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The design and construction of metal-organic crystal architectures
have been widely studied, and a variety of frameworks have emerged
via self-assembly processes.1 In particular, there is a growing interest
in the study of porous coordination polymers (PCPs) with micropores
and well-designed pore surfaces.2 Functionalization of pore surfaces
is a very attractive idea for applications in gas storage,3 separation,4

and catalysis.5,6 Porous frameworks in this category can be designed
and synthesized by using appropriate ligands, usually stiff aromatic
ones having functional sites, i.e., for hydrogen bonding7 (functional
organic site (FOS)6) and electrostatic interaction.8 Although utilization
of them is relevant for PCPs, the interacting area is usually restricted
to narrower sites.

Here we focus on electrostatic interaction sites because we expect
a stronger confinement effect than that in the case of dispersion-type
interaction. Several charged frameworks have been synthesized.9 In
these frameworks, the resulting PCPs contain a counteranion or cation
in the pore for charge compensation, and therefore, the pores are
significantly blocked against guest species. To retain an electrostatic
interaction site as a guest-accessible FOS, we designed a charge-
separated neutral organic linker, in which a pyridinium cation and a
carboxylate act as an FOS and a coordination site, respectively. We
report here the synthesis and the methanol sorption property of a PCP
with a pyridinium cationic surface. We also estimated the isosteric
heat of adsorption for methanol of a polar molecule to elucidate the
adsorbate-adsorbent interaction.

The reaction of Zn(NO3)2 ·6H2O with terephthalic acid (H2tpa) and
1-(4-carboxyphenyl)-4,4′-bipyridinium hexafluorophosphate10

(Hcpb ·PF6) affords the porous coordination polymer, [Zn2(tpa)
2(cpb)] ·2DMF ·H2O (1⊃2DMF ·H2O), in which the cpb ligand acts
as a neutral one (Scheme 1). Notably, 1⊃2DMF ·H2O does not include
any counteranion from the starting materials, such as OH-, NO3

-, and
PF6

-. The crystal structure of 1⊃2DMF ·H2O was determined by
single-crystal X-ray crystallography at 213 K.11 Figure 1a shows the
coordination environment of Zn2+. The asymmetric unit contains two
each of Zn2+ and tpa2- and one of cpb. The two Zn2+ atoms are hepta-
and hexacoordinated to four O atoms from each two of the mono-
dentate and bidentate carboxylate groups coming from tpa and to one
N atom from the pyridine of cpb, respectively. Figure 1b shows a
presentation of the resulting two types of pores surrounded by
[Zn2(tpa)2(cpb)]; pore A is enclosed by the four tpa ligands and the
two bipyridine parts of the cpb ligands, and pore B is between the
two benzoate parts of the cpb ligands and the four tpa ligands. Figure

1c illustrates a view of the 3D structure of 1⊃2DMF ·H2O built of an
interpenetrated 2D porous framework (green and pink colors). The
π-π stacking interaction between the tpa ligand and the pyridinium
part of the cpb ligand allows for the construction of these 3D structures.
Compound 1⊃2DMF ·H2O possesses straight 2D channels along (101)
and (010) directions with cross sections of 2.7 × 4.9 Å2 and 6.0 ×
12.1 Å2, respectively. The pyridinium part of the cpb ligand is exposed
to the pore surface. The total void volume, Vvoid, is 36.3% per unit
volume as determined by PLATON.12 Thermogravimetric analysis
(TGA) performed on 1⊃2DMF ·H2O shows a weight loss of 18.9%
from 298 to 423 K (Figure S1). This corresponds to the loss of two
DMFs and one H2O per formula unit (calcd 18.3%), which is supported
by the result of elemental analysis. No further weight loss steps were
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Scheme 1

Figure 1. (a) Crystallographic environment around Zn(II) dimer. (b) Pore
surface composed of 2[Zn2(tpa)2(cpb)]. (c) Three dimensional assembled
structure of 1⊃2DMF ·H2O. Hydrogen atoms and guests in the pore are
omitted for clarity.
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observed below 623 K after removal of the guests. This indicates the
heat stability of 1 up to 523 K. The flexibility of the framework was
also confirmed by X-ray powder diffraction (XRPD) measurement
(Figure S2b and c).13

After degassing treatment of 1⊃2DMF ·H2O at 423 K for 12 h in
vacuo, the nitrogen sorption isotherm at 77 K for 1 shows the
permanent porosity (Figure S3). To examine the surface potential, the
methanol sorption isotherms for 1 at 298 K were measured, as shown
in Figure 2 and S4. A saturated adsorbed amount of ca. 150 mL ·g-1

corresponds to five methanol molecules per unit, [Zn2(tpa)2(cpb)]. The
adsorption isotherm of methanol undergoes slight and distinct steps at
P/P0 ) 0.03 and 0.6, respectively, accompanied with sorption
hysteresis, indicating a structural transformation induced by methanol
inclusion17 (see below). The first, second, and third uptake correspond
to one, one, and three methanol molecules per unit sorption. To
elucidate the adsorbate-adsorbent interaction, the isosteric heat of
adsorption qst was calculated as a function of the adsorption amount
(Figure 2b), employing the virial-type equation in conjunction with
the three temperature isotherms.11 The qst value for the initial two
methanol molecules per unit gave values in the range 50-95 kJ mol-1

with two maxima, whereas that for subsequent adsorption was fixed
at ∼40 kJ mol-1. To date, the qst value is found to be below 55 kJ
mol-1, even though the effects of the methanol-methanol interaction,
hydrogen bond between the methanol framework, the accessible metal
site, and an adsorption in microporosity were included.14 Despite the
absence of an accessible metal site in 1, the incipient qst values of
50-95 kJ mol-1, therefore, were significantly large and are comparable
to those of alkali metal exchanged molecular sieves, in the range
90-100 kJ mol-1.15 On the other hand, the values obtained for the
subsequent adsorption of 40 kJ mol-1 compare with the vaporization
enthalpy of methanol, 37.4 kJ mol-1.16 This indicates that there is no
specific surface left after the adsorption of the initial two methanol
molecules per unit. These results imply that the pyridinium cationic
surface is involved in the initial strong adsorption of methanol. To
investigate any structural transformation during the methanol adsorp-
tion, the XRPD pattern was measured at points A (P/P0 ) 0.3), B
(0.7), and C (0.9) as shown in Figure 2a. The whole-powder-pattern
fitting by the Le Bail method reveals that the early two and three
methanol inclusions induce the shrinkage (V ) 7649(1) Å3) and
expansion (8263(2) Å3) of the 2D porous layers from the framework
of the as-synthesized 1⊃2DMF ·H2O (8048(1) Å3), respectively. This
change in cell volume is mainly involved in shrinkage and expansion
of the c axis, as evident from the shifts of the index peak 002 in Figure
S2d-f and Table S1. This framework transformation of 1 presumably
will also enable them to adsorb methanol specifically.17

In summary, we have synthesized a porous coordination polymer
containing a pyridinium cation as an organic linker and have
investigated the absorptive ability of methanol. Our analysis revealed

that 1 adsorbs methanol with a large isosteric heat of adsorption (50-95
kJ mol-1) compared to those of alkali metal exchanged molecular
sieves. This result implies that the pyridinium cationic surface
participates in the strong adsorption of methanol. Our future work will
focus on how guests interact with the aromatic cationic surface. These
investigations are in progress.
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Figure 2. (a) Sorption isotherms of methanol at 297.39 K for 1. XRPD
patterns at points A-C were obtained. Inset shows low pressure region.
(b) Isosteric heat of adsorption, qst, of methanol on 1 plotted against the
amount of adsorption.
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