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ABSTRACT: A unique spatial arrangement of amide groups
for CO2 adsorption is found in the open-ended channels of a
z i n c ( I I ) − o r g a n i c f r a m e w o r k
{[Zn4(BDC)4(BPDA)4]·5DMF·3H2O}n (1, BDC = 1,4-benzyl
dicarboxylate, BPDA = N,N′-bis(4-pyridinyl)-1,4-benzenedi-
carboxamide). Compound 1 consists of 44-sql [Zn4(BDC)4]
sheets that are further pillared by a long linker of BPDA and
forms a 3D porous framework with an α-Po 412·63 topology.
Remarkably, the unsheltered amide groups in 1 provide a
positive cooperative effect on the adsorption of CO2
molecules, as shown by the significant increase in the CO2
adsorption enthalpy with increasing CO2 uptake. At ambient condition, a 1:1 ratio of active amide sites to CO2 molecules was
observed. In addition, compound 1 favors capture of CO2 over N2. DFT calculations provided rationale for the intriguing 1:1
ratio of amide sorption sites to CO2 molecules and revealed that the nanochamber of compound 1 permits the slipped-parallel
arrangement of CO2 molecules, an arrangement found in crystal and gas-phase CO2 dimer.

■ INTRODUCTION

Vigorous development of new materials for capture and storage
of CO2 is due to the fact that rapid accumulation of large
amounts of CO2 in our atmosphere has been recognized as the
driving force behind the drastic climate change and global
warming that we are experiencing.1,2 Conventional methods for
capture of CO2 using amine solutions as scrubbing agents
involve a high energy penalty and are inefficient in terms of
releasing adsorbed CO2 molecules.3 Porous materials have been
proposed as potential candidates for capturing CO2. Further
modification of the internal cavities of these materials with
amine groups to enhance CO2 adsorption has been
investigated.4,5 In particular, amine-mediated porous metal−
organic frameworks (MOFs) have demonstrated high selectiv-
ity toward CO2 gas because of their high surface areas and
chemically adjustable functionalities.5 In comparison with the
recently reported studies on the amine-functionalized MOFs,6

the amide group is also able to provide attraction between the
amide groups and the adsorbed CO2 molecules by NC
O···CO2 and NH···OCO interactions. However, amide-
mediated MOFs used for effective CO2 capture are far less
common than the amine-mediated MOFs.6a,f

As part of our ongoing efforts in the design and synthesis of
functional crystalline materials,7 we wish to report herein on
the synthesis, structure, and unique CO2 adsorption behavior of
a porous MOF, {[Zn4(BDC)4(BPDA)4]·5DMF·3H2O}n (1,
BDC = 1,4-benzyl dicarboxylate, BPDA = N,N′-bis(4-
pyridinyl)-1,4-benzenedicarboxamide), formed from 44-sql
[Zn4(BDC)4] layers and a long pillar of BPDA. The features
of this material are as follows: (i) a porous MOF containing
amide-functionalized open-ended channels, (ii) the amide
groups in 1 provide a good cooperative effect for effectively
capturing CO2, which permits the perfect arrangement of CO2

molecules, (iii) compound 1 displays high isosteric heat of CO2

adsorption (Qst), which significantly increases with increasing
CO2 uptake, (iv) DFT calculations revealed the optimal 1:1
ratio of the amide active sites to the adsorbed CO2 molecules
can exist at ambient condition because of the unique belt-like
arrangement of the ulsheltered amide groups. To the best of
our knowledge, this unique spatial arrangement for CO2

adsorption has never been reported in the literature.
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■ RESULTS AND DISCUSSION
Synthesis. Compound 1 was synthesized by reacting ZnCl2,

1,4-benzyl dicarboxylic acid (H2BDC), and N,N′-bis(4-
pyridinyl)-1,4-benzenedicarboxamide (BPDA) in a DMF/
H2O solution under hydrothermal conditions at 120 °C for
72 h through a single-step self-assembly process (Scheme 1).

The appropriate choice of two mutually complemented organic
scaffolds is a major factor in achieving the target structure. The
BPDA ligand, an elongated ancillary linker, was deliberately
synthesized so as to contain amide functional groups. Unlike
ubiquitous bipyridine linkers, this amide-functionalized scaffold
can drastically enhance the amount of CO2 stored in MOF
materials.6a,f,g

Description of the Crystal Structure. Single-crystal X-ray
diffraction analysis revealed that compound 1 crystallizes in the
monoclinic space group P21/c (Table S1, Supporting
Information).8 The asymmetric unit consists of four Zn(II)
atoms, four BDC2− ligands, four BPDA linkers, five DMF, and
three water guest molecules. The framework is constructed
from a six-connected dinuclear {Zn2N4O6} node, which is
octahedrally bound to four BDC ligands and two double-
BPDA-deckered pillars (Figures 1a and 1b). This SBU
resembles a two-blade paddlewheel. The Zn−N bond lengths
are in the range of 2.131(7)−2.204(8) Å, and the Zn−O bond
lengths are in the range of 1.967(6)−2.014(6) Å (Table S1,
Supporting Information). Each BDC2− ligand acts as a μ3-
bridge to link three Zn(II) atoms, in which one carboxylate
group exhibits a μ2-η1:η1-bridging coordination mode, while the
other adopts a monodentate structure (Figure 1b). Due to the
different coordination modes of the carboxylate group of the
dizinc(II) node, the 44-sql layer of [Zn4(BDC)4] has
dimensions of 12.546 × 12.443 Å2. The pillared length of the
BDPA linker between the [Zn4(BDC)4] layer is 20.18 Å. The
overall array of the framework results in a 412·63-pcu topology,
a high-symmetry uninodal six-connected net (Figure 1c).
Because each pcu-type net in 1 is quite large, the two

identical nets are mutually interpenetrated (Figure 1c). The
BPDA ligand exhibits strong net-to-net and host−guest
hydrogen-bonding interactions.7b,9 The amide groups of the
BPDA ligand show moderate N−H···O hydrogen-bonding
interactions (N···O = 2.89 Å) with the carboxylate oxygen atom
of the BDC2− ligand. The net-to-net interactions aid in
stabilizing the mutually interpenetrating nets (Figure 2a). A
perspective view of the porous framework reveals two different
channel openings with effective dimensions of 2 × 3 and 3 × 9
Å2, respectively. These cavities contain at least 20 DMF
molecules and 12 H2O molecules per unit cell. In spite of the 2-

fold interpenetration, an analysis using the PLATON10a

software tool indicates that the extra-framework volume per
unit cell for 1 is approximately 29%. After removing all guest
molecules, the amide groups of the framework are apparently
unsheltered and regularly arranged inside the larger channels in
1 (Figure 2c).

Thermogravimetric Analysis (TGA) and Powder X-ray
Diffraction (PXRD) Studies. Thermogravimetric analysis of 1
showed that guest molecules are eliminated from the network
(calcd 16.1%; found 16.5%, which correspond to loss of 20
DMF molecules and 12 H2O molecules per unit cell) when the
temperature is increased from room temperature to about 270
°C (Figure S5, Supporting Information). PXRD patterns
recorded using solid samples of 1 at room temperature are in
good agreement with the simulated patterns calculated from
single-crystal structure data.10b Even after drying at 150 °C for
1 day, compound 1 retained acceptable crystallinity, as
evidenced by the measured PXRD patterns (Figure S4,
Supporting Information).

Gas Adsorption and Selectivity. Prior to gas adsorption
experiments, we prepared samples of 1′ in which DMF had
been removed. These samples were further degassed at 150 °C
for 1 day under high vacuum. Evaculated compound 1 was used
in studies of gas adsorption behavior. N2 adsorption isotherms
showed only a minor uptake at 77 K (Figure 3a). The low N2
adsorption may be due to possible framework contraction and
no appropriate intermolecular interactions at low temper-
ature.9a The CO2 adsorption for 1 at 195 K exhibited a

Scheme 1. Synthesis of Compound 1 by a One-Step Self-
Assembly Process

Figure 1. Structures of 1: (a) Side view of an α-polonium-type cage;
(b) simplified view of a six-connected node; (c) 2-fold interpenetrated
412·63 net.
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reversible type I isotherm (Figure 3a), which is characteristic of
microporous materials. The estimated apparent Brunauer−
Emmett−Teller (BET) surface area was ∼331 m2 g−1

(Langmuir surface ≈ 468 m2 g−1). Compound 1 takes up
3.45 mmol/g of CO2 and 1.65 mmol/g of N2 at 35 bar and
takes up 1.84 mmol/g of CO2 and 0.31 mmol/g of N2 at 298 K
and 1 bar (Figure 3b). As shown in Figure 3b, 1 displayed a
distinct selective adsorption capacity for CO2 over N2 at 298 K
and low pressure. Interestingly, the amount of captured CO2
molecules at 1 bar is nearly equivalent to the number of
exposed amide groups of the framework. This fact implies that
the amide groups inside the framework are involved in efficient
intermolecular interactions with the adsorbed CO2 molecules
(their ratio is near 1:1) at ambient pressure and temperature
(Scheme S1, Supporting Information). This is a fairly novel
example that is rarely seen in a host−guest adsoption system.
The basic interactions between amide groups and adsorbed
CO2 molecules is of fundamental importance. To the best of
our knowledge, this finding is reported for the first time. To

better understand these observations, we calculated the isosteric
heat of CO2 adsorption (Qst) of 1 by the virial method,11a,b

which exhibits a strong binding affinity for CO2 (30.2 kJ mol
−1)

at zero coverage. It is uncommon that Qst for 1 exhibits a
significant increase with increasing CO2 uptake from 30.2 to
37.2 kJ mol−1 (Figure 3c), depending on the adsorbed amount
of CO2 molecules. Theoretical analysis was therefore conducted
to explore the details. The Qst of 1 is close to NJU-Bai3 (36.5 kJ

Figure 2. (a) Net-to-net N−H···O hydrogen-bonding interactions in
1. (b) Superimposed space-filling representation of 1 showing two
different sized channels. (c) Spotlight of the larger channel opening
showing a nearly unique arrangement of the unsheltered amide groups
in 1.

Figure 3. Adsorption properties of 1: (a) adsorption isotherms of N2
and CO2 measured at 77 and 195 K, respectively; (b) adsorption
isotherms of N2 and CO2 measured at 298 K and high pressure,
respectively; (c) isosteric heat (Qst) of CO2 adsorption.
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mol−1)6f and higher than [Cu24(TPBTM
6−)8(H2O)24] (26.3 kJ

mol−1),6a Cu3(BTB
6−) (24.1 kJ mol−1), and Cu3(TATB

6−)
(24.4 kJ mol−1).6g

Theoretical Calculations. To gain insight into the
adsorption mode and origin of the 1:1 amide:CO2 adsorption
ratio at ambient condition, density functional theory (DFT)
calculations were carried out.5e,12 It can be seen from the
molecular electrostatic potential of a fragment of 1 that the
exposed amide groups in the large channels form belts of
alternating polarity (Figures 2c and 4a), with the amide

hydrogen atom (blue in Figure 4) protruding from the belt by
roughly 1 Å relative to the amide oxygen atom (yellow in
Figure 4). These belts would be predicted to be the most
favorable area in the channel to attract the electropositive (C)
and electronegative (O) sites of CO2. Calculations of binding
energies were carried out for CO2 and a fragment of 1 (termed
model a, Figure 4b) consisting of three (4-pyridyl)benzamide
aligned in coordinates found in the crystal structure of 1. Model
a was used to calculate the binding energy because its
electrostatic potential was similar to that in the larger fragment
of 1 (Figure 4).
The largest binding energy calculated at the M06-2X/6-31+

+G(2d,2p)//M06-2X/6-31G(d,p) level was −28.4 kJ mol−1 for
the CO2·model a, where model a was frozen at the
corresponding X-ray structure of 1 and CO2 was fully
optimized starting from different initial positions. This binding
energy is of similar magnitude to the Qst at zero coverge (30.2
kJ mol−1). The lowest energy structure of CO2·model a showed
intermolecular C···O and O···H distances of 2.55 and 2.41 Å
with the middle and left (4-pyridyl)benzamide, respectively
(Figures 5a and 5b). The CO2 molecule was slightly nonlinear
(175.8°) when bound to model a. As the above O···H distance
(2.41 Å) was much longer than that of a normal hydrogen
bond, the major source of attraction should be from a Lewis
acid−Lewis base interaction between the CO2 carbon atom and
the amide oxygen atom of the middle (4-pyridyl)benzamide.
Frozen in the optimized geometry of the CO2·model a,
interaction energies of CO2 with individual (4-pyridyl)-
benzamide were found to be −7.3, −11.1, and −2.8 kJ mol−1

with the left, middle, and right (4-pyridyl)benzamide shown in
Figure 5, respectively. As expected, CO2 interacted most
strongly with the middle (4-pyridyl)benzamide. On the other
hand, the right (4-pyridyl)benzamide unit contributed to the
binding as well, rather than not participating in the binding.
The binding energy of CO2·model a was 7.2 kJ mol−1 more
negative than the sum of the three individual interaction
energies (−21.2 kJ mol−1). Therefore, the amide belt offered an
environment for cooperative binding. When both the left and
the middle (4-pyridyl)benzamide were held in the X-ray
coordinates and interacted with a CO2 molecule, the overall
CO2 binding energy (−24.0 kJ mol−1) was 5.6 kJ mol−1 more
negative than the sum of the individual CO2 binding energies

Figure 4. (a) Atomic structure of a fragment of 1 and its electrostatic
potential map. (b) Atomic structure of model a and its electrostatic
potential map. (In ball and stick style; C = gray; H = white; O = red; N
= blue; Zn = green). Exposed amide groups are marked by red dashed
circles. Colors of the electrostatic potential map, ranging from red to
blue, correspond to electrostatic potential ranging from −269.989 to
318.282 kJ mol−1. Red, green, and blue represent negative, zero, and
positive values, respectively.

Figure 5. (a) Side view of the M06-2X/6-31G**-optimized structure of CO2·model a shown with a ball and stick representation, and (b) geometry
parameters labeled on the top view of the same complex shown in the wireframe representation, except that the amide groups and CO2 are in ball
and stick style. (c) Top view of the optimized structure of the 2CO2·model b complex calculated at the M06-2X/6-31G** level. Amide groups and
CO2 are in ball and stick representation (distances are in Angstroms and angles in degrees).
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(−7.3 and −11.1 kJ mol−1). The calculated cooperativity of
binding is reasonable. When a Lewis base donates an electron
to the electron-deficient carbon atom in CO2 the CO2 oxygen
atoms become more electron rich, resulting in formation of
stronger hydrogen bonds. A recent high-level theoretical study
on small model systems of CO2 also showed similar cooperative
binding as described above.13

As shown in Figure 5c, six (4-pyridyl)benzamide molecules
(termed model b) were held in the X-ray structure of the major
channel to simulate the vertical walls of the channel. It was
found that two CO2 molecules can fit snugly between the walls,
affording an interaction energy of 2CO2·model b of −61.8 kJ
mol−1, a value more than twice that of CO2·model a. A single-
point calculation revealed that the slipped-parallel disposition
found in 2CO2·model b provided an attraction of −2.9 kJ mol−1
between the two CO2 molecules. It should be noted that high-
level theoretical calculations14 and experimental studies15

revealed that the gas-phase global minimum structure of a
CO2 dimer is slipped parallel. The same geometric feature has
also been observed in CO2 crystals.

16 In the crystal structure of
1, the N−H and CO groups of the exposed amide groups are
pointing to opposite directions. While the amide hydrogen
atom interacts with a CO2 oxygen atom in one channel, the
oxygen atom of the same amide group interacts with a CO2
carbon atom in the next channel. Because the exposed amide
group and CO2 each provide two binding sites for amide:CO2
binding, a 1:1 adsorption ratio at ambient condition is
observed. Overall, the calculations showed that 1 provides
belts of interaction sites for cooperative binding not only for
CO2·amide binding but also for CO2·CO2 binding. These
findings help to explain the observed increase of Qst from low
to 1:1 CO2 uptake.

■ CONCLUSION

An intriguing spatial arrangement of amide groups inside the
open-ended channels of 1 is reported. A 1:1 ratio of amide
sorption sites to CO2 molecules at low pressure (1 bar) and
ambient temperature is observed for this material. The isosteric
heat of CO2 adsorption (Qst) for 1 exhibits a significant
increase with increasing CO2 uptake. Theoretical analysis
suggested that the channels of compound 1 provide belts of
interaction sites for cooperative binding not only for
CO2·amide binding but also for CO2·CO2 binding. This type
of spatial arrangement of CO2 adsorption sites has not been
reported before.

■ EXPERIMENTAL SECTION
Materials and Instruments. N,N′-Bis(4-pyridinyl)-1,4-benzene-

dicarboxamide (BPDA) was synthesized as reported previously.6

Other chemicals were purchased commercially and used as received
without further purification. Thermogravimetric analyses were
performed under nitrogen with a Perkin-Elmer TGA-7 TG analyzer.
Powder X-ray diffraction measurements were recorded at room
temperature on a Siemens D-5000 diffractometer at 40 kV, 30 mA for
Cu Kα (λ = 1.5406 Å) with a step size of 0.02° in θ and a scan speed
of 1 s per step size. Elemental analyses (C, H, N) were carried out on a
Perkin-Elmer 2400 CHN elemental analyzer. Brunauer−Emmett−
Teller analyses were investigated with a Micrometrics ASAP 2020
system using nitrogen as the adsorbate at 77 K and carbon dioxide as
the adsorbate at 195 K, 273 K, and 298 K. The high-pressure gas
adsorption isotherms were investigated with a thermo D110 balance in
the high-pressure installation using nitrogen and carbon dioxide as
adsorbates at 298 K. All gases used were of 99.9995% purity.

Synthesis of {[Zn4(BDC)4(BPDA)4]·5DMF·3H2O}n (1). A mixture
of ZnCl2 (20.5 mg, 0.15 mmol), H2BDC (24.9 mg, 0.15 mmol), BPDA
(47.8 mg, 0.15 mmol), DMF (7 mL), and H2O (0.5 mL) was sealed in
a Teflon-lined stainless steel Parr acid digestion bomb and heated at
120 °C for 72 h and then slowly cooled to 30 °C. Colorless block
crystals of compound 1 were formed in 51% yield (50.5 mg, based on
ZnCl2). Solid product was isolated on a filter, and crystals were then
washed with water and dried in air. Anal. Calcd for C119H113N21O32Zn4
= [Zn4(BDC)4(BPDA)4]·5DMF·3H2O: C, 54.74; H, 4.36; N, 11.27.
Found: C, 54.86; H, 4.38; N, 10.88. IR (KBr): ν = 3363 (m), 3317
(m), 3084 (m), 1674 (s), 1595 (vs), 1511 (vs), 1430 (s), 1389 (s),
1364 (s), 1332 (s), 1299 (s), 1268 (m), 1213 (s), 1146 (w), 1115 (m),
1066 (w), 1028 (m), 1017 (w), 888 (w), 866 (w), 833 (m), 750 (m),
714 (m), 667 (w), 614 (m), 614 (m), 538 (m) cm−1.

Crystallographic Determination. A suitable single crystal of 1
was mounted on the tip of a glass fiber with dimensions of 0.28 × 0.25
× 0.25 mm3 and placed onto the goniometer head for indexing and
intensity data collection using a Nonius Kappa CCD diffractometer
equipped with graphite-monochromatized Mo Kα radiation (λ =
0.71073 Å). Collection of intensity data was conducted at 150 K.
Empirical absorptions were applied using the multiscan method. The
structure was solved by direct methods and refined against F2 by the
full-matrix least-squares technique using the SHELX-97 software
packages.17 The exact positions of the atoms in the BPDA ligands
could not be successfully located, which is indicative of the high
disorder in the relative orientation of the BPDA ligands. This fact is
also reflected in the relatively high final residual values (R1 = 11.7%,
wR2 = 31.8%). The phenyl rings and pyridyl rings of the BPDA ligand
are disordered with 50% site occupancy (Figure S3, Supporting
Information).

Computational Details. The BSSE-corrected binding energy
(Ecorr) of CO2·formamide complex at the M06-2X, ωB97X-D, B97-D,
B3LYP, and MP2 levels using various basis sets had been calculated
and compared to that calculated at the level of CCSD(T)/aug-cc-
pVTZ//MP2/aug-cc-pVTZ (18.5 kJ mol−1). The theory level of M06-
2X/6-31++G(2d,2p)//M06-2X/6-31G(d,p) was chosen to study
larger systems because its CO2·formamide binding energy, 20.1 kJ
mol−1, was quite close to the CCSD(T) result. For dimerization
energy of slipped-parallel CO2, the chosen level affords 5.1 kJ mol−1,
also comparing well to that of the CCSD(T)/CBS result, 6.2 kJ
mol−1.14a All model structures related to 1 were constructed from its
crystallographic data. Model a (Figure 5b) consists of three (4-
pyridyl)benzamide molecules, and model b (Figure 5c) consists of six
(4-pyridyl)benzamide molecules, representing the vertical walls of the
larger channel in 1. Electrostatic potential maps were calculated at the
M06-2X/6-31G* level with Spartan ’0818 (isovalue, 0.002; resolution,
high). Except for calculation of the electrostatic potential, all other
calculations were performed using the Gaussian 09 program.19

Optimized structures of CO2·model a and 2CO2·model b complexes
were obtained at the M06-2X/6-31G** level (Int(grid = ultrafine))
with frozen models a/b to mimic the crystal state of 1. The binding
energies of CO2·model a and 2CO2·model b complexes were then
calculated at the M06-2X/6-31++G(2d,2p) level using the ultrafine
grid option. The basis set superposition errors (BSSE) in calculated
binding energy were eliminated with the counterpoise method (CP) of
Boys and Bernardi.20 When calculating BSSE, model a/b, the first
carbon dioxide, and the second carbon dioxide were regarded as the
first, second, and third fragment in the complex, respectively. For
CO2·model a complex, we tested three initial structures; CO2 was
placed close to the left, middle, and right (4-pyridyl)benzamide. After
geometry optimization, the binding energies were found to be −28.4,
−27.8, and −27.8 kJ mol−1, respectively. All three optimized structures
(two converged to nearly the same geometry) were of similar feature
in that a short C···O contact was found, accompanied by an elongated
O···H hydrogen bond. Only the first result was presented in the
Results and Discussion section.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic302758g | Inorg. Chem. 2013, 52, 3962−39683966



■ ASSOCIATED CONTENT
*S Supporting Information
Crystallographic data (CIF), structural pictures, PXRD
patterns, TGA data, CO2 adsorption isothermals of 1, isosteric
heat (Qst). This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: ichao@gate.sinica.edu.tw (I.C.); kllu@gate.sinica.edu.
tw (K.-L.L.).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are grateful to Academia Sinica and the National Science
Council of Taiwan for financial support. We also thank the
National Center for High-performance Computing (NCHC)
and Academia Sinica Computing Center (ASCC) for providing
computational resources.

■ REFERENCES
(1) (a) Kintisch, E. Science 2007, 317, 184−186. (b) Cox, P.; Jones,
C. Science 2008, 321, 1642−1644. (c) D’Alessandro, D. M.; Smit, B.;
Long, J. R. Angew. Chem., Int. Ed. 2010, 49, 6058−6082.
(2) (a) Millward, A. R.; Yaghi, O. M. J. Am. Chem. Soc. 2005, 127,
17998−17999. (b) Maji, T. K.; Mostafa, G.; Matsuda, R.; Kitagawa, S.
J. Am. Chem. Soc. 2005, 127, 17152−17153. (c) Lastoskie, C. Science
2010, 330, 595−596. (d) Li, J. R.; Kuppler, R. J.; Zhou, H.-C. Chem.
Soc. Rev. 2009, 38, 1477−1504. (e) Farha, O. K.; Yazaydın, A. Ö.;
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