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Two new 3-fold interpenetrated 3D microporous metal-organic coordination polymers (MOCPs) of
Cu(II), [Cu3(bipy)1.5(2,6-ndc)3]n (1) and {[Cu(bpe)0.5(2,6-ndc)] 3 0.5H2O}n (2) (bipy = 4,40-bipyridine;
bpe=1,2-bis(4-pyridyl)ethane; and2,6-ndc=2,6-naphthalenedicarboxylate), havebeen synthesizedusing
a mixed-ligand system and structurally characterized by single-crystal X-ray diffraction study. Room-
temperature reaction of Cu(II) with bipy and 2,6-ndc affords 1, whereas reaction with bpe and 2,6-ndc
yields 2. Structure determination reveals that in both cases, a 2D square grid made by Cu(II) and 2,6-ndc
with the aid of Cu2(CO2)4 paddlewheel building block is connected by bipy (1) or bpe (2) organic pillar
results 3D R-polonium type frameworks. Framework 1 is rigid and robust without any guest molecules,
whereas 2 is flexible, realized by the guest induced structural transformations. Both the frameworks show
high thermal stability.Framework1anddehydrated formof2, i.e20 contains 16.6%and21.4%void space,
respectively andLangmuir surface area calculated fromnitrogen adsorption study for 1 and 20 is 113.0 and
337.5m2/g, respectively.Both the frameworks can store approximately 1wt%ofmolecular hydrogenat 77
K and 15 bar, in particular, the density of adsorbed hydrogen in 1 is one of the highest reported so far in
porous MOCPs. Compounds 1 and 20 can also store 11.0 and 13.2 wt % carbon dioxide at 195 K.

Introduction

After two decades of extensive and authoritative re-
search on metal-organic coordination polymers (MOCPs),
the important properties and applications of these mate-
rials is unequivocal to the scientific community. Among
the various important practical applications, viz., gas

storage, separation, catalysis, and ion exchange,1-4 the
hydrogen storage presents a serious scientific challenge to
the scientists and is still an unsolved problem.5 MOCPs
are believed to be promising material for hydrogen sto-
rage and effort in this regard is continuing to achieve the
DOE target.6 Recent results by Yaghi et al. suggests that
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microporous MOCPs are able to store hydrogen at a
capacity unmatched by other porous materials.7 Among
the porous materials, MOCPs are potential candidates
for hydrogen adsorption and the storage capacity can be
enhanced in various ways, e.g., by (a) introducing
open metal sites in MOCPs, (b) functionalizing organic
linkers, (c) doping of alkali elements onto the organic
linker parts ofMOCPs, (d) catenation, etc.8-11 Strategies
such as using pore sizes comparable to hydrogen mole-
cule12 and introducing coordinatively unsaturated metal
centers8b,12b,c,13 have been explored. Grand canonical
Monte Carlo simulations demonstrate that interpenetra-
tion can be beneficial for improving hydrogen storage in
MOCPs at cryogenic temperatures.14 It is believed that
favorable interactions exist between hydrogen molecules
and porous frameworks composed of the linkers having
aromatic rings that have significant influence on hydro-
gen uptake.15 Interpenetration can be utilized to further
strengthen the interaction between the gaseous molecules
and the framework by an entrapment mechanism in
which a hydrogen molecule is in proximity with several
aromatic rings from interpenetrating frameworks.16

Zhou et al. have shown that framework interpenetration
is one route to derive small pore, whereupon identical
frameworks with larger pore interweave to a smaller
one, thus increasing stability as well as hydrogen
uptake.1c,12c,17 Moreover, interpenetrated frameworks
are very rigid and they retain porosity even after the loss
of guest molecules, thus making them a good choice for
studying adsorption properties. Besides framework inter-
penetration, a computational study by Zhong et al. have
shown that the secondary building units (SBUs) formed
bymetal-oxygen clusters are also preferential adsorption
sites for hydrogen.18 We have combined both these
factors, interpenetration as well as paddle-wheel building

unit composed of metal-oxygen cluster in a single frame-
work and have derived two new MOCPs by changing
pillar modules. Herein, we report syntheses, structural
characterization and adsorption properties of two
new MOCPs of Cu(II) [Cu3(bipy)1.5(2,6-ndc)3]n (1)
and {[Cu(bpe)0.5(2,6-ndc)] 3 0.5H2O}n (2) (4,4

0-bipyridine,
bipy; 1,2-bis(4-pyridyl)ethane, bpe; 2,6-naphthalenedi-
carboxylic acid, 2,6-ndc) composed of a mixed-ligand
system. Use of 2,6-ndc features a Cu2(CO2)4 paddlewheel
building block and further connection by the long
organic linkers, like bipy and bpe, resulting in R-Po
type 3D frameworks. Both the frameworks undergo
3-fold interpenetration and exhibit high surface area with
good hydrogen and carbon dioxide storage capacity.
Structural flexibility is realized by changing the organic
linker bipy in 1 to bpe in 2 having a flexible -(CH2)2-
unit. Framework 1 exhibits a very high hydrogen density
at 77 K reported so far in MOCPs.

Experimental Section

Materials. All the reagents and solvents employed were

commercially available and used as supplied without further

purification.Cu(ClO4)2 3 6H2O, 2,6-napthalenedicarboxylic acid,

4,40-bipyridine and 1,2-bis(4-pyridyl)ethane were obtained from
the Aldrich Chemical Co.

Physical Measurements. The elemental analyses were carried

out on a Perkin-Elmer 2400 instrument. Thermo gravimetric

analyses (TGA) were carried out with a Rigaku Instrument

TG8120 in nitrogen atmosphere. IR spectra were recorded on a

Bruker IFS 66v/S spectrophotometer with samples prepared in

KBr pellets in the region 4000-400 cm-1. X-ray powder dif-

fraction (XRPD) data were collected on a Bruker D8 Discover

instrument using Cu KR radiation.

Adsorption Measurements. The adsorption isotherm of nitro-

gen (77 K) and carbon dioxide (195 K) were measured in the

gaseous state by using BELSORP-18-Plus volumetric adsorp-

tion equipment from BEL Japan. In the sample chamber

(∼17.5 mL) maintained at T( 0.03 K was placed the adsorbent

sample (∼100-150 mg), which had been prepared at 373 K for

1 and 393K for 2 under a 1�10-1 Pa vacuum for about 6 h prior

to measurement of the isotherms. Helium gas at a certain

pressure was introduced in the gas chamber and allowed to

diffuse into the sample chamber by opening the valve. The

change in pressure allowed an accurate determination of the

volume of the total gas phase. The amount of gas adsorbed was

calculated readily from pressure difference (Pcal - Pe), where

Pcal is the calculated pressure with no guest adsorption and Pe is

the observed equilibrium pressure. All operations were compu-

ter-controlled and automatic. High-pressure hydrogen sorption

isotherm measurements at 77 K were carried out on a fully

computer controlled volumetric BELSORP-HP, BEL JAPAN

high-pressure instrument. The hydrogen used for the high-

pressure measurements is scientific/research grade with 99.999%

purity. For the measurements, approximately 200 mg of sample

was taken in a stainless-steel sample holder and degassed at

373 K for 1 and 393 K for 2 under a 1� 10-1 Pa vacuum for

about 6 h. The dead volume of the sample cell was measured

with helium gas of 99.999% purity. Nonideal correction for

hydrogen gas was made by applying virial coefficients at the

measurement temperature.

Synthesis of [Cu3(bipy)1.5(2,6-napdc)3]n (1). An aqueous solu-

tion (50 mL) of Na2-2,6-ndc (1 mmol, 0.260 g) was mixed with
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ethanolic solution (50 mL) of bipy (0.5 mmol, 0.078 g) and the

resulting solution was stirred for 20 min to mix well. Cu-

(ClO4)2.6H2O (1 mmol, 0.370 g) was dissolved in 100 mL of

water, and 2 mL of this Cu(II) solution was slowly and carefully

layered with the above mixed-ligand solution using 1 mL buffer

(1:2 of water and EtOH) solution. Green square-block-shaped

crystals were obtained after 1 month. The crystal was separated

and washed with an EtOH/water (1:1) mixture and air-dried.

(Yield 80%). Anal. Calcd for C51H30Cu3N3O12: C, 57.38; H,

2.83; N, 3.94. Found: C, 57.05; H, 2.91; N, 3.68%. FT-IR (KBr

pellet, 4000-400 cm-1): 1608(S), 1419(S), 1346(m), 1309(m),

840(m).

Synthesis of {[Cu(bpe)0.5(2,6-napdc)] 3 (0.5H2O)}n (2). Green

single crystals of 2 were obtained by following the same proce-

dure of 1, only changing bpe with bipy. Yield 90%. Anal. Calcd

for C18H13CuNO4.5: C, 57.07; H, 3.46; N, 3.70. Found: C, 56.78;

H, 3.28; N, 3.56%. FT-IR (KBr pellet, 4000-400 cm-1): 3450

(b, s), 2956 (m), 2875(w), 1608(S), 1419(S), 1346(m), 1309(m),

840(m).

The bulk amounts of both the compounds were synthe-

sized in powder form by the direct mixing of the correspond-

ing ligands solution with aqueous solution of Cu(II). The

purity of the samples was confirmed from similarity of

XRPD patterns of the bulk phase with the simulated pattern.

The compounds were further characterized by IR and ele-

mental analyses.

X-ray Crystal Structure Determination. For each of 1 and 2, a

suitable single crystal was mounted on a glass fiber and coated

with epoxy resin and X-ray data was collected on a Rigaku

MercuryDiffractometer with graphite monochromatedMoKR
radiation (λ=0.71069 Å) equipped with a CCD 2D detector. In

both cases, the size of the unit cells was calculated from the

reflections collected on the setting angles of seven frames by

changing of 0.5� for each frame. Three different settings were

used andwere changed by 0.5� per frame and intensity data were

collected with a scan width of 0.5�. Empirical absorption

correction by using REQABA was performed in both cases.19

Structures of 1 and 2 were solved by direct methods using the

SIR-97 program20 and expanded using Fourier techniques.21

For both the compounds, the non-hydrogen atoms were refined

anisotropically (except the oxygen atom (O5) of guest water

molecule in 2, which was refined isotropically) and all hydrogen

atoms placed in the ideal positions,. All calculations were

carried out using SHELXL 97,22 PLATON 99,23 SHELXS

97,24 and the WinGX system, ver 1.70.01.25 Potential solvent

accessible area or void space was calculated using the PLA-

TON23multipurpose crystallographic software. All crystallo-

graphic and structure refinement parameters are summarized

in Table 1. Selected bond lengths and angles for 1 and 2 are

displayed in Tables 2 and 3 respectively.

Results and Discussion

Structural Description of 1 and 2. X-ray single-crystal
structure determination of 1 and 2 reveals a 3D 3-fold
interpenetrated framework constructed by Cu(II), 2,6-
ndc and pyridyl linkers, bipy in 1 andbpe in 2 respectively.

Table 1. Crystal Data and Structure Refinement Parameters for 1 and 2

1 2

empirical formula C51H30Cu3N3O12 C18H13CuNO4.5

M 1067.43 378.84
cryst syst monoclinic monoclinic
space group C2 (No. 5) C2/c (No.15)
a (Å) 17.250(10) 17.094(3)
b (Å) 19.467(9) 19.605(3)
c (Å) 14.031(12) 11.782(2)
R (deg) 90 90.00
β (deg) 95.22(5) 113.950(4)
γ (deg) 90 90.00
V(Å3) 4692(5) 3608.5(10)
Z 4 8
T (K) 233 243
λ (Mo KR) 0.71073 0.71073
Dc (g cm-3) 1.511 1.391
μ (mm-1) 1.415 1.233
θmax (deg) 27.5 27.5
total data 10299 4081
data [I > 2σ(I)] 8268 2909
Ra 0.0395 0.0576
Rw

b 0.0975 0.1903
GOF 1.04 1.05

aR=
P

)Fo|- |Fc )/
P

|Fo|.
bRw= [

P
{w(Fo

2- Fc
2)2}/

P
{w(Fo

2)2}]1/2.

Table 2. Selected Bond lengths (Å) and Angles (deg) for 1

Cu1-O4_c 1.936(5) Cu1-O3_e 1.940(5)
Cu1-N1 2.174(3) Cu1-O2_b 1.997(5)
Cu1-O1 1.986(5) Cu2-O5 1.981(5)
Cu2-O6 1.954(5) Cu2-N2 2.164(3)
Cu2-O7_k 1.943(6) Cu2-O8_l 2.003(5)
Cu3-O9 2.004(5) Cu3-O10 1.940(6)
Cu3-N3_g 2.162(3) Cu3-O11_k 1.953(5)
Cu3-O12_l 1.969(5)
O5-Cu2-O6 89.4(2) O2_b-Cu1-O3_e 168.4(2)
O5-Cu2-N2 97.7(2) O2_b-Cu1-O4_c 90.8(2)
O5-Cu2-O7_k 168.7(2) O5-Cu2-O8_l 88.7(2)
O6-Cu2-N2 97.0(2) O6-Cu2-O7_k 87.9(2)
O6-Cu2-O8_l 166.5(2) O7_k-Cu2-N2 93.4(2)
O8_l-Cu2-N2 96.5(2) O7_k-Cu2-O8_l 91.4(2)
O9-Cu3-O10 91.5(2) O9-Cu3-N3_g 95.3(3)
O9-Cu3-O11_k 166.8(2) O9-Cu3-O12_l 89.0(2)
O10-Cu3-N3_g 93.4(3) O10-Cu3-O11_k 87.8(2)
O10-Cu3-O12_l 168.7(2) O11_k-Cu3-N3_g 97.9(3)
O12_l-Cu3-N3_g 97.8(3) O11_k-Cu3-O12_l 89.1(2)
O3_e-Cu-O4_c 87.8(2) O1-Cu1-O2_b 89.1(2)
O1-Cu1-O4_c 167.5(2) O1-Cu1-O3_e 89.8(2)
O2_b-Cu1-N1 93.6(2) O4_c-Cu1-N1 95.3(2)
O3_e-Cu1-N1 98.1(2) O1-Cu1-N1 97.2(2)

Symmetry codes: b = 1 - x, y, 1 - z; c = -1/2 þ x, -1/2 þ y, z;
e=3/2- x,-1/2þ y, 1- z; g= x, y,-1þ z; k=1/2þ x,-1/2þ y, z;
l = 1/2 þ x, 1/2 þ y, z.

Table 3. Selected Bond lengths (Å) and Angles (deg) for 2

Cu1-O1 1.996(3) Cu1-N1 2.160(3)
Cu1-O2_a 1.942(3) Cu1-O3_d 2.000(3)
Cu1-O4_f 1.937(3)
O1-Cu1-N1 102.03(14) O1-Cu1-O2_a 88.21(13)
O1-Cu1-O3_d 160.85(13) O1-Cu1-O4_f 90.18(14)
O2_a-Cu1-N1 93.13(14) O3_d-Cu1-N1 97.13(14)
O4_f-Cu1-N1 93.82(14) O2_a-Cu1-O3_d 90.59(14)
O2_a-Cu1--O4_f 173.05(14) O3_d-Cu1-O4_f 88.72(14)

Symmetry codes: a=1- x, y, 3/2- z; d=-1/2þ x,-1/2þ y, z;
f = 3/2 - x, -1/2 þ y, 3/2 - z.
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sion 1.1-0301998; Molecular Structure Corp.: The Woodlands, TX,
1996-1998.

(20) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori,
G.; Spagna, R. J. Appl. Crystallogr. 1999, 32, 115.
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sity of Nijmegen: Nijmegen, The Netherlands, 1994.
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Structure; University of G€ottingen: G€ottingen, Germany, 1997.
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Essentially, the basic building unit of 1 and 2 is a Cu2-
(CO2)4 paddle-wheel core connected by 2,6-ndc leading to
a 2D infinite grid in the ab plane. The 2D square grids are
further pillared by the pyridyl linkers along c direction
resulting 3D frameworks. The overall topology of the
frameworks is best described as a compressed primitive
cubic R-Po type net. Compound 1 crystallizes in mono-
clinic system (space group C2) with no guest molecules in
the lattice. There are three crystallographically indepen-
dent Cu(II) centers in the asymmetric unit, Cu1, Cu2, and
Cu3 (Figure 1a, top left). Structurally, there are three
different 3D nets in 1 marked as blue, pink and yellow
(Figure 1b) interlocked to each other, but chemically
there are two, pink and yellow being the same. Each
Cu(II) in each net locates itself in a distorted octahedral
geometry with [CuO4NCu] chromophore (Figure 1a).
The four coordinations in the equatorial plane is furn-
ished by four oxygen atoms from four different 2,6-ndc
while the fifth one at the axial site is provided by a pyridyl
nitrogen frombipy. TheCu-Cubond distance is 2.654 Å,
which is similar in all the three nets, fulfills the sixth
coordination at the axial site. Because of the longer
building units employed (2,6-ndc ≈ 9 Å and bipy ≈ 7
Å), each 3D net houses large 3D channels, (10 Å� 10 Å,
Figure 1a, top right) which facilitates the interlocking of
the nets. The 3D framework houses bilateral triangular
channels of dimension 3.4�3.1 Å2 along crystallographic

[101] direction (Figure 3a).26 Calculation using PLATON
suggest 16.6% (781 Å3) void volume to the total crystal
volume. Cu 3 3 3Cu separation along Cu 3 3 3bipy 3 3 3Cu in
two nets are 11.377 and 11.384 Å, respectively. Nearest
Cu 3 3 3Cu separation along Cu 3 3 3 2,6-ndc 3 3 3Cu in both
the nets is same, 13.005 Å. The difference of blue net with
the pink and yellow net is brought out by Cu-O and
Cu-Nbond lengths, 1.936-1.997(Cu-O), 2.174(Cu-N)
Å in the blue net and 1.943-2.003(Cu-O), 2.162-2.164-
(Cu-N) Å in the pink and yellow nets, respectively. Com-
pound 2 crystallizes in monoclinic system (C2/c). Unlike
1, there is one Cu(II) center in the asymmetric unit of 2;
however, a basic paddle wheel building unit Cu2(CO2)4
forms 3DR-Po type framework connected by 2,6-ndc and
bpe linker. Because of the longer linker, bpe, employed in
2, a half of a crystalline water molecule per formula unit
could manage its place in the framework even in the
presence of 3-fold interpenetration. As in 1, 3-fold inter-
penetration in 2 also results because of the presence of
three structurally different 3Dnets (Figure 2b), but unlike
in 1, the three nets are chemically similar. The coordina-
tion environment of Cu(II) in 2 is also defined by a

Figure 1. Crystal structure of 1: (a) left, coordination environment of
Cu(II) (copper, blue; oxygen, pink; nitrogen, green; carbon, gray); right,
simplistic view of a single net in 1. (b) 3D view of the R-Po type 3-fold
interpenetrated framework along the c direction (hydrogen atoms are
removed for clarity).

Figure 2. Crystal structure of 2: (a) left, coordination environment of
Cu(II) (copper, blue; oxygen, pink; nitrogen, green; carbon, gray); right,
simplistic view of a single net in 2. (b) 3D view of the R-Po type 3-fold
interpenetrated framework (hydrogen atoms and water molecules are
removed for clarity).

(26) The sizes of the channels were calculated considering the van der
Waals radii of the atoms, and the numbers indicate the median and
base of the bilateral triangles.
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distorted octahedron with [CuO4NCu] chromophore
(Figure 2a); with N-coordination coming from the bpe
pillar. The Cu-Cu bond distance in the paddle wheel is
2.699 Å. The overall framework shows two different type
of channels, one bilateral triangular channel along the
crystallographic [101] direction occupied by guest
water molecules (Figures 3b and S1) and the other is a
rectangular channel along c direction (see Figure S2 in the
Supporting Information). The approximate dimensions of
the channels are 3.4 � 3.1 and 5.8 � 2.3 Å2, respecti-
vely.26 The nearest Cu 3 3 3Cu separation along Cu 3 3 3 2,
6-ndc 3 3 3Cu and along Cu 3 3 3 bpe 3 3 3Cu is 13.005 Å
and 13.556 Å respectively. Calculation using PLATON
shows that the framework 2 possesses 458 Å3 (12.7%)
void volume to the total crystal volume, which
increases to 771 Å3 (21.4%) after removal of guest water
molecules.
Framework Stability. To study the framework stability

of 1 and 2, thermogravimetric analyses (TGA) and pow-
der X-ray diffraction studies (PXRD) at different tem-
perature were carried out. TGA study of 1 suggests that
the framework is stable up to 300 �C without any weight
loss and then decomposes to unidentified product (see
Figure S3 in the Supporting Information). TGA of 1 also
correlates the nonexistence of any guest molecule. TGA
of 2 shows a weight loss of 2.43% in the temperature
range of 90- 120 �C consistent with the presence of guest
(0.5) water molecules (calc. 2.37%) and the dehydrated
framework (20) is stable up to 330 �C (see Figure S3 in the

Supporting Information). Similarity in the PXRD pat-
tern of activated sample of 1 (heated at 100 �C under
vacuum) to that of as-synthesized compound is indicative
of the fairly rigid and robust framework (Figure 4).
However, the dehydrated form of 2, i.e., 20, shows a
different pattern with shifting of some peaks and appear-
ance of some new peaks compared to the as-synthesized
compound, suggesting structural transformation after
removal of the guest water molecules (Figure 5). Indexing
of the powder pattern of 20 by using the TREOR27

program suggests monoclinic crystal system with a =
16.296(11) Å, b = 21.121(18) Å, c = 11.064(5) Å, β =
114.56(5)�, and V = 3463.53 Å3, which indicates the
overall contraction of the framework. Most interestingly
shrinkage is observed along a and c axis by 4.7 and
6.09%respectively, whereas along the b axis, the structure
expands about 7.73%. It is worth mentioning that (111)
peak in 2 is shifted to higher angle (9.01f 9.32) in 20 and
this (111) plane contains flexible -CH2-CH2- part of
the bpe ligand (inset of Figure 5). Therefore, structural
transformation in 2 may be realized by the rearrange-
ment of the bpe linker in the (111) plane after the loss
of crystalline water molecules (see Figure S4 in the

Figure 3. Viewof the bilateral triangular channels in (a) 1 and (b) 2 along
the [101] directions. The channels in 2 are occupied by guest water
molecules, whereas in 1, channels are free.

Figure 4. PXRD pattern of 1: (a) simulated, (b) as-synthesized, and
(c) heated at 100 �C for 6 h under a vacuum.

Figure 5. PXRDpatternof2: (a) simulated, (b) as-synthesized, (c) heated
at 120 �C for 6 h under a vacuum; and (d) rehydrated. Inset diffracto-
gram shows the shifting of (111) peak because of the rearrangement of
-(CH2)2- group in 2 after heating at 120 �C.

(27) Werner, P. -E.; Eriksson, L.; Westdahl, M. J. Appl. Crystallogr.
1985, 18, 367.
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Supporting Information). When 20 is exposed to water
vapor for 3 days, original framework do not regenerates
as suggested by the PXRD pattern (Figure 5), indicating
irreversible structural transformation.
Adsorption Studies.To study the porous property of the

compounds, we subjected 1 and 20 to nitrogen adsorption
analysis. Nitrogen adsorption isotherm at 77 K for both
the compounds shows typical type-I behavior with a steep
rise at the very low pressure region, suggesting micropor-
ous nature of both the frameworks (Figure 6). The
volume uptake of nitrogen in 1 and 20 is 45.5 and 115.6
cm3/g, respectively. Higher uptake in 20 is possibly be-
cause of larger pore size and greater opening of the pore
apertures brought out by the structural rearrangement as
evident from the PXRD pattern of 20. Langmuir analysis
of the isotherms gives surface area of 113 and 337.5 m2/g
for 1 and 20, respectively. Small hysteresis in the nitrogen
isotherm is probably because of kinetic trapping of
adsorbed gas molecules in the cavities having pore open-
ings slightly smaller than the kinetic diameter of the
nitrogen molecule. This type of kinetic trapping has been
reported by Thomas and co-workers for hydrogen ad-
sorption-desorption isotherms on some MOCPs having
flexible organic linkers.28 Interestingly, high-pressure
nitrogen adsorption measurement at room temperature
shows that nitrogen molecule cannot easily be accommo-
dated in 1, whereas 20 shows typical Langmuir type
adsorption profile (see Figure S5 in the Supporting
Information). The amount adsorbed by 20 is about three
times higher than that of 1, indicating that the-(CH2)2-
group of 20 make enough space in the channel for smooth
access of nitrogen molecules. Realization of the perma-
nent porosity of both the frameworks from nitrogen
adsorption study prompted us to analyze the storage
capacity of hydrogen and carbon dioxide of 1 and 20,
and the results are anticipated. The frameworks adsorb

significant amount of carbon dioxide, 11 wt % for 1 and
13.2 wt % for 20 at 195 K (Figure 7). Because the kinetic
diameter of carbon dioxide (CO2, 3.3 Å) is smaller than
the channel dimensions of both the frameworks, the
essence of the pore aperture opening in 20 do not have
any significant impact on carbon dioxide uptake and both
the frameworks adsorb a comparable volume of the gas.
The high value of enthalpy of adsorption, 33.5 kJ/mol for
1 and 31.1 kJ/mol for 20 indicates strong interaction of
carbon dioxide molecules with the pore surface decorated
by aromatic rings and Cu2(CO2)4 core. The most impor-
tant adsorption result is obtained from hydrogen adsorp-
tion study. The hydrogen sorption profile for 1 and 20

shows a type I curve with steep uptake at the low-pressure
region, indicating a strong affinity of hydrogen mole-
cules toward pore surfaces (Figure 8). 1 and 20 can adsorb
98 cm3/g (0.88 wt %) and 108 cm3/g (0.96 wt %) of
molecular hydrogen at 15 bar and 77 K. DR analysis of
the adsorption isotherms suggests the value of adsorption
enthalpy of hydrogen as 3.7 and 4.5 kJ/mol for 1 and 20,
respectively. These values arewithin the range of values of
adsorption enthalpy of hydrogen reported for many
MOCPs. Reported values for adsorption enthalpy of
hydrogen on many MOCPs are mostly in the range of
3.5 to 6.5 kJ/mol.18,31 The density of the adsorbed hydro-
genwas calculated based on the pore volume of the frame-
works (pore volume, 0.11 cm3/g for 1 and 0.18 cm3/g
for 20), suggesting 0.0801 g/cm3 for 1 and 0.0611 g/cm3

for 20. The higher value of density of adsorbed hydrogen
for 1 compare to liquid hydrogen (pH2=0.0708 g/cm3)29

indicates that hydrogen is saturated and highly com-
pressed within the channels of 1. The high value of hydro-
gen density can be correlated to the narrow and orde-
red microchannels in the frameworks.30 The adsorption

Figure 6. Nitrogen adsorption isotherms recorded at 77 K for (a) 20
and (b) 1. Figure 7. Carbon dioxide adsorption isotherms recorded at 195 K for

(a) 20 and (b) 1.

(28) Zhao, X.; Xiao, B.; Fletcher, A. J.; Thomas, K. M.; Bradshaw, D.;
Rosseinsky, M. J. Science 2004, 306, 1012. (b) Fletcher, A. J.;
Thomas, K.M.; Rosseinsky, M. J. Solid State Chem. 2005, 178, 2491.

(29) CRCHandbook ofChemistry andPhysics, 74th ed.; CRCPress: Boca
Raton, FL,1993.

(30) Chun, H.; Dybtsev, D. N.; Kim, H.; Kim, K. Chem.-Eur. J. 2005,
11, 3521.
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isotherm in (a) shows abrupt hydrogen uptake at the low-
pressure region compared to that of (b), indicating that
the compound 20 has stronger interaction with hydrogen
molecule than compound 1, which is also reflected in the
heat of adsorption values.
We have also checked hydrophilicity of both the frame-

works and Figure S6 shows the water sorption profile of
1 and 20 at 298 K. Framework 1 does not adsorb water
molecules up to P/P0 = 1 and type-II sorption profile
suggest only surface adsorption (H2O, kinetic diameter=
2.68 Å). The exclusion of water molecules by 1 is also
consistent with the nonexistence of guest water molecules
in as-synthesized framework, suggesting hydrophobic
nature of the framework. The adsorption profile of 20

shows gradual increase with pressure and increment is
much more prominent at high-pressure regions and ends
without saturation at P/P0≈ 1. A total of∼0.6 molecules
of water are occluded in framework 20. This type of adsorp-
tion behavior is attributable to weak affinity for water
molecule in 20, where adsorbate-adsorbate interactions

also play an important role along with the adsor-
bent-adsorbate interactions. Moreover, the small up-
take in the lower-pressure region is due to the low vapor
pressure of the H2O, and H2O adsorption phenomenon
is always accompanied by the cluster formation in the
pore.32

Conclusion

In conclusion, we have constructed two new triply
interpenetrated microporous coordination polymers of
Cu(II) using a mixed-ligand system by changing pillar
modules from bipy to bpe. The presence of -(CH2)2-
groups in the bpe linker induces flexibility in framework
2. In general, interpenetration is an obstacle to porous
functionality in MOCPs; however, 1 and 2 show perma-
nent porosity with interesting hydrogen and carbon
dioxide storage capacity. Frameworks 1 and 20 exhibit
high hydrogen storage density; in particular, the density
of adsorbed hydrogen in 1 is higher than the liquid
hydrogen and is one of the highest values reported so
far in porous MOCPs. There are very few reports on
multiply interpenetrated robust MOCPs exhibiting hy-
drogen storage properties. Our results show that small
pores are very effective for hydrogen storage as well as for
increasing density of the adsorbed hydrogen. A combina-
tion of small pore together with large pore volume in a
single MOCPmight fulfill the requirement of the DOE in
the near future.

Acknowledgment. T.K.M. gratefully acknowledges the
financial support from DST, Government of India (Fast
Track Proposal). P.K. acknowledges CSIR, Government of
India, for a senior research fellowship. The authors thank
Dr. Golam Mostafa for helpful discussions.

Supporting Information Available: Crystallographic data

(CIF); extensive figures and thermogravimetric analysis (PDF).

This material is available free of charge via the Internet at http://

pubs.acs.org.

Figure 8. Hydrogen adsorption isotherms for (a) 20 and (b) 1measured at
77 K and 15 bar.
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