinement data of 1 are
summarized below. Selected bond distances and angles are given in
Supporting Information, Table S1.

Crystal Data of 1. Formula C;;H;;CdN,O;, M, = 417.62,
Monoclinic, Space group C2/c (no. 15), a = 22.382(3) A, b =
10.7731(15) A, ¢ = 13.5325(18) A, B = 100.108(6)°, V = 3212.4(8)
A3 Z =8, py =1.694 ¢ cm ™3, u(Mo—K,) = 1.388 mm™", F(000) =
1592, T = 293 K, A (Mo—K,) = 0.71073 A, 0,,,, = 26.3°, GOF = 1.14.
A total of 17917 reflections were collected, of which 3237 were unique
(Riye = 0.056). R;= 0.0444 for 2771 independent reflections with I >
26(I), wg, = 0.1345 for all data.

Computational Details. Bulk periodic density functional theory
(DFT) calculations were carried out using the plane wave code
CPMD.* The super cell consisted of one unit cell of the metal—
organic framework (MOF) and/or gas molecules (H, or CO,).
Solvent molecules were not included in modeling of these systems.
Valence electrons were represented using a plane wave basis set with
an energy cutoff of 80 Ry. The interaction of valence electrons with the
core electrons and the nuclei were represented by a norm-conserving
pseudopotential of Troullier and Martins type.”' The gradient-
corrected Becke, Lee, Yang, and Parr (BLYP) functional was
employed” to treat the exchange and correlation interactions. Initial
calculations consisted of iterative optimization of the cell parameters
and atomic positions until a minimum energy configuration was found.
Further, to identify the preferred locations of H, or CO, molecules in
the MOF, molecular dynamics (MD) simulations using the Car—
Parrinello method (CPMD)?® were carried out at a temperature of 50
K. These were performed by constraining the MOF and allowing the
gas molecules (H, or CO,) to explore various regions within the
framework as a function of time. Temperature was maintained through
a Nose—Hoover chain thermostat®* using a coupling constant of 3250
cm ™. In these runs, the H, atoms were replaced by deuterium atoms
so as to enable the use of a larger time step of S a.u. The trajectory was
generated for 3 ps, and an animation demonstrated that the gas
molecules explored all the regions of the pore(s). Locations of the gas
molecules possessing low energies were identified from this trajectory.
Direct optimization of the geometry (i.e., of the MOF and of the gas
molecule) was initiated from such favored locations. Optimization of
geometry was pursued until the maximum force on any atom was less
than 107* a.u. Gas molecules are known to interact with MOF through
van der Waals (vdW) forces in addition to other interactions.”> While
many methods to treat vdW interactions within the DFT formalism
exist, an easier route is to add it as an empirical potential. In the
present study, we have employed the vdW parameters of Grimme as
derived for the BLYP functional.”® The binding energy of the gas
molecule (H, or CO,) with the MOF is calculated using the following
formula,

AE = E(MOF + gas) — E(MOF) — n X E(gas)

where E(MOF + gas), E(MOF), and E(gas) represent the energies
calculated for MOF with H, or CO,, MOF and isolated gas molecule.
Here, E(gas) was calculated in the same simulation box as that of the
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Figure 1. (a) View of the 2D corrugated sheet of [Cd(Himdc)],. (b) View of the 3D pillared-layer structure where parallel aligned bipy linkers

connect the layers to form rectangular channels along the b-direction.
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Figure 2. Network topology of compound 1 analyzed by TOPOS. (a) 3-connected uninodal 2D net; (b) 2,3,4-connected 3D framework formed by
pillaring the 2D layer by bipy linker (simplifying Cd, Himdc, and bipy as a single node).

MOF and “n” gives the number of gas molecules present in the MOF.
Thermal contributions to the binding energy were not considered.
This contribution is expected to be less than 1 kJ/mol and would not
chan§e the results much. All the structures were visualized using
Jmol*” and VMD.?®

B RESULTS AND DISCUSSIONS

Structural Description of [Cd (bipy), s(Himdc)l(DMF)],
(1). Compound 1 crystallizes in the monoclinic C2/c space
group (details in experimental part) and structure determi-
nation reveals a 3D pillared layer coordination framework of

Cd(II) bridged by the Himdc and bipy linkers. The asymmetric
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unit of 1 consists of one octahedral Cd(II) atom, one Himdc,
half bipy and one guest DMF molecule (Supporting
Information, Figure S2a and Figure 1a). Each Himdc chelates
to two Cd(II) centers through (N2, O1) and (N3, O4) atoms
and connects to another Cd(II) through oxo(u,-O4) bridge
and thus forming a two-dimensional (2D) {Cd(Himdc),}
corrugated layer in the crystallographic bc plane (Figure la).
The dimeric fragments Cd,(y,-O4), in the layer (£Cd—04—
Cd = 114.85(18)°, Cd--Cd = 4.047 A) are connected in the
axial coordination with bipy forming a 3D pillared-layer
framework (Figure 1b). Structural analysis with TOPOS
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Figure 3. View of the 3D framework (a) along the c-axis showing oval shaped channels decorated with pendent carboxylate oxygen atoms and
pyridyl moieties; (b) square shaped channels along perpendicular to b-axis decorated with pendent carboxylate oxygen atoms.

software® suggests the 2D layer is a 3-c uninodal net
considering Cdl and Himdc as a single node and the
corresponding Schlifli symbol is {4.8°} (Figure 2a). The
overall 3D framework reveals a 3-nodal 2,3,4-c net (Figure 2b)
with stoichiometry (2-c)(3-c)2(4-c)2 and the corresponding
Schlifli symbol for the net is {12}{4.8%.12°}2{4.8*}2 . In 1,
Cd1-O and Cd1-N bond distances are in the range of
2.319(4)—2.489(6) A and 2.223(4)—2.271(5) A, respectively
(Supporting Information, Table S1). The degree of distortion
from the ideal octahedral geometry is reflected in cisoid angles
(range: 69.14(14)—134.13(15)°) and transoid angles (range:
137.94(18)—153.23(16)°) around Cd(II) (Supporting Infor-
mation, Table S1). The bipy pillars are aligned parallel along
the crystallographic b-axis and connecting diagonally the
{Cd(Himdc),} corrugated layers, to form rectangular channels
with the dimensions of 3.84 X 1.06 A> (Figure 1b and
Supporting Information, Figure S2b). Moreover, along the c-
axis bipy pillars are in a criss-cross and canted fashion
supported by 77—z interactions which results in oval-shaped
channels with dimension of 4.68 X 3.84 A’ (Figure 3a). It is
worth mentioning that viewing along the perpendicular to b-
axis framework also shows rectangular channels of dimension of
3.2 x 2.1 A? (Figure 3b). The 3D channels are occupied by the
guest DMF molecules, and each pore is decorated by the
uncoordinated pendent oxygen atoms (02, O3) from the
Himdc and panels of bipy pillars, resulting in a highly polar
pore surface (Supporting Information, Figure S2b and Figure
3b). The calculation using PLATON'® suggest that the 3D
framework contains 42.2% void space to the total crystal
volume after removal of the guest DMF molecules. The
Cd--Cd separation along the Himdc and bipy pillar is 8.894
and 11.596 A, respectively.

Framework Stability. To study the framework stability of
1, we performed thermogravimetric analysis (TGA) and
powder X-ray diffraction (PXRD) studies after removal of the
guest DMF molecules. TGA shows the loss of one DMF
molecule in the temperature range of 30—200 °C (obs. wt. loss
~17.11% and calc. wt. loss ~17.45%) and the desolvated
framework [Cd(bipy),s(Himdc)], (1) is stable up to 250 °C
(Supporting Information, Figure S3). Upon further heating,
another weight loss was observed in the temperature range of
250—290 °C which corresponds to half of the bipy molecule
(obs. wt. loss ~35.39% and calc. wt. loss ~36.45%) and later,
the framework decomposes to unidentified product. The PXRD
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pattern of 1’ exhibits sharp lines without shifting the peak
positions and intensities, suggesting that framework is highly
rigid and robust (Supporting Information, Figure S4).
Permanent Porosity and Gas Storage Properties.
Encouraged by the 3D channel structure, and the high thermal
stability and structural rigidity, we determined the permanent
porosity of the desolvated framework (1'). The N, (kinetic
diameter = 3.6 A)*® adsorption isotherm shows typical type I
profile, suggesting a microporous nature of the framework
(Figure 4). The surface area calculated from the Langmuir
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Figure 4. N, sorption isotherm for 1’ at 77 K. (Inverted red triangles
are for adsorption and black triangles are for desorption). Inset: Pore
volume versus pore size distribution by the S—F method.

equation is about 648.8 m?/g, and the corresponding
Brunauer—Emmett—Teller (BET) surface area is 498.12 m?/
g. The slight discrepancy between the measured pore volume
(0.22 cm®/g) from the N, adsorption isotherm and the value
calculated from the single-crystal X-ray structure (0.29 cm®/g)
using PLATON is possibly due to the inability of N, molecules
to effectively enter into the small pores at 77 K. This happens
owing to some energy barrier or blocking of pores by strongly
adsorbed N, molecules. The inset to Figure 4 shows the
differential pore volume distributions as functions of pore width
calculated by the Saito—Foley (S—F)*' method which suggests
that the pore size is about 4.6 A. This agrees well with the pore
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size obtained from single crystal structure. We have measured
H, storage capacity of 1’ at 77 and 87 K up to 1 atm (P/P, = 1),
and the profile shows steep uptake at low pressure region which
was ended without saturation (inset to Figure S). The final
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Figure S. High-pressure H, sorption isotherms for 1’ at 77 K; inset: H,
sorption profile at 77 K (a) and 87 K (b) up to 1 atm.

uptake amounts are 101 and 84 mL/g which match up about of
0.9 and 0.75 wt % storage capacity. Excess high pressure H,
adsorption capacity of 1’ was measured with the BELSORP HP
apparatus at 77 K, and the corresponding storage capacity was
found to be 1.23 wt % (Figure S). The steep uptake at low
pressure regions (up to 3 bar) suggests strong interaction of H,
with the pore surface of 1’ decorated with the pendent oxygen
atoms (O2 and O3) from the Himdc linker and aromatic 7-
cloud. The framework saturated with respect to H, at 77 K at
about 10 bar and the saturated amount indicates about two H,
molecules inclusion per formula unit of 1. The heat of H,
adsorption (AH,4,) was derived from the Clausius—Clapeyron
equ:mon,z’za’llb and the value is AH, 4, = 13.3 kJ/mol at the low
coverage regions (see details in Supporting Information,
Figures S5—S7). This value is compatible w1th the highest
reported value of AH,y in MOF systems.>”> However, the
value calculated using the Clausius—Clapeyron approach
exhibits a sudden rising behav10r at low coverage. We have
thus used an alternate virial*® method which reduces to Henry’s
law from which the isosteric heat of adsorption is calculated to
be 9.0 kJ/mol (see Supporting Information, Figures S8, S9).
The CO, gas sorption isotherms of 1’ measured at 195 and
298 K are shown in Figure 6. The adsorption isotherm at 195 K
shows a two steps process with a small hysteresis (Figure 6a).
The two step adsorption process is clearly evident from the plot
of log(P/P,) vs uptake (inset Figure 6). In the initial step, it
uptakes 64 mL/g (12.15 wt % at STP) in the range of P/P, ~
0.001—0.055. In the next step, the framework adsorbs about 36
mL (7.07 wt %) up to P/P, ~1. Such stepwise, hysteretic
pressure dependent adsorption of CO, uptake has been
observed in several flexible and dynamic porous MOFs,
which respond to specific adsorbate molecules by means of a
breathing or gate opening process related to structural
expansion or close-open pore system.***However, stepwise
adsorption in a rigid framework is extremely rare and could
stem from different adsorption sites. The small hysteresis and
steep uptake at the low pressure region is indicative of strong
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Figure 6. CO, sorption profile for 1’ at (a) 195 K and (b) 298 K.
Inset: log profile showing the double step adsorption.

interaction of the CO, molecules with the pore surface. The
isosteric heat of adsorption (gyg), calculated using the
Dubinin—Radushkevich (DR) equation,** is about 35.4 kJ/
mol. The CO, storage capacity at 298 K up to 1 atm is ~9 wt %
(Figure 6b) which significantly increases to ~11.4 wt % at high
pressure (Figure 7a). It is worth mentioning that the saturation
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Figure 7. (a) CO, and (b) CH, sorption profile for 1’ measured at 298
K

amount at high pressure measurement shows commensurate
adsorption with about one molecule of CO, inclusion per
formula unit of 1, and no double-step profile was observed.
Moreover, the corresponding methane storage capacity of 1’
suggests about 6.5 wt % at 298 K up to 48 bar (Figure 7b). The
pore surfaces are decorated with the pendent oxygen atoms
(02 and O4) from the Himdc linker, and the z-cloud of pyridyl
ring of bipy, which gives rise to an electric field in the host
framework, can interact with the quadrupole moment of CO,
(14 x 107 C m?) providing additional energy for
adsorption.

Solvent Adsorption Study. Inspired by the highly active
pore surface in 1', we anticipated interesting sorption behavior
with solvent molecules depending upon the polarity (Lewis
basicity) of guest molecules. To analyze the effect of small
molecules on the pore surfaces, we have carried out a vapor
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sorption study with different solvent molecules (methanol
(MeOH), ethanol (EtOH), acetonitrile (CH,CN), and
benzene (C4H,)) of varying size and polarity. The sorption
profiles of MeOH (3.8 A), CH,CN (4.0 A), and EtOH (4.3 A)
reveal a type I curve with small hysteresis and sorption amount
increases with increasing pressure (Figure 8). Moreover,

A (mLg™)

Figure 8. Vapor sorption isotherm for 1. (a) MeOH (293 K); (b)
EtOH (298 K); (c) CH,CN (298 K); and (d) C¢Hj (298 K).P, is the
saturated vapor pressure of the adsorbates at the respective
temperatures.

consistent with the smaller pore size and polarity of 1, no
significant uptake of CsHy (5.8 A) is observed (Figure 8d). The
calculations using the final sorption amount of MeOH, EtOH
and CH;CN suggest an uptake of 1.3, 0.72, and 0.58 molecules,
respectively per formula unit of 1. All the profiles were
analyzed by the DR equation and the values of SE, which
reflect adsorbate—adsorbent affinity, are 7.59 kJ/mol for
MeOH, 4.36 kJ/mol for EtOH, and 3.56 kJ/mol for CH;CN.
This also reflects the high polarity of the pore surfaces as
among all the guest solvent molecules MeOH is the most polar
and can interact effectively through different hydrogen-bonding
(O—H:-O/N) interactions between pendant and coordinated
oxygen and nitrogen atoms from Himdc or bipy linker
compared to EtOH and CH;CN molecules.

Theoretical Study. To better understand the ability of the
framework to store H, and CO, and the origin of high heat of
H, and CO, adsorption in different experiments, we have
carried out DFT calculations augmented by empirical van der
Waals correction terms as described in detail in the
experimental part later. Favorable adsorption sites for H, and
CO, within the MOF and their energies have been determined.
Many people have explained successfully the adsorption of gas
molecules in MOFs using computational methods.>> In the
current work, geometry optimization runs were initiated from
many configurations in each of which the gas molecule was
positioned in a different location inside the MOF pore. In
addition, CPMD simulations at 50 K were also carried out, to
identify low energy positions for the H, and CO, molecules.
The optimal positions of the H, and CO, molecule in the MOF
channel are shown in Figure 9. For H,, the experimental heat of
adsorption (varying between 9.0 and 13.3 kJ/mol depending
upon the method used) is reproduced when two H, molecules
interact with the MOF and the calculated value is —12.88 kJ/
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Figure 9. Locations of the (a) two H, molecules (shown as yellow
tube) (top panel) and (b) one CO, molecule (bottom panel) as
determined using DFT calculations. The molecules are present in the
oval shaped channels of the crystal viewed along the c-axis.

mol. Figure 10a shows the positions of the two molecules,
named as H,—I and H,-II, yielding this value. The
contribution of the individual H, molecule to the total
adsorption energy was also calculated, and the values are
—5.74 and —8.00 kJ/mol for H,—I and H,—II molecules,
respectively. The sum of these two values is not equal to the
calculated total heat of adsorption mentioned earlier (—12.88
kJ/mol) because of minor variations in the optimized MOF
coordinates between each of these three runs. Table 1 shows
the binding energies of H, and CO, molecules with the MOF.
van der Waals (vdW) corrections to the DFT energies are seen
to be crucial to obtain a good comparison to experimental heats
of adsorption, for both the gases. To identify the atoms of
MOF interacting with adsorbate and thus to understand the
nature of interactions, we have studied differences of electron
densities. Figure 10b and 10c show the difference plot of
electron density. It is calculated as p(MOF + H,) — p(MOF)—
p(H,), where p is the electron density and the latter two terms
are calculated for the pure MOF and for a H, molecule in the
gas phase, respectively. A change in electron density of MOF
atoms surrounding the H, molecules can be clearly seen. H,—I
molecule lies nearly in the plane of the imidazolium ring with
one of its atoms slightly positively charged. The latter interacts
electrostatically with the two free oxygens (O2 and O3) of the
carboxylate groups of the Himdc linker (Figure 10a). The
distances of this H, atom from these two free oxygen atoms are
2.62 and 2.69 A. The H,—II molecule interacts in two ways:
one is the electrostatic interaction between H, and the oxygen
(0O1) (which is bonded to metal atom) atoms, and other is the
interaction of the 7-electron cloud over the pyridine ring with
the H, molecule. This H, molecule is at a distance of 2.61 A
from the oxygen atom (O1), and it lies between two pyridine
rings at almost equal distance from both, with its molecular axis
parallel to the plane of each ring (Figure 10a). The distances of
this H, atom from these two free oxygen atoms are 2.62 and
2.69 A. The binding energy for CO, adsorption is calculated to
be —39.14 kJ/mol which is slightly higher than the

experimental estimate of —35.4 kJ/mol. This overestimate
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(a) (b)

(c)

Figure 10. (a) Environment around the two adsorbed H, molecules at two different sites I and II as obtained from DFT calculations (distances are
in A). (b, c) Isosurface of the difference in the electron density of the system due to the adsorption of the H, molecules at I and II sites, respectively.
Negative and positive values of electron density difference are shown in orange and black, respectively. Isosurface value is 0.0003 a.u. [Color code: C,
gray; H, magenta; N, blue; O, red. Other atoms of MOF are not shown for clarity].

Table 1. Binding Energies of H, and CO, Molecules in the
MOF Calculated Using BLYP/85 Ry Level of Theory with®®
and without Empirical van der Waals Corrections Compared
against Experimental Values of the Heat of Adsorption”

H, CO,
BLYP —6.14 —6.44
BLYP + vdW —12.88 -39.14
Experiment —-9.0% (-13.3)° —3547

“The energies are in kJ/mol. bAdsorption enthalpy value based on
virial method. “Based on Clausius—Clapeyron equation. dAdsorption
enthalpy value based on Dubinin— Radushkevich (DR) equation.

could be possibly due to the vdW parameters employed here.
These were originally developed to describe systems in the gas
phase. It has been recently shown that these parameters could
overestimate the vdW contribution to the total energy in the
condensed state.** One needs a good qualitative description of
these long-range interactions in periodic systems to be able to
accurately reproduce the experimental heats of adsorption. The
environment around the CO, molecule present within the
MOF is shown in Figure 11a. We identify three possible kinds
of interaction between CO, and MOF, based purely on its
location. The primary contribution to the binding energy is
likely to come from the interaction of the electron deficient
carbon atom of CO, with the lone pairs of the two free oxygen
atoms (O2 and O3) of carboxylate groups as shown in Figure

11a. This molecule is at a distance of 2.95 and 3.21 A from the
two oxygens with its molecular axis parallel to the plane of
imidazolium ring. A slight deviation of the backbone angle of
CO, to a value of 178.1° is seen, with the carbon of the CO,
bending toward the two free oxygen atoms.”” The observed
asymmetry in the measured distances from the carbon atom to
the two carboxylate (free) oxygens is due to the existence of
very weak hydrogen-bonding between one of the oxygen atoms
of the CO, molecule and the acidic hydrogen of imidazolium
ring as shown in Figure 11a. The hydrogen bond distance is
2.79 A and angle is 105.8°. This system is possibly further
stabilized by a Coulombic interaction between the two oxygen
atoms of CO, and the hydrogens of the pyridine ring. All these
interactions are clearly captured in a plot of the difference in the
electron density brought upon the system because of the
adsorption of CO,, shown in Figure 11b.

B CONCLUSIONS

In summary, a pillared-layer framework of Cd(II), [Cd-
(bipy),s(Himdc)](DMF)], (1), (bipy = 4,4-bipyridine and
Himdc = 4,5-imidazoledicarboxylate) with 3D channel
structure composed of mixed ligand system has been
successfully synthesized and characterized. The desolvated
framework 1’ shows permanent porosity and high H, and CO,
uptake characteristics. The high adsorption energy for H,
(estimated to be between 9.0 and 13.3 kJ/mol depending

Figure 11. (a) View of the environment around the adsorbed CO, molecule obtained from DFT calculations (measured distances are in A). Other
atoms of the MOF are not shown for the sake of clarity. (b) Isosurface of the difference in the electron density of the system due to the adsorption of
CO, molecule. Negative and positive electron density differences are shown in orange and black respectively. The isosurface value is 0.0006 a.u.
[Color code: C, gray; H, magenta; N, blue; O, red. Other atoms of MOF are not shown for clarity].
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upon the method used) and CO, (~35.4 kJ/mol) in 1’ is
realized by the interactions with pendant oxygen atoms and
aromatic pyridyl moieties. DFT calculations quantitatively agree
with the experimental values of heat of adsorption and are also
able to uncover the nature of interactions between H, (or CO,)
with the atoms of the MOF. This has been made possible
through detailed structure analyses augmented by an analysis of
the electron density. The experimental and theoretical
investigations unequivocally suggest that the high polarity of
the pore surfaces decorated by the oxygen atoms and aromatic
rings provide significant contribution for the high heat of
adsorption values. Thus, by modulating the pore environment
via immobilizing the hetero atoms (N, O, F) in the pore
surface, the gas adsorption properties of the resulting MOF can
be fine-tuned. This affords a methodology for the development
of high capacity of H,/CO, storage materials that may operate
at ambient conditions which is significant in the context of
global energy and environment issues.
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