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1. INTRODUCTION

In coordination chemistry, porous coordination polymers
(PCPs) or metal�organic frameworks (MOFs) have gained
much attention in a few decades not only because of their
intriguing variety of architectures and topologies1�9 but also
for potential application functionalities of gas storage,10�16

separation,17�22 catalysis,23�28 sensor,29 magnetism,30�34 non-
linear optics,35�38 and ion exchange.39

Since one of the most important properties of PCPs is the
framework flexibility, because it has the potential to improve their
unique functionalities, many PCPs exhibiting a wide range of
flexible behavior have been reported.40�59 The specific functions
of such materials highly depend on the structural characteristics,
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ABSTRACT: Selective synthetic routes to coordination poly-
mers [Cu(bpy)2(OTf)2]n (bpy = 4,40-bipyridine, OTf =
trifluoromethanesulfonate) with 2- and 3-dimensionalities of
the frameworks were established by properly choosing each
different solvent�solution system. They show a quite similar
local coordination environment around the Cu(II) centers, but
these assemble in a different way leading to the 2D and 3D
building-up structures. Although the two kinds of porous
coordination polymers (PCPs) both have flexible frameworks,
the 2D shows more marked flexibility than the 3D, giving rise to different flexibility-associated gas adsorption behaviors. All
adsorption isotherms for N2, CO2, and Ar on the 3D PCP are of type I, whereas the 2D PCP has stepwise gas adsorption isotherms,
also for CH4 and water, in addition to these gases. The 3D structure, having hydrophilic and hydrophobic pores, shows the size-
selective and quadrupole-surface electrical field interaction dependent adsorption. Remarkably, the 2D structure can accommodate
greater amounts of gas molecules than that corresponding to the inherent crystallographic void volume through framework
structural changes. In alcohol adsorption isotherms, however, the 2D PCP changes its framework structure through the guest
accommodation, leading to no stepwise adsorption isotherms. The structural diversity of the 2D PCP stems from the breathing
phenomenon and expansion/shrinkage modulation.



10513 dx.doi.org/10.1021/ja201170c |J. Am. Chem. Soc. 2011, 133, 10512–10522

Journal of the American Chemical Society ARTICLE

and the framework dimensionality is one of the most effective
factors. For example, if weak interactions among 1D chains are
replaced by strong bonds through rigid linkers, the resultant
framework is a 2D network with lower flexibility; furthermore, if
2D sheets with weak interactions mutually connect via strong
bondings, a more rigid 3D network is obtained (Scheme 1).60,61

As a result, single frameworks with higher dimensionality may
have less possibility to show high flexibility. Nevertheless, the
effect of the structural dimensionality on the flexibility is not so
clear becausemany factors can contribute to the flexible behavior,
such as the strength of bonds or interactions through linkers and
their coordination modes toward the metal centers.

Previously, we showed a unique adsorption property, i.e., “gate
adsorption”, of a variety of gases on an elastic layer-structured
MOF (ELM), [Cu(bpy)2(BF4)2]n (ELM-11) (bpy = 4,40-
bipyridine),62�64 and we indicated that the expansion/shrinkage
modulation of the ELM is the reason for the gate adsorption.65

The unique gas adsorption phenomenon of the ELM occurs
through a new chlatrate lattice formation between the ELM and
the guest gas molecules.66 We also showed a stepwise N2

adsorption on an analogous ELM, [Cu(bpy)2(OTf)2]n (ELM-
12) (OTf = trifluoromethanesulfonate), stemming from micro-
pore filling and a subsequent gate adsorption.67MIL-53 (Cr) also
shows similar adsorption behaviors coming from pore-shape
distortion, and the responsive transformation depends on the
nature of adsorbates.68,69 The adsorptivities of various kinds of
gases on ELM-12 are not yet clear and need to be investigated for
a better understanding of the responsive adsorption and for its
application to highly efficient storage and separation of gases
such as CO2 and CH4.

We established simple routes to control the dimensionality of
different PCPs with exactly the same framework composition,
[Cu(bpy)2(OTf)2]n, by choosing appropriate solvent�solution
systems which consist of Cu(OTf)2/water and bpy/ethanol with
different kinds of alcoholic solvents for an intermediate layer.
Though the Cu(II) nodes have quite similar local coordination
structures, they are connected in different ways to form the 2D
and 3D frameworks. The term “supramolecular network
isomers”4 was used to describe a pair of PCPs like these, and
what is more interesting, they can be considered ideal model
systems to elucidate the relationship between framework flex-
ibility and dimensionality of PCPs.

As the structural flexibility of PCPs can be sensitively detected
by gas adsorption, adsorption studies of molecules with different
properties on 2D and 3D PCPs are strongly requested. In this
article, we present the syntheses, structures, gas adsorption
properties of N2 (77 K), CO2 (196 and 273 K), Ar (87 K),
and H2 (77 K) on the 2D and 3D PCPs, and vapor adsorption of

water and some kinds of alcohols (303 K), as well as high-
pressure adsorption of H2 (77 and 303 K), CH4 (258 K), and
CO2 (273 K) on the 2D PCP. The effect of the structural
dimensionality of the PCPs on the structural flexibilities is
discussed with relevance to the molecular adsorptivities.

2. EXPERIMENTAL SECTION

Selective Synthesis of Crystalline PCPs with Different
Dimensionality. The 2D and 3D PCPs are synthesized by a basically
similar procedure. A pure alcohol was carefully added onto an aqueous
solution of Cu(OTf)2, and then an ethanolic solution of bpy was
carefully layered over this solution. When the interlayer phase of the
pure alcohol is methanol, ethanol, 1-propanol, and 1-buthanol, blue
crystals of the 2D PCPs were obtained (named 167 for methanol, 267 for
ethanol, 3 for 1-propanol, and 4 for 1-buthanol, respectively). Com-
pounds 1�4 are isostructural with slightly different interlayer distances
and different unit cell volumes. On the other hand, blue crystals of the
3D PCPs were obtained when using 1-hexanol and 1-octanol as the
interlayer phase (named 5 for 1-hexanol and 6 for 1-octanol). In
addition, we can also obtain crystals of the 3D PCP 7 with a water�
DMSO system.

It is worth noting that we have observed that crystals of 4 left to stand
in the mother liquor for very long times (about one year) convert to 3D
PCP, as confirmed by single-crystal X-ray diffraction. Similar long time
spending experiments carried out with crystals of 1, 2, and 3 did not
show appreciable 2D to 3D transformation.

The detailed synthetic procedures are as mentioned below.
Synthesis of Crystals of 1�6. A pure alcohol (1.0 mL) was carefully

added (30.0 mL/h) onto an aqueous Cu(OTf)2 solution (30 mM,
10.0 mL) in a straight glass vial, and then a solution of bpy/ethanol
solution (60.0 mM, 10.0 mL) was layered onto the alcohol layer
(30.0 mL/h), at room temperature. The glass vial was capped and left
to stand. After a fewweeks, plate (1�4) and block (5 and 6) shaped dark
blue crystals were obtained, which were collected by filtration and
washed with small amounts of distilled water and alcohol.

Synthesis of Crystals of 7. Distilled water (10.0 mL) was carefully
added (30.0 mL/h) to a solution of bpy/DMSO (80.0 mM, 62.5 mL) in
a square-shaped glass vial, and then an aqueous Cu(OTf)2 solution
(160 mM, 15.7 mL) was layered onto the water layer (30.0 mL/h) at
room temperature. The glass vial was capped and left for seven days, and
then the cap was opened. After a few weeks the block-shaped crystals
were grown. The crystals were filtered off, washed with distilled water,
and dried in air. These crystals gradually lose their transparency in air,
and therefore the single-crystal X-ray diffraction measurements were
carried out at low temperature by using the crystals from the mother
liquid directly.
X-ray Single-Crystal Structural Determinations. Data were

collected on a Bruker SMART CCD area detector diffractometer (Mo
KR radiation λ = 0.71073 Å) at 150 K for 3 by theω scan method. Data
were collected on a Bruker APEX II CCD area detector diffractometer
(Mo KR radiation λ = 0.71073 Å) at 173 K for 4, 5, and 6 and at 183 K
for 7 by the ω scan method. Empirical absorption corrections
(SADABS) were applied in all cases. The structures were solved by
direct methods (SIR97) and refined by full matrix least-squares on F2

(SHELX97). Anisotropic thermal factors were assigned to all non-
hydrogen atoms with full occupancy. During the refinements of all
structures, several residual peaks were found corresponding to highly
disordered guest molecules. Their contribution was subtracted from the
observed structure factors according to the BYPASS procedure70 that
was implemented in PLATON with the command SQUEEZE. The
crystallographic parameters are summarized in Table 1 and ref 71.
Thermal Gravimetric (TG), In Situ X-ray Powder Diffrac-

tion (XRPD), and In Situ IR Measurements. TG analyses were

Scheme 1. Example of the Relationship between Framework
Dimensionality and Softness/Rigidness of the Structure
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performed on a Seiko Instruments Inc. EXSTAR 6000 system under N2

gas flow (200 mL/min). The TG measurements were carried out from
room temperature to 773 K at a heating rate of 3 K/min. The in situ
X-ray powder diffraction (XRPD) measurements were performed on an
improved Bruker MXP3 system with graphite-monochromated Cu KR
radiation (λ = 1.5406 Å) by a fixed time method operating at 1000 W
power (40 kV, 25 mA). The synchrotron XRPD patterns were collected
at BL02B2 SPring-8 with a large Debye�Scherrer camera.72 The
wavelength of the incident X-ray was λ = 1.0005 ( 0.0005 Å. The
temperature was controlled in a wide range by a low-temperature
nitrogen gas blower. In situ IR spectra of the 3D PCP were recorded
by the FT-IR spectrometer (JASCO FT/IR-550, JASCO) with tem-
perature- and pressure-controlling systems.
Gas Adsorption Measurements. The adsorption isotherm

measurements were carried out by a laboratory designed gravimetric
apparatus (N2 at 77 K, methanol, ethanol, 1-propanol, and water at 303
K) and an automatic volumetric apparatus (autosorb-1, Quantachrome,
CO2 at 196 and 273 K, Ar at 87.3 K, and H2 at 77 K). The high-pressure
adsorption isotherms were measured by a gravimetric system
(Cahn1100 balance, H2 at 77 and 303 K, CH4 at 258 K, and CO2 at
273 K). Because the XRD patterns of guest-free compounds of 1�4 are
almost the same, 2 was used for gas adsorption experiments as a
representative of the 2D PCP. Compound 7 was selected as a repre-
sentative of the 3D PCP for the same reason. The powder samples were
pretreated under vacuum (<10�2 Pa) at 363 K for the 2D PCP and at
383 K for the 3D PCP for 2 h before each gas adsorption measurement.

3. RESULTS AND DISCUSSIONS

Crystal Structures of the 2D and 3DPCPs.The single-crystal
X-ray diffraction analyses reveal that the Cu(II) ions in all the
seven compounds are surrounded by four bpy ligands in equa-
torial position and two OTf anions in axial position forming a
slightly distorted octahedral coordination geometry (Figure 1a).
The structures of 1�4 have 2D square-grid (SG, 44 or sql) sheets
(Cu 3 3 3Cu in the range 11.11�11.15 Å, Figure 1b) comprising
Cu(II) ions and bridging bpy ligands that are stacking each other
in an ABAB fashion (Figure 1c, 1d, and Figure 1S, Supporting
Information). Notwithstanding the same topological motif,
crystals of 1�4 show different interlayer distances (Table 2).
The neighboring 2D sheets in 2 are connected by hydrogen
bondings via two guest ethanol molecules and one water

molecule per molecular formula with a relatively long interlayer
distance (7.17 Å) (Figure 2S and Table 1S, Supporting In-
formation). On the other hand, defined guest molecules are
not observed in 1, and a weak interlayer interaction is present
between oxygen atoms of OTf anions and hydrogen atoms of bpy
ligands.67 The interlayer distance (6.84 Å) of 1 is the smallest in
the four crystals (1�4), while those of 3 and 4 (7.15 and 7.21 Å,
respectively) are comparable to or slightly longer than that of 2.
In addition to the different interlayer distances, the 2D SG also
shows the structural change associated to the previously called
“breathing” transformation.47 In compounds 2�4, the square
windows are rather distorted toward a rhombic-meshed geome-
try, while in 1 a more regular geometry is evidenced. The same
distortion of the square layers is also present in the guest-free 2D
species. Because the structure of 1 can be thought of as the
intermediate state between the guest-containing states such as
2�4 and the guest-free state, the guest removal should occur
through at first (i) the relaxation of the distortion and (ii) the
following redistortion of the 2D SG (Figure 2). The crystals of 2
left in the air for over several days recover the original structure
by immersion into the mother liquid, indicating reversible
structural transformation induced by guest molecules. Interest-
ingly, the structural change implies a process different from what
was observed for the material MIL-53(Cr) which is well-known
for the breathing effect. The flexibility in another dimension
should influence the unique structural change process. The
expansion/shrinkage modulation and the breathing transforma-
tion occur in a concerted fashion and affect the unit cell volumes
and the void volumes. Comparing them with those of the guest-
free state, the standardized unit cell volume (Z = 4) and the void
volume change by 327�488 Å3 (10.6�15.9% of the unit cell
volume) and 0.048�0.11 mL/g (34�75% of the void volume),
respectively.73 The void volume of the guest-free 2D PCP is
0.14 mL/g. These results show that the 2D SG stacking
compounds can have various structures accompanied by the
accommodation of guest molecules.
The structure of the 3D PCP in 5�7 is similar to that reported

before (2-fold interpenetrated 4284-lvt topology).74 There are
two kinds of channels (hydrophilic and hydrophobic) due to the
unique binding system irrespective of the similar coordination
geometry around the Cu(II) ion and the same building units

Table 1. Single-Crystal X-ray Data for 1�7a

compound 1 2 3 4 5 6 7

intermediate

solvent

methanol ethanol 1-propanol 1-butanol 1-hexanol 1-octanol water

formula C22H16CuF6
N4O6S2

C26H30CuF6
N4O9S2

C25H24CuF6
N4O7S2

C22H16CuF6
N4O6S2

C22H16CuF6
N4O6S2

C22H16CuF6
N4O6S2

C22H16CuF6
N4O6S2

fw 674.05 784.20 736.14 674.05 674.05 674.05 674.05

lattice orthorhombic orthorhombic orthorhombic orthorhombic tetragonal tetragonal tetragonal

a, Å 16.158(3) 16.743(9) 16.497(3) 16.510(3) 28.5955(13) 28.564(2) 28.546(4)

b, Å 13.688(3) 14.532(8) 14.296(3) 14.417(3) 28.5955(13) 28.564(2) 28.546(4)

c, Å 15.319(3) 14.723(8) 14.869(3) 14.910(3) 18.0782(8) 18.2725(13) 18.064(4)

V, Å3 3388.3(12) 3538(3) 3506.7(12) 3548.9(12) 14782.6(12) 14908.6(18) 14720(4)

space group Pbna (no. 60) Pn21a (no. 33) Pnna (no. 52) Pnna (no. 52) I41/acd (no. 142) I41/acd (no. 142) I41/acd (no. 142)

Z 4 4 4 4 16 16 16

T, K 150 150 150 173 173 173 183
aCrystal structures for compounds 1 and 2 were reported elsewhere.65 The nonstandard setting acb is used for 1 and 2 for comparison with 3 and 4.
Crystallographic details for 3�7 are reported in ref 71.
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present in the 2D PCP (Figure 1e and Figure 3S, Supporting
Information). The two kinds of channels that align along the c

axis alternate as a chessboard. The hydrophilic one is constructed
by the stacking of bent squares, whereas the hydrophobic one is
formed by double 41 helical chains entangled along the c axis. The
size of the hydrophilic channel is smaller than that of the
hydrophobic one because of the presence of OTf anions in the
former ones. Therefore, the hydrophobic accessible volume is

Table 2. Interlayer Distance, Standardized Unit Cell Volume
(Z = 4), and Calculated Void Volume of 2D Crystals 1�4
a

crystal 1 2 3 4 guest-free

interlayer distance, Å 6.84 7.17 7.15 7.21 6.30

unit cell volume, Å3 3388 3538 3507 3549 3061

void volume, Å3 � 103 0.848 1.10 � 1.02 0.627

mL/g 0.189 0.245 � 0.227 0.14

(%) (25.0%) (31.0%) � (28.7%) (20.5%)
aThe unit cell volume of the guest-free PCP is standardized to
correspond to other crystals.

Figure 2. Schematic representation of 2D SG transformation through
the guest removal.

Figure 1. Local coordination structure of the Cu(II) ion in 2D and 3D PCPs (a). The 2D SG sheet in 2D PCP (b), top view (c), and side view (d) of
stacking structure of the square grid sheets. The view of 3D PCP with hydrophilic and hydrophobic pores along the c axis (e).
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larger than that of the hydrophilic one in 5�7 (Table 3).
Comparing the unit cell parameters and pore parameters, slight
deviations can be seen, showing the flexibility of the 3D frame-
work. The average pore volume of the 3D PCPs 5�7 is
0.295 mL/g [hydrophilic pore, 0.103 mL/g (12.5%); hydro-
phobic pore, 0.192 mL/g (23.2%), respectively].73 The 3D PCP
has the higher porosity, compared to the guest-free 2D PCP
(Tables 2 and 3).
An important structural difference in the two types of PCPs

consists of the fact that in the 2D species all the inside guest-
accessible voids are hydrophilic regions (i.e., the interlayer
spaces) while the 3D networks exhibit (smaller) hydrophilic
channels and (larger) hydrophobic ones. This can explain the
selective syntheses of compounds 1�6; that is, with the growing
length of the chains of the n-alcohols used, implying an increased
hydrophobic contribution, the 3D architectures seem favored.
The borderline compound 4 (n-buthanol) has been observed to
give both “supramolecular isomeric” frameworks.
Adsorption of N2, CO2, and Ar on 3D PCP. Figure 3a shows

the adsorption isotherms of N2 (77K), CO2 (196 K), and Ar
(87 K) on the 3D PCP. All of the isotherms show a steep uptake
at the low relative pressure region followed by the plateau
region that can be categorized as type I of IUPAC classification.
The shape of adsorption isotherms indicates the presence of
uniformmicropores with a deep potential well. In the isotherms
of N2 and Ar, a clear disagreement in adsorption and desorption
branch is observed. This should come from a diffusion restric-
tion due to the narrow pores at the low measuring temperature.
On the other hand, a hysteresis loop in a low-pressure region is
not observed for the CO2 adsorption due to relatively higher
measuring temperature. The maximum adsorption amounts at
P/P0 = 1 are highly dependent on the gas species. The adsorbed
amount of N2 is 2.1 times and that of Ar is 1.6 times larger than
that of CO2 in molar unit (N2, 8.0 mmol/g, Ar, 6.2 mmol/g,
CO2, 3.8 mmol/g). Molecular adsorption in microporous
systems has been described by the following Dubinin�
Radushkevich (DR) equation:75 W/W0 = exp[�(A/E)2], A =
RT ln(P0/P), E = βE0.
Here W is the amount of adsorption at pressure P, W0 the

micropore volume, E0 the characteristic adsorption energy,
and β the affinity coefficient. βE0 is associated with the
isosteric heat of adsorption, qst,ϕ=1/e, at the fractional filling
ϕ of 1/e using the enthalpy of vaporization, ΔHv, at the

boiling point.

qst,ϕ¼ 1=e ¼ ΔHv þ βE0

The obtainedW0 and qst,ϕ=1/e are summarized in Table 4. The
W0 value of N2 is almost equivalent to the crystallographic total
void volume of the 3D PCP, indicating the pore filling of N2

molecules in both hydrophilic and hydrophobic pores. In con-
trast, theW0 values of CO2 and Ar seem to be comparable to the
void volumes of hydrophilic and hydrophobic pores, respectively.
If Ar molecules can be adsorbed in both pores, the estimated
adsorbed amount of Ar from the micropore volume of N2

(0.27 mL/g) and liquid density of Ar at boiling point (1.393
g/mL) is about 9.5 mmol/g, that is, quite larger than the
experimental result (6.2 mmol/g). In the 3D PCP, the hydro-
philic pore size is comparable to the size of adsorptives and
smaller than the hydrophobic one. In addition, the molecular size
of Ar (3.40 Å)76 is larger than the one of N2 (3.32 Å)77 in

Table 3. Calculated Hydrophilic and Hydrophobic Pore
Volume of 3D PCPs 5�7a

crystal 5 6 7 average

hydrophilic pore volume,

Å3 � 103
0.492 0.465 0.429 0.462

mL/g 0.110 0.104 0.0957 0.103

(%) (13.3%) (12.5%) (11.6%) (12.5%)

hydrophobic pore volume,

Å3 � 103
0.828 0.905 0.841 0.858

mL/g 0.185 0.203 0.188 0.192

(%) (22.4%) (24.4%) (22.9%) (23.2%)

total void volume, Å3 � 103 1.32 1.37 1.27 1.32

mL/g 0.295 0.307 0.284 0.295

(%) (35.7%) (36.9%) (34.5%) (35.7%)
aThese values are standardized in Z = 4 to compare the values of
2D PCPs.

Figure 3. Adsorption isotherms of N2 (77K), CO2 (196 and 273 K),
and Ar (87.3 K) on (a) 3D and (b) 2D PCPs. Solid and open symbols
represent adsorption and desorption branches, respectively.

Table 4. Micropore Parameters of 3D PCP

N2 CO2 Ar

W0, mL/g 0.27a 0.095 0.19a

qst, kJ/mol 20a 34 15a

aThe estimations of micropore parameters were performed by using the
desorption branches.
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minimum dimension. Therefore, it is reasonable to consider that
Armolecules cannot be adsorbed in the hydrophilic pores, that is,
selective adsorption in the hydrophobic pores. Although the 3D
PCP is relatively rigid compared with the 2D PCP, flexibility and
slightly different structures of 3D PCP, corresponding to differ-
ent guest molecules, have been detected. The details are not
clear, but framework flexibility induced by guest�host interac-
tion should influence the gas adsorptivities. In the case of
adsorption of CO2, that has a large quadrupole moment, the
presence of polar groups on the surface is a requisite for sufficient
adsorption with the aid of the quadrupole�surface field interac-
tion even at the sublimation temperature.78 Therefore, CO2

molecules should be selectively adsorbed in the hydrophilic
pores of smaller size. In situ IR spectroscopic examination at
196 K supports this behavior. The peak at 1182 cm�1, assigned to
the asymmetric mode νas of SO3,

79 slightly but gradually shifts to
a lower frequency (1172 cm�1) with an isosbestic point, whereas
peaks related to bpy ligand are not changed during the CO2

adsorption (Figure 4S, Supporting Information). The IR results
indicate that CO2 molecules interact with OTf anions in the
hydrophilic pore. The obtained qst,ϕ=1/e value from the CO2

isotherm is 34 kJ/mol which is much greater than the sublimation
heat of CO2 at 194.7 K (25.2 kJ/mol). If all of CO2molecules are
adsorbed only in the hydrophilic pores, the adsorbed density
calculated with the adsorbed amount and crystallographic void
volume is 1.53 g/mL which is comparable to that of dry ice (1.56
g/mL) at 193 K.
Adsorption of N2, CO2, and Ar on 2D PCP. The adsorption

isotherms of N2 (77K), CO2 (196 K), and Ar (87 K) on the 2D
PCP are shown in Figure 3b. All isotherms differ from the type I
isotherms on the 3D PCP, showing some steps in both adsorp-
tion/desorption branches with a wide range of hysteresis loop. In
the N2 isotherm, there are three steps in the adsorption branch
and two steps in the desorption branch (Figure 5S, Supporting
Information). The values of W0 and qst,ϕ=1/e at each step are
obtained from DR analysis (Table 5). The first step in the
adsorption having the largest qst,ϕ=1/e value should be the specific
adsorption near Cu(II) ions because of the deepest potential well
near the metal ion, which is supported by the uptake in the lowest
pressure range. TheW0 value of the second uptake is equivalent
to the crystallographic void volume of the guest-free 2D PCP; the
second step should correspond to the micropore filling of N2

molecules in the inherent micropores. The third steep uptake at
P/P0 = 0.16 must mainly stem from the expansion of the
interlayer distance to form accessible free space corresponding
about to the double of the crystallographic void volume of the
guest-free 2D PCP,67 which is comparable to the total pore
volume of the 3DPCP. The uptake of the 3DPCPmainly derives
from the micropore filling, while the 2D PCP adsorbs N2

molecules by micropore filling, inducing the structural transfor-
mation that increases the micropore volume. The qst,ϕ=1/e values
from adsorption/desorption branches on the 2D PCP are quite

different, indicating the presence of energetically different ad-
sorption sites and/or the consumption of energy through the
framework structural change.
Although adsorption isotherms of CO2 at 196 K and of Ar at

87 K on the 2D PCP show some stepwise uptakes in adsorption/
desorption branches with hysteresis loops, the adsorptivities in
the low-pressure region are remarkably different from each other.
The CO2 adsorption isotherm indicates the steep uptake,
whereas the Ar adsorption shows a small increment of adsorption
amount in the low relative pressure region. This means that the
micropore size of the 2D PCP is smaller than an Ar atom and
larger than a CO2 molecule. Only Ar is nonpolar and spherical,
being different from both N2 and CO2, and the size of Ar is the
largest of the three species in minimum dimension (Lennard-
Jones parameters: Ar, 3.40 Å; N2, 3.32 Å; CO2, 3.03 Å).76,77,80

The above adsorption data indicate that the slight difference in
the molecular shape, size, and polarity can be recognized by the
flexible 2D PCP. An abrupt uptake like gate adsorption appears at
P/P0 = 0.15 after the slight rise in the Ar adsorption. The BET
surface area below the uptake is 38 m2/g which is much smaller
than that from the N2 adsorption isotherm (740 m2/g). In the
higher-pressure region after the steep uptake, the BET surface
area drastically increases up to 630 m2/g, indicating the adsorp-
tion into the micropores produced thanks to the structural
transformation. These results show one important fact; that is,
the micropore filling is not necessary to induce the structural
transformation. The Ar adsorption mechanism is different from
that of N2 because the structure transformation occurs without
the micropore filling whereas N2 adsorption needs it as men-
tioned above. It is noteworthy that the 2D PCP adsorbs a large
amount of Ar and CO2, more than twice that for the 3D PCP,
through the dynamic structural change, though the 2D PCP has
less than half of void volume of the 3D PCP in the guest-free
state. The evaluated filling percentages, those calculated from
each adsorption amount, liquid, or solid density of adsorbate, and
the crystallographic void volumes, are shown in Table 6 for
comparison of adsorption capacities of the 2D and 3D PCPs. All
of the filling percentages of the 2D PCP exceed 100%, whereas

Table 5. Characteristic Parameters of Multisteps in the N2 Adsorption Isotherm of 2D PCP from DR Plots

adsorption desorption

first second third first second

pressure, P/P0 <3 � 10�3 1 � 10�2 < P/P0 < 0.16 0.22 < <2 � 10�4 >1 � 10�2

W0, mL/g 0.072 0.15 0.27 � 0.27

qst, kJ/mol 20 11 9.9 10 16

Table 6. Filling Percentage of the Original Crystallographic
Pore Volume
a

2D 3D

gas species filling percentage, %

N2 190 87

CO2 160 35

Ar 250 58
aThese percentages were calculated using the following densities (N2,
0.808 g/mL; CO2, 1.565 g/mL; Ar, 1.393 g/mL).
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the 3D PCP shows less than 100% of the filling percentage.
Accordingly, the 2D PCP transforms its framework structure to
accommodate a larger amount of guest molecules than the void
volume of the original crystallographic structure, taking advan-
tage of the flexible framework. On the other hand, the 3D PCP
has less framework flexibility and adsorbs gas molecules only in
the inherent pores of the more rigid lattice.
Supercritical H2 Adsorption Properties of 2D and 3DPCPs.

One of the most interesting features of the flexible PCPs is the
adsorption properties of clean energy such as hydrogen and
methane.66,81�83 The H2 adsorption isotherms at 77 K are shown
in Figure 4. The shape of the isotherms on the 2D and 3D PCPs is
of type I with no step, and a slight deviation in adsorption/
desorption branches is observed. The 2D and 3D PCPs show the
equivalent maximum adsorption amount at 101 kPa (2D PCP; 6.0
mg/g, 3D PCP; 6.2 mg/g). The isotherm on the 2D PCP shows a
steeper uptake than that on the 3D PCP in the low-pressure
region, being consistent with that of CO2 adsorption at 273 K
(Figure 6S, Supporting Information). Since both adsorption
isotherms do not reach the saturation of adsorption, the saturated
H2 adsorption amountWL is estimated from the Langmuir plot of
the adsorption isotherms. Furthermore, the adsorption isotherms
of supercritical H2 are analyzed with the extended DR analysis to
determine the quasi-saturated vapor pressure P0q and qst,ϕ=1/e
(Table 7).84 Here, a smaller P0q indicates a more quasi-vaporiza-
tion of a supercritical gas due to the stronger molecule�pore
interaction. If there is no structural change, the saturated H2

adsorption amount on the 3D PCP should be larger than that of
the 2D PCP assumed from theWL values. On the other hand, the
resultant P0q and qst,ϕ=1/e values indicate the stronger adsorption
affinity of a H2 molecule to the 2D PCP than the 3D PCP. The
adsorbed volumes of H2 on the 2D and 3D PCP are estimated by
using the liquid density of 0.077 mg/mL at the triple point to be
0.078 and 0.081 mL/g, respectively, corresponding to 55% and
27% filling of the crystallographic void volumes.

High-Pressure Gas Adsorptivities of the 2D PCP. For the
understanding of gas adsorption properties of the 2D PCP in a
wide pressure range, we performed the high-pressure H2 adsorp-
tion measurements up to 6MPa on the highly flexible 2D PCP at
77 and 303 K (Figure 5a). The surface excess amount of H2 at
77 K increases up to 10.4 mg/g, which is larger than the saturated
adsorption amount estimated by the Langmuir plot from the low-
pressure adsorption isotherm, and no definite steps are observed.
This result implies that structural changes can occur through a
gas adsorption without definite adsorption jumps and/or folding
points in an isotherm. The adsorption amount is almost nil up to
6 MPa at 303 K, indicating that the interaction between super-
critical H2 gas and the framework of the 2D PCP is too weak.
That is, the stabilization energy gain due to the clathrate
formation between H2 and the 2D PCP should be smaller when
compared with other gas species such as N2, Ar, and CO2.

Figure 4. Hydrogen adsorption isotherms of 2D (rhombic) and 3D
(circle) PCPs at 77 K. Solid and open symbols represent adsorption and
desorption branches, respectively.

Table 7. Saturated H2 Adsorption Amount WL, The Quasi-
Saturated Vapor Pressure P0q, and Isosteric Heat of Adsorp-
tion at Fractional Filling of 1/e, qst,ϕ=1/e, on 2D and 3D PCPs

crystal WL, mg/g P0q, kPa qst,ϕ=1/e, kJ/mol

2D 7.1 700 3.8

3D 8.0 1030 3.4

Figure 5. High-pressure adsorption isotherms of 2DPCP forH2 at 77 K
(blue) and 303 K (black) (a), CH4 at 258 K (b), and CO2 at 273 K (c).
Solid and open symbols represent adsorption and desorption branches,
respectively.
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In recent years, CH4 and CO2, which have stronger interaction
energy than H2, have attracted much attention because they are
the greenhouse gases, and furthermore, at the same time, CH4 is
regarded as one of the clean energies. Figure 5b shows the high-
pressure CH4 adsorption isotherm on the 2D PCP at 258 K. The
packing density of the pores with molecules becomes difficult to
be increased due to the presence of pore walls at a higher
pressure, and thereby the surface excess mass slightly decreases
with the increase of the pressure. The slight folding point that is
observed at 4MPa should come from the structural change of the

framework. The high-pressure CO2 adsorption isotherm at 273
K is shown in Figure 5c. A definite steep uptake at around 0.2
MPa is observed, although the adsorption jump is observed
below 0.1 MPa at 196 K. If CO2 molecules fill the inherent
micropores of the guest-free 2D PCP at this point, the adsorbed
CO2 density is 0.38 g/mL, which is similar to that calculated from
the volume at the first folding point (196 K, P/P0 = 10

�4). These
results indicate that the interaction between gas molecules and
adsorbents plays an essential role to induce the dynamic struc-
tural changes to form the clathrate compound.

Figure 6. Synchrotron XRD patterns of (a) 2D PCP without guest, adsorbing methanol, ethanol, and 1-propanol at room temperature and (b)
adsorbing CO2 at 196 K at different pressures of points A, B, C, and D. Arrows show the diffraction peaks relating to the interlayer distances. Dotted lines
indicate the diffraction peaks relating to the shape of 2D SG in the guest-free state. Those diffraction peaks of methanol, ethanol, 1-propanol, and water
adsorbing 2D PCPs are between the two lines.
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Structure-Expanding Guest Accommodation Ability of
the 2D PCP. As shown above, the 2D PCP shows a variety of
unique stepwise gas adsorption isotherms, suggesting an explicit
structure expansion of the 2D SG sheets on accommodation of
guest molecules. Figure 6 shows synchrotron XRD patterns of
the 2D PCP adsorbing various kinds of gases at several tempera-
tures (methanol, ethanol, 1-propanol, and water at room tem-
perature and CO2 at 196 K). All of the XRD patterns of the gas-
adsorbing 2D PCP are different from that of the guest-free PCP.
Furthermore, they are different from each other, indicating a
characteristic structure transformation depending on the nature
of the adsorbing guests. The measured XRD patterns were
indexed to estimate the interlayer distances and the distortion
of the 2D SG by the DICVOL software.85 The obtained index
parameters for all cases are reported in Table 3S (Supporting
Information). The determined d values, corresponding to the
interlayer distances, are intermediate between that of the as-
synthesized state and the guest-free state (see Table 2): metha-
nol, 6.54 Å; ethanol, 6.57 Å; 1-propanol, 6.68 Å; water, 6.53 Å.
The d values show that the free volume is moderately increased
with respect to the guest-free species (6.30 Å). The square
windows are less distorted, and in particular, ethanol and water
adsorbing crystals show similar a and b unit cell parameters,
typical of the open form (Figure 2b and Table 3S, Supporting
Information).
The adsorption isotherms of N2, CO2, and Ar have the

stepwise structure, as mentioned above. However, the adsorption
isotherms of methanol, ethanol, and 1-propanol at 303 K on the
2D PCP have no definite folding points and/or adsorption jumps
(Figure 8S, Supporting Information). Only the water adsorption
isotherm has a gradual uptake around P/P0 = 0.07, which must
be caused by the weak hydrophobic nature of the framework. The
rise of the isotherms in the low-pressure region depends on the
hydrophobic tendency of adsorbate so that 1-propanol shows the
steepest uptake in these adsorbates. The maximum adsorption
molecular numbers of methanol, ethanol, 1-propanol, and water
correspond to 4.1, 2.1, 0.94, and 4.8 per one Cu, respectively. On
the other hand, the ratio of volumes of each molecules is almost
2.6:4.0:5.0:1. Therefore, the ratio of the occupied space in the
micropores is 11:8.4:4.7:4.8 in the order of methanol, ethanol,
1-propanol, and water. In alcoholic adsorptions, the larger the
molecular size of the adsorbate, the lower the density of the
adsorbed phase, because of molecular packing difficulty in
micropores. The adsorbed state of water is unique. In spite of
the smaller molecular size of water when compared with that of
the alcohol molecules, the adsorbed density is low. This must
stem from the bulky hydrogen bonding network formed in the
micropores.
The 2D PCP can form a variety of structural states at different

pressures even with one kind of gas species. The synchrotron
XRD patterns through the CO2 adsorption at 196 K on the 2D
PCP are shown in Figure 6b. The XRD patterns clearly show the
structural changes occurring in sequence accompanied with CO2

accommodation. The functions of flexible PCPs can be con-
trolled not only by the type of gas species but also by the
introduced gas pressure.

4. CONCLUSIONS

We established the selective synthetic way to flexible 2D/3D
porous coordination polymers having a similar local coordination
structure around the Cu(II) ions and exactly the same framework

composition, [Cu(bpy)2(OTf)2]n, in different solvent�solution
systems. These species have proven to be useful for the investiga-
tion of the phenomenon of framework dimesionality-dependent
gas adsorption. Although both kinds of PCPs have framework
flexibility, the 2D PCP shows higher flexibility than that of the 3D
PCP. The difference of the framework flexibility generates the
different gas adsorption isotherms. The 3D PCP shows type I
adsorption isotherms without definite steps. However, the 3D
PCP shows the selective adsorption by the molecular sieving
effect and quadrupole�hydrophilic surface interaction. On the
other hand, the highly flexible 2D PCP shows stepwise adsorp-
tion isotherms for a variety of gases such as N2, CO2, Ar, CH4,
and water, by a concerted phenomenon involving the expansion/
shrinkage of the layers and the breathing transformation. In
particular, the uptakes of CO2 and Ar on the 2D PCP are twice
that on the 3D PCP, although the pore volume of the guest-free
2D PCP is less than one-half that of the 3D PCP. In alcohol
adsorption isotherms, although the definite folding point is not
observed, the 2D PCP changes its framework structure through
the accommodation of guest molecules. Gas-adsorbing struc-
tures of the 2D PCP depend on the type of guest molecules and
can be changed by variation of pressure. Hence, the 2D structure
is indispensable to show a remarkable structure adaptability to
molecular adsorption. The concept of using the expandable
layered PCP must improve the functionalities such as molecular
storage and separation.
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