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Two nanotubular metal-organic frameworks (MOFs), {Cu(L1) 3 2H2O 3 1.5DMF}¥ (1) and {Cu2(L2)2(H2O)2 3
7H2O 3 3DMF}¥ (2), with novel topologies have been constructed based on Cu2þ, 5-(pyridin-4-yl)isophthalic acid
(L1) and 5-(pyridin-3-yl)isophthalic acid (L2), respectively. Two MOFs were characterized by IR spectroscopy,
thermogravimetry, single-crystal, and powder X-ray diffraction methods. Network analysis reveals a two-nodal (3,6)-
connected (4 3 6
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2) net. Interpene-
tration is inherently prevented by both of the topologies of the frameworks. The porosity of MOF 1 was confirmed by N2
and CO2 gas adsorption investigations. MOF 1 exhibits remarkable hydrogen sorption hysteresis at low pressure and a
H2 uptake capacity of 1.05 wt % at 77 K and 1 atm.

Introduction

Porous metal-organic frameworks (MOFs) have been
studied intensively due to their potential application in gas
storage, separation, and catalysis.1 Incorporation of a pad-
dlewheel [M2(RCOO)4L2] (M = Cu, Zn; L = axial ligand)
motif has resulted in formation of highly porous paddlewheel
frameworks, in which the axial ligand may be a solvent

molecule or N-donor ligand. Paddlewheel-based MOFs
are widely constructed by organic linkers with multiple
carboxylate groups including a dicarboxylate linker,2 tri-
carboxylate linker (e.g., 1,3,5-benzenetricarboxylic acid),3

tetracarboxylate linker (e.g., 3,30,5,50-biphenyltetracar-
boxylic acid),4 hexacarboxylate linker,5 and so forth.
Combined use of carboxylate ligands and diimines has
resulted in a number of MOFs, for example, monocar-
boxylic acid and tripyridine6 and monocarboxylic acid and
tetrapyridine.7 MOFs based on dicarboxylic acids and brid-
ging diamines/diimines8 have yielded interesting porous
structures, whereas they are normally interpenetrated, thus
reducing the porosity.9
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In contrast to plentiful research in bridging carboxylic acid
or pyridyl ligands, it is surprising that little investigation of
elongated bridging pyridyl carboxylic acids has been under-
taken in MOFs. Known research is largely limited to trun-
cated isonicotinic acid10 and pyridinedicarboxylic acids,11,12

with few exceptions.13Herein,we report two elongatedpyridyl
carboxylic acid ligands with one pyridyl donor and two car-
boxylic groups, namely, 5-(pyridin-4-yl)isophthalic acid (L1)
and 5-(pyridin-3-yl)isophthalic acid (L2). On the basis of the
T-shaped rigid ligands and the common paddlewheel Cu2-
(COO)4 motif, two MOFs have been synthesized, which are
{Cu(L1) 3 2H2O 3 1.5DMF}¥ (1) with 1Dnanotubular channels
and {Cu2(L2)2(H2O)2 3 7H2O 3 3DMF}¥ (2) with intercon-
nected tubular channels. They represent two novel topologies
to inherently prevent interpenetration.

Results and Discussion

Syntheses and Crystal Structures. Solution reactions of
Cu(NO3)2 3 3H2O with L1 in DMF-MeOH and of Cu-
(OAc)2 3H2O with L2 in DMF-H2O resulted in precipi-
tates first, which were subsequently transformed to block
crystals of 1 and 2, respectively. Environmental tempera-
ture above 20 �C is preferred during the product forma-
tion.
Single-crystal X-ray diffraction reveals that {Cu(L1) 3

2H2O 3 1.5DMF}¥ (1) crystallizes in monoclinic space
group P21/c. The asymmetric unit consists of one copper
ion and one L1 ligand (Figure 1). The central Cu(II) ion is
five-coordinated by four oxygen atoms and one pyridyl
N-donor (Cu-O 1.98-2.00 Å; Cu-N 2.15 Å) from five
different L1 ligands in a square-pyramidal geometry.
Four carboxylate groups from different ligands connect
a pair of copper ions to generate the paddlewheel units

(Cu 3 3 3Cudistance of 2.68 Å), in which the axial positions
are occupied by two pyridyl N-donors from another two
different ligands. Considering the paddlewheel clusters as
six-connecting nodes and the ligand L1 as three-connect-
ing nodes, the overall structure of 1 is three-dimensional
and topologically possesses a two-nodal (3,6)-connected
net with stoichiometry (3- c)2(6- c). The point (Schl€afli)
symbol for 1 is (4 3 6

2)2(4
2
3 6

10
3 8

3) calculatedwithTOPOS.14

Such a novel topological net with relatively high symme-
try is rare, and the only example was reported by Davies
et al.15 Different from their negatively charged network
with cations residing in the channels, the network of 1 is
neutral.
There exist wide nanotubular channels with the L1

ligands serving as the walls, extending infinitely along
the a axis. Adjacent tubular channels share the walls
consisting of L1. The channels have a size of ∼13.5 �
13.7 Å2 (b � c, b ^ c) along the diagonals of the quad-
rangle cross section. The pore width is∼6.2 Å if measured
between the ligand channel walls, taking into considera-
tion the van derWaals radius of carbon. The channels are
filled by disordered H2O and DMF solvent molecules in
the as-prepared crystals of 1. The solvent molecules are
established to be two H2O and 1.5 DMF molecules
per Cu(L1) unit by elemental analysis and thermogravi-
metric analysis (TGA). The accessible volume is 54.0%
(1088.9 Å3) per unit cell (2015.9 Å3), as estimated using
PLATON.16

{Cu2(L2)2(H2O)2 3 7H2O 3 3DMF}¥ (2) crystallizes in
monoclinic space group P21/c. The asymmetric unit con-
sists of two copper ions and two L2 ligands and two
coordinatedH2Omolecules. As shown in Figure 2a, there
are two crystallographically unique Cu(II) ions. The Cu1
ion is five-coordinated in a square-pyramidal geometry
with a N2O3 donor set. The equatorial plane is occupied
by two N-donors and two O-donors from different L2
ligands (Cu1-O1.93-1.95 Å; Cu1-N2.06-2.07 Å), and
the axial position is completed by one coordinated H2O
molecule (Cu2-O 2.21 Å). The Cu2 ion is five-coordi-
nated with four O-donors from different L2 ligands and
one coordinated H2O molecules (Cu2-O 1.95-1.96 Å;
Cu2-Ow 2.15 Å). A pair of Cu2 ions is bridged by four
carboxylate groups from four different L2 ligands to form
a paddlewheel unit. Such a tendency for Cu(II) to exhibit
multiple coordination geometries was observed previously
by Zaworotko et al.17 Four Cu1 and two Cu2 paddle-
wheel units are connected by four L2 ligands to form a
tubular secondary building units (SBUs) (Figure 2b,c).
The tubular cavities have a size of∼14.1� 14.6 Å2 (b� c)
along the diagonals of the quadrangle cross section. The
3D framework can be considered to consist of the tubular
SBUs. Every two tubular SBUs are connected via sharing
a Cu2 paddlewheel unit in the ab plane, and each SBU
is linked with other four SBUs via Cu1 in the bc plane
(Figure 2d,e).
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If the Cu1 ions and Cu2 paddlewheel clusters are sim-
plified as four-connecting nodes and the ligand is simpli-
fied as a three-connecting node, the net topological analysis
of 2 reveals an undocumented less-symmetric three-nodal
(3,4)-connected net with stoichiometry (3 - c)4(4 - c)3
(Figure 2f). The point (Schl€afli) symbol for 2 is (4 3 8

2)4-
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2).The frameworkcreates interconnected
channels which extend along c and a axes (Figure 2g,h).
The tubular SBUs are arranged along the c axis in a zigzag
manner, while the individual SBU tubular cavities are
disrupted by the channel along the a axis. The channels
along the a axis have an irregular shape created by
packing of tubular SBUs. Disordered DMF and H2O
solvent molecules are located in the interconnected chan-
nels. The solvent molecules were established to be three
DMF and seven H2O solvent molecules per Cu2(L2)2-
(H2O)2 formula unit determined by elemental analysis and
TGA. 2 possesses a larger solvent-accessible volume of
60.6% (3145.0 Å3) per unit cell (5186.0 Å3) calculated using
PLATON. However, the disordered guest molecules may
play a key role in stabilizing the host framework via weak
interactions (see below).
X-ray power diffraction (XRPD) was used to confirm

the phase purity of 1 (Figure 3a,b) and 2 (Figure 3e,f).
The patterns for the as-synthesized bulk products

closely match the simulated ones from the single-
crystal analysis, which are indicative of the pure so-
lid-state phases.

Thermogravimetric Analyses. TGA shows that 1 is
stable up to 300 �C. The weight loss of 31.6% from RT
to 260 �C corresponds to the loss of two guest DMF and
two uncoordinated water molecules per Cu(L1) unit (calcd:
32.3%). There is no weight loss from 260 to 300 �C. Com-
plex 2 has a higher weight loss of 38.5% upon heating
fromRT to 200 �C, which is attributed to the loss of three
guest DMF and nine solvated/coordinated water mole-
cules perCu2(L2)2 (calcd: 39.1%). The frameworks of 1 and
2may be anticipated to collapse above 300 and 290 �C, re-
spectively (Figure 4).

Gas Sorption.To study the porosity of 1 and 2, nitrogen
physisorption measurements was preformed at 77 K. For
this purpose, the synthesizedmaterials were dried to remove
the guest molecules by evacuation under a dynamic vac-
uum at 90 �C for 10 h. TGA shows that the solvent was
removed completely for 1 (Figure 4c). The XRPDpattern

Figure 1. (a) ORTEP diagram showing the asymmetric unit of 1 by thermal vibration ellipsoids with a 30% probability level. (b) Molecular structure
drawing and (c) molecular structure of the paddlewheel copper unit (six-connected node). (d) One tubular channel along the a axis. (e) Tubular channels
perpendicular to the bc plane of 1. (f) (4 3 6
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3) topological diagram. (g) Space-filling representation of 1 along the a axis.

(18) No crystal suitable for single-crystal X-ray diffraction analysis was
obtained, and no suitable structural model could be established based on the
XRPD, which prevented us from getting further structural information of
the guest-free state.
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of guest-free 1 confirms the stability of the framework
in the absence of guest molecules, characteristic of peak
broadening and peak shifts at higher 2θ angles probably
related to the conformational change of the ligand
(Figure 3c).18 The XRPD peaks could reversibly sharpen
and shift back as the sample gets resolvated in the mother
liquor (Figure 3d). The nitrogen physisorption measure-
ment reveals that 1 exhibits a type-I isotherm, indicative

of microporous materials (Figure 5a). The nitrogen ad-
sorption shows good reversibility. 1 has a total pore
volume of 0.28 cm3 g-1. The Langmuir and Brunauer-
Emmett-Teller (BET) surface areas are 719 and431m2 g-1,
respectively, derived from the adsorption data. In contrast,
the guest removal of 2 under similar conditions causes a
loss in crystallinity and leads to the gas sorption behavior
of nonporous materials.

Figure 2. (a) ORTEP diagram showing the asymmetric unit of 2 by thermal vibration ellipsoids with a 30% probability level. (b) Molecular structure
drawing and (c)molecular structure of tubular SBU formed by fourL2 ligands linkedby eightCu ions. (d)Connectivity of tubular SBUs in the abplane of2.
(e) Connectivity of tubular SBUs in the bc plane. For clarity, the one-tubular SBU is shown in green. (f) (4 3 8
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2) topological diagram.
Space-filling representation of 2 along the c axis (g) and along the a axis (h).

Figure 3. ComparisonofXRPDpatternsof1 and 2; (a) 1 simulatedpatterns from the single-crystal structure determination, (b) 1 as-synthesizedproducts,
(c) guest-free 1, (d) guest-free 1 after dipping in themother liquor for 1 day, (e) 2 simulated patterns from the single-crystal structure determination, and (f) 2
as-synthesized products.
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Adsorption of carbon dioxide and hydrogen by guest-
free 1was also studied. Carbon dioxide sorption at 195 K
gave a reversible type-I isotherm (Figure 5b). The uptake
at 1 atm (1 atm = 101 325 Pa) reached 118 cm3 g-1

(5.27mmol g-1),whichamounts to 17.3CO2molecules per
formula unit. The hydrogen adsorption isotherm indi-
cates an uptake of 117 cm3 g-1 (∼1.05 wt %) at 77 K and
1 atm (Figure 5c). In contrast to the nitrogen and carbon
dioxide sorption isotherms, the hydrogen sorption iso-
therm displays remarkable hysteresis between adsorption
and desorption curves at 77 K. The hysteretic desorption
indicates strong interaction between H2 and host frame-
works and allows H2 to be adsorbed at high pressures but
stored at lower pressures, which has been reported re-
cently in a few examples.19-22 Considering the absence
of vacant metal coordination sites19 and kinetic traps20

within the framework of 1, the present hydrogen sorption
hysteresis is possibly related to the presence of narrow
pores (∼6.2 Å)21 and tubular channels.22 An optimal pore
size of just slightly over twice the kinetic diameter of the
hydrogen molecules (about 6 Å) strengthens the interac-
tions between H2 molecules and pore walls.23 The strong
interactions between H2 and the host framework are
reflected by the high value of the isosteric heat of adsorp-
tion (Qst), which was calculated to be 8.4-9.2 kJ mol-1

utilizing the Clausius-Clapeyron equation using iso-
therms measured at 77 and 87 K.23b

Conclusion

In summary, on the basis of T-shaped pyridyl dicarbox-
ylate linkers andCu2þ, two highly porous nanotubularMOFs
with novel topologies have been synthesized and character-
ized. Both of the topologies inherently prevent interpenetra-
tion, and the frameworks possess large solvent-accessible
volumes. It suggests that a combination of carboxylate and
pyridyl groups in a T-shaped ligand may yield nanotubular
MOFs with borderline transition-metal ions. It represents a
new strategy to build nanotubular structures.24 N2 and CO2

gas adsorption investigations show that MOF 1 is highly
porous, and the remarkable hydrogen sorption hysteresis at
low pressure and a H2 uptake capacity of 1.05 wt % at 77 K
and 1 atm suggest that nanotubular MOFs are promising
materials for gas storage.

Experimental Section

Materials and Methods. All starting materials and solvents
were obtained from commercial sources and used without fur-
ther purification. 4-(3,5-Dimethylphenyl)pyridine and 3-(3,5-
dimethylphenyl)pyridine were prepared according to published
procedures.25 X-ray power diffraction data were recorded on a
Bruker D8 Advance diffractometer at 40 kV and 40 mA with a
Cu-target tube and a graphitemonochromator. Infrared spectra
were measured on a Nicolet/Nexus-670 FT-IR spectrometer
with KBr pellets. Thermogravimetric analysis was performed
under N2 at a heating rate of 10 �C/min on a Netzsch Thermo
Microbalance TG 209 F3Tarsus. The sorption isotherms forN2

(77 K), H2 (77 K), and CO2 (195 K) gas were measured with a
BELSORP-max automatic volumetric sorption apparatus.

5-(Pyridin-3-yl)isophthalic Acid (L2). To a solution of 3-(3,5-
dimethylphenyl)pyridine (0.75 g, 4.1 mmol) in water/tert-butyl
alcohol (v:v = 1:1, 20 mL), KMnO4 (5.8 g) was added in
10 portions at 80 �C during a period of 24 h. After the last
charge, the purple color of KMnO4 did not fade. A solution of
Na2S2O3 (∼2 mol L-1) was added to the hot mixture until the
purple color disappeared. The mixture was filtered by suction,
and the residuewaswashedwithwater. The filtrate was acidified
by H2SO4 (1 mol L-1) to pH ≈ 5. The white precipitate was
filtered anddried (0.52 g, 52%). 1HNMR(300MHz,DMSO-d6,
δ): 8.92 (s, 1H), 8.62 (s, 1H), 8.48 (s, 1H), 8.39 (s, 2H),8.12 (d, 1H,
3JH-H = 7.8 Hz); 7.52 (m, 1H).

5-(Pyridin-4-yl)isophthalic Acid (L1).L1was prepared using a
procedure analogous to that described for L2, replacing 3-(3,5-
dimethylphenyl)pyridine with 4-(3,5-dimethylphenyl)pyridine,
affording the desired product (75%). 1H NMR (300 MHz,
DMSO-d6, δ): 8.7 (d, 3JH-H = 5.4 Hz, 2H), 8.51(s, 1H), 8.45
(s, 2H), 7.8 (d, 2H; 3JH-H = 6.0 Hz).

Synthesis of {Cu(L1) 3 2H2O 3 1.5DMF}¥ (1).A buffer layer of
DMF-MeOH (v:v = 1:1, 2 mL) was carefully layered over a
solution of L1 (12.7 mg, 0.05 mmol) in DMF (2 mL). Then, a
solution of Cu(NO3)2 3 3H2O (12.1 mg, 0.05 mmol) in MeOH
(2mL) was layered over the buffer layer. The solutionwas left to
stand at RT, and green block crystals appeared after about 4 days
(19 mg, 84%). Elemental analysis: found (calc.) for C17.5H21.5Cu-
N2.5O7.5 (450.416): C 46.58 (46.67), H 4.53 (4.81), N 7.73
(7.77)%. IR (cm-1, KBr): 3433s, 2926m, 1673s,1620vs, 1507m,
1441m, 1383vs, 1299 m, 1256w, 1223w, 1087m, 836w, 777m,
725m, 647w, 566w, 477w.

Synthesis of {Cu2(L2)2(H2O)2 3 7H2O 3 3DMF}¥ (2). A solu-
tion of L2 (12.7mg, 0.05 mmol) in DMF (2mL) wasmixed with a
solution of Cu(OAc)2 3H2O (10.0 mg, 0.05 mmol) in DMF-H2O
(v:v = 1:1, 2 mL), resulting in formation of a blue precipitate

Figure 4. TGA curves of 1 and 2 recorded under a N2 atmosphere; (a) 1
as-synthesized, (b) 2 as-synthesized, and (c) 1 after the removal of guest
molecules.
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16846–16850.
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immediately. The blue precipitate was subsequently trans-
formed to blue block crystals after about 2 days (20 mg, 90%).
Elemental analysis: found (calc.) for C35H53Cu2N5O19

(974.918): C 43.00 (43.12), H 5.10 (5.48), N 6.89 (7.18)%. IR
(cm-1,KBr): 3417vs, 2926m, 1655vs, 1621vs, 1571s, 1487m, 1450m,
1411s, 1384vs, 1365vs, 1301m, 1198w, 1101m, 1061m, 776m,
657m, 610w, 567w, 488w, 468w.

X-ray Structure Determination.X-ray crystallographic inten-
sity data were collected for 1 and 2 using an Oxford Gemini S
Ultra diffractometer equipped with a graphite monochromated
Enhance (Cu) X-ray source (λ = 1.54178 Å). The structures
were solved by the direct methods following difference Fourier
syntheses and refined by the full-matrix least-squares method
against F0

2 using SHELXTL software.26 All non-hydrogen atoms
were refined with anisotropic thermal parameters, while the
hydrogen atoms on the ligandswere placed in idealized positions
with isotropic thermal parameters. The hydrogen atoms of the
coordination water molecules could not be located but are
included in the formulas. In complex 2, one carboxylate oxygen
atom is distributed over two sites (O2 and O20). Because guest
solvent molecules were highly disordered and impossible to
refine using conventional discrete-atommodels, the SQUEEZE
subroutine of the PLATON software suite27 was applied to
remove the scattering from the highly disordered solventmolecules,

and sets of solvent-free diffraction intensities were produced.
The final formula was calculated from the SQUEEZE results,
TGA, and elemental analysis.

Crystallographic data for 1: C17.5H21.5CuN2.5O7.5: FW =
450.41,monoclinic,P2(1)/c,a=11.9132(10) Å,b=13.5460(11) Å,
c = 13.6700(15) Å, R = 90�, β = 113.959(11)o, γ = 90�, V =
2015.9(3) Å3, Z= 4, T = 150(2) K, λ = 1.54178 Å, μ = 1.939
mm-1, 5212 reflections were collected (3121 were unique) for
4.06< θ<62.65,R(int)= 0.0658,R1= 0.1104,wR2= 0.2398
[I > 2σ(I)], R1 = 0.1401, wR2 = 0.2482 (all data) for 172
parameters, GOF = 1.087. CCDC-774764.

Crystallographic Data for 2: C35H55Cu2N5O20: FW= 992.92,
monoclinic, P2(1)/c, a = 14.564(3) Å, b = 26.220(5) Å, c =
14.207(5) Å, R=90�, β=107.08(3)o, γ=90�,V=5186(2) Å3,
Z = 4, T = 150(2) K, λ = 1.54178 Å, μ = 1.625 mm-1, 27152
reflections were collected (7955 were unique) for 3.17 < θ <
63.00, R(int) = 0.1014, R1 = 0.0857, wR2 = 0.2008 [I>2σ(I)],
R1=0.1437,wR2=0.2145 (all data) for 371 parameters,GOF=
0.896. CCDC-774765.
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Figure 5. (a) Nitrogen adsorption-desorption isotherm of 1 at 77 K. (b) Carbon dioxide adsorption-desorption isotherm of 1 at 195 K. (c) Hydrogen
adsorption-desorption isotherm of 1 at 77 and 87 K, showing pronounced hysteresis upon desorption at 77 K. Inset: the coverage dependencies of
adsorption enthalpies of hydrogen. Filled and open circles denote adsorption and desorption, respectively.
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