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Introduction

Porous materials based on metal–organic compounds are at-
tractive research targets owing to their designable structure,
unusual flexibility, and tunable functional groups.[1] Control
of the inclusion phenomenon is one of the most important
issues for applications of molecular recognition and separa-
tion. The channel structures can be designed and modified

by tuning the host properties, for example, cavity size,
shape, and intermolecular interactions for the included
guests, such as p–p, dipole–dipole, and hydrophobic interac-
tions. Guest reactivity and stability can also be controlled in
the cavity.[2] The remarkable feature of these materials is
their reversible structural transformation in the adsorption
process.[1,3] Such a flexible host lattice that adapts to the
characteristics of the guest would contribute to progress in
molecular-recognition techniques. Direct crystallographic
observation of inclusion crystals through gas (or vapor) ad-
sorption would reveal clearly the physicochemical properties
of the adsorbed guests.[4] Recently, we synthesized the
single-crystal adsorbents [MII

2ACHTUNGTRENNUNG(bza)4ACHTUNGTRENNUNG(pyz)]n (bza=benzoate,
pyz=pyrazine, M=Rh (1), Cu (2)) (Scheme 1).[5,6] These
complexes have a 1D chain skeleton, which is the same as
the previous example of a CuII benzoate–pyrazine complex[7]

except that they crystallize in a different packing mode. Be-
cause their single crystals retain their crystallinity and shape
after guest adsorption, an opportunity to determine the
exact aggregate structure of various accommodated guests
by conventional single-crystal X-ray diffraction analysis is
presented.[8,9] In our previous study, we revealed the exten-
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sive gas-adsorption ability of these complexes with both in-
organic and organic guests. Alcohol molecules may be good
candidates for investigating the aggregate state within a
channel because of the low-symmetry structure with both

hydrophilic and hydrophobic groups. Recently, alcohol rec-
ognition and its inclusions were studied primarily in interca-
lation by using layered or interpenetrated host structures.[10]

Although several examples of the structural determination
of adsorbed alcohols by soaking in liquid have been report-
ed based on single-crystal X-ray diffraction analysis,[11] stud-
ies based on alcohol-vapor adsorption into empty crystals
are rare.[4d] We reported the successful determination of the
ethanol-inclusion structure 2·2EtOH and revealed the occur-
rence of a phase transition from monoclinic C2/c to triclinic
P1̄ induced by alcohol-vapor adsorption. In this ethanol in-
clusion, the hydrogen-bonded dimer was generated in the
channel, which cocrystallized with the host lattice.[9] To
prove the ability of adsorbents 1 and 2 to adjust to diverse
guest characteristics such as size, shape, and alkyl-chain
length, we prepared the following alcohol-inclusion crystals
systematically through the vapor-adsorption process: metha-
nol, ethanol, 1-propanol, 1-butanol, and 1-pentanol. Herein,
we report the alcohol-adsorption properties and the exact
aggregate structure of alcohols in 1 and 2 and discuss them
in relation to the hydrophilic and hydrophobic interactions
between the guest and the channel wall (Figure 1).

Metal–organic porous crystals and molecular crystals are
useful for selective sorption of specific guests because of the
flexibility, integrity, and regularity of their pores.[3a, 12] This
selectivity can be applied to gas storage and separation.
However, only a few examples based on such materials are
known: selective hydrogen adsorption from CO2/H2 mix-
tures[13] and selective gas-chromatographic separation of
alkane mixtures.[14] Because our single-crystal system has a
hydrophobic surface,[5] its application to alcohol/water sepa-
ration is potentially likely. The considerable structural flexi-
bility found in this system would offer novel selectivity of
guest molecules compared with conventional adsorbents. Al-
cohol/water separation is particularly necessary for alcohols
produced by biomass conversion because this fuel must be
highly concentrated. Pervaporation is well-known to be a

Abstract in Japanese:

Scheme 1. Infinite chain structure of [MII
2 ACHTUNGTRENNUNG(bza)4ACHTUNGTRENNUNG(pyz)]n (1: M=Rh; 2 :

M=Cu).

Figure 1. Schematic representation of the aggregation structures of the alcohols, which depend on their molecular properties. Table: Molecular weights
and saturated vapor pressures.
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promising membrane-separation technique for water/organic
separation, in which a fraction of the liquid is selectively va-
porized through the membrane.[15] A great deal of effort has
been devoted to the preparation of membranes that incor-
porate the porous materials of zeolite.[16] In this paper, we
report an application to alcohol/water separation by perva-
poration by using a mixed-matrix membrane that consists of
the single-crystal channel solid 2 dispersed in poly(dimethyl-
siloxane) (PDMS), which is the first attempt based on a
metal complex.

Results and Discussion

Structural Description

Alcohol-inclusion crystals of methanol, ethanol, 1-propanol,
1-butanol, and 1-pentanol for 1 and 2 were structurally char-
acterized by single-crystal X-ray diffraction analysis at 90 K
after exposure to the saturated vapor of the respective alco-
hol at room temperature (Tables 1 and 2). ORTEP diagrams
for all alcohol-inclusion crystals are shown in Figure S1 for
1 and Figure S2 for 2 in the Supporting Information. The in-

Table 2. Crystallographic data for single-crystal host 2 under various conditions.

2·2CH3OH 2·2C2H5OH
[9] 2·0.59n-C3H7OH 2·n-C4H9OH 2·0.88n-C5H11OH

Atmospheric vapor methanol ethanol 1-propanol 1-butanol 1-pentanol
Empirical formula C34H32N2O10Cu2 C36H36N2O10Cu2 C33.76H28.69N2O8.59Cu2 C36H34N2 O9Cu2 C36.40H34.57N2O8.88Cu2
Crystal size [mm3] 0.25N0.20N0.03 0.62N0.20N0.10 0.60N0.15N0.08 0.35N0.20N0.06 0.38N0.18N0.06
Mr [gmol

�1] 755.72 783.77 726.90 765.75 769.21
Crystal system triclinic triclinic monoclinic triclinic triclinic
Space group P1̄ P1̄ C2/c P1̄ P1̄
T [K] 90 90 90 90 90
a [O] 9.7003(8) 9.6813(12) 17.909(5) 9.699(3) 9.692(9)
b [O] 10.0093(9) 10.3897(13) 9.671(2) 9.981(3) 10.116(10)
c [O] 10.7582(10) 10.7623(14) 19.197(5) 10.908(3) 10.957(10)
a [8] 70.432(2) 71.088(3) 90 69.085(7) 68.326(16)
b [8] 65.339(2) 64.816(2) 98.270(6) 66.425(6) 65.453(16)
g [8] 62.375(2) 63.731(2) 90 63.868(5) 63.096(16)
V [O3] 827.98(13) 866.08(19) 3290.3(14) 847.7(4) 849.4(14)
Z 1 1 4 1 1
Dcalcd [g cm

�3] 1.516 1.503 1.467 1.500 1.504
m ACHTUNGTRENNUNG(MoKa) [mm

�1] 1.345 1.289 1.348 1.313 1.310
Reflections collected 6223 6269 10730 5262 4519
Independent reflections (Rint) 4201 (0.0212) 3771 (0.0457) 3445 (0.0710) 2973 (0.1086)
Goodness of fit 1.259 1.341 1.078 0.949 1.064
R1 (I>2s (all data)) 0.0606 (0.0650) 0.0690 (0.0735) 0.0687 (0.1019) 0.0797 (0.1390) 0.1365 (0.2208)
wR2 (I>2s (all data)) 0.1659 (0.1766) 0.1835 (0.1855) 0.1709 (0.1946) 0.1722 (0.1991) 0.3383 (0.3870)
Least diff. peak (hole) [eO3] 0.828 (�0.954) 1.833 (�0.954) 1.679 (�1.688) 1.101 (�1.055) 1.906 (�2.013)

Table 1. Crystallographic data for single-crystal host 1 under various conditions.

1·2CH3OH 1·2C2H5OH 1·0.47n-C3H7OH 1·0.7n-C4H9OH 1·0.88n-C5H11OH

Atmospheric vapor methanol ethanol 1-propanol 1-butanol 1-pentanol
Empirical formula C34H32N2O10Rh2 C36H36N2O10Rh2 C33.40H27.74N2O8.47 Rh2 C34.81H31.02N2O8.70Rh2 C36.40H34.57N2O8.88Rh2
Crystal size [mm3] 0.18N0.16N0.08 0.21N0.18N0.02 0.26N0.14N0.04 0.40N0.14N0.02 0.30N0.22N0.08
Mr [gmol

�1] 834.44 862.49 798.45 822.38 847.93
Crystal system triclinic triclinic monoclinic triclinic triclinic
Space group P1̄ P1̄ C2/c P1̄ P1̄
T [K] 90 90 90 90 90
a [O] 9.5989(11) 9.5854(14) 17.837(2) 9.663(10) 9.699(6)
b [O] 10.0652(12) 10.4057(15) 9.5841(12) 10.216(10) 10.286(6)
c [O] 10.8247(17) 10.7987(16) 19.574(2) 11.066(12) 11.163(7)
a [8] 70.423(2) 71.452(3) 90 69.37(2) 68.681(13)
b [8] 65.957(2) 64.982(3) 99.048(2) 66.023(16) 66.009(11)
g [8] 62.594(2) 63.743(3) 90 63.08(2) 63.503(11)
V [O3] 833.74(17) 863.9(2) 3304.6(6) 870.7(15) 887.7(9)
Z 1 1 4 1 1
Dcalcd [g cm

�3] 1.662 1.658 1.605 1.568 1.586
m ACHTUNGTRENNUNG(MoKa) [mm

�1] 1.050 1.016 1.053 1.002 0.985
Reflections collected 6139 6482 12020 4303 4736
Independent reflections (Rint) 4091 (0.0300) 4240 (0.0298) 4129 (0.0565) 3025 (0.0973) 3088 (0.0577)
Goodness of fit 1.099 1.174 1.059 0.989 0.976
R1 (I>2s (all data)) 0.0492 (0.0676) 0.0588 (0.0695) 0.0672 (0.1072) 0.1005 (0.1867) 0.0937 (0.1411)
wR2 (I>2s (all data)) 0.1156 (0.1330) 0.1554 (0.1658) 0.1691 (0.1979) 0.2212 (0.2688) 0.2272 (0.2629)
Least diff. peak (hole) [eO3] 1.495 (2.080) 2.279 (1.151) 2.313 (1.978) 2.582 (2.121) 1.955 (�2.101)
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clusion crystals of 1 and 2 are isostructural, with a similar
number of inclusion-guest molecules and the same space
group. The compositions determined were 1·2MeOH,
1·2EtOH, 1·0.47 ACHTUNGTRENNUNG(1-PrOH), 1·0.7 ACHTUNGTRENNUNG(1-BuOH), 1·0.88 ACHTUNGTRENNUNG(1-PeOH),
2·2MeOH, 2·2EtOH,[9] 2·0.59 ACHTUNGTRENNUNG(1-PrOH), 2·1-BuOH, and
2·0.88 ACHTUNGTRENNUNG(1-PeOH), which demonstrate the ability of diffusion
and incorporation for all the alcohols. The occupancy factors
of the adsorbed alcohol were obtained by refining the R
factor. One cavity in these adsorbents can accommodate up
to two ethanol molecules or up to one alcohol molecule
larger than ethanol (1-PrOH, 1-BuOH, and 1-PeOH).
Single-crystal adsorbents 1 and 2 showed the high flexibility
required to adsorb large alcohols comparable to the diame-
ter of the narrow channel. This channel can concentrate
guests from diluted gas under low vapor pressures (P0=

14.56 mmHg for 1-propanol, 4.42 mmHg for 1-butanol, and
1.43 mmHg for 1-pentanol at 293 K) and can diffuse and sta-
bilize them by its wall. Except for 1-propanol, all inclusion
crystals exhibited the crystal-phase transition induced by the
adsorption phenomenon from the a (monoclinic) to the b

(triclinic) lattice, as was observed in related adsorbents re-
ported previously.[8] The 1-propanol-inclusion crystals ex-
panded slightly from the empty crystals (C2/c) by 1.8% for
1 and 1.1% for 2, which would be related to the absence of
phase transitions due to the small amount of adsorption.[17,18]

In contrast, through phase transition, the cell volume ex-
panded remarkably by 2.8 and 1.8% for methanol, 6.5 and
6.4% for ethanol, 7.4 and 4.2% for 1-butanol, and 9.5 and
4.4% for 1-pentanol for 1 and 2, respectively. Interestingly,
the cell volume expands with increasing alcohol size; this
was clearly observed in 1. Although the methanol and etha-
nol molecules occupied about twice the volume of the single
molecule through the formation of the hydrogen-bonded
dimer in the channel, a considerable change in cell volume
was not observed. Therefore, the flexible channels and the
softly hydrogen bonded guests cooperatively adapt to each
of the structures to form a compact state of inclusion crys-
tals, which can stabilize the cocrystallized state. In the 1-bu-
tanol- and 1-pentanol-inclusion crystals of 2, the cell volume
did not increase with the size of the alcohol, thus indicating
that its host lattice does not easily transform through the ad-
sorption process. This result is consistent with the observa-
tion that a higher relative pressure and greater adsorption
amount were required for 2 than for 1 at the beginning of
the crystal-phase transition in the adsorption measurements
(see below). A slight difference in the torsion angle of the
benzoate bridge, (M�M)···(Obenzoate···Obenzoate), was found be-
tween the crystal structures of 1 and 2. This difference in co-
ordination mode may influence guest diffusion in the chan-
nel and result in the above-mentioned differences in adsorp-
tion behavior and volume change. However, in crystallogra-
phy, the reason remains unclear.

Hydrogen-Bonded Pairing of Methanol and Ethanol

Tail (OH)-to-tail hydrogen-bonded pairing of guest mole-
cules was found in the methanol- and ethanol-inclusion crys-

tals. These dimers showed centrosymmetric disorder, as was
already reported in the ethanol-inclusion crystal of 2.[9] Hy-
drophilic interactions between guest and host were also
found in the methanol- and ethanol-inclusion crystals
through the OH moiety of alcohol and the carboxylate
oxygen atoms of the host lattice. The packing views are
shown in Figure 2 for 1 and Figure 3 for 2. The surface
views (Figure 4 for 1 and Figure 5 for 2) illustrate the
guest–guest contacts. The short contacts between host and
guest are depicted in Figure 6 for 1 and Figure 7 for 2. Se-
lected guest–guest and host–guest contacts are listed in
Table 3. The methanol- and ethanol-inclusion crystals exhib-
ited the same hydrogen-bonded core, O�HACHTUNGTRENNUNG(guest)···O�H-
ACHTUNGTRENNUNG(guest)···O ACHTUNGTRENNUNG(host), with strong guest–guest interactions
(O···O=2.793(18) O for 1·2MeOH, 2.800(17) O for
2·2MeOH, 2.75(2) O for 1·2EtOH, and 2.75(1) O for
2·2EtOH),[9] and weak host–guest interactions (O···O=

3.293(8) O for 1·2MeOH, 3.017(8) O for 2·2MeOH,
3.569(10) O for 1·2EtOH, and 3.031(8) O for 2·2EtOH).[9]

The hydrophobic interactions between the alkyl chain of the
alcohol and the surrounding benzoate and pyrazine rings
were more effective in ethanol inclusion than in methanol
inclusion. Although the hydrogen bond in the methanol
dimer is expected to be stronger than that in the ethanol
dimer, the methanol dimer is less stable in the channel than
the included ethanol dimer because of its smaller surface
area. However, selective generation of the hydrogen-bonded
dimer was found for methanol, which indicates that these
hosts can stabilize guests by a structural change of their flex-
ible channels.

Isolated State of 1-Propanol, 1-Butanol, and 1-Pentanol

The longer alcohols 1-propanol, 1-butanol, and 1-pentanol
were isolated in each channel of crystals 1 and 2. The sur-
face views are shown in Figure 4 for 1 (Figure 5 for 2). The
host–guest short contacts are depicted in Figure 6 for 1 and
Figure 7 for 2, and their relevant bond distances are sum-
marized in Table 4. The isolated guest molecules were ob-
served in unique positions in the channel; they bear a cen-
trosymmetric disorder that corresponds to the host-crystal
symmetry. Interestingly, the expected positional disorder
and multiple conformations were not observed in the crystal
structure. The included alcohol molecules were separated
from the nearest molecules along the channel by a minimum
guest–guest distance of C···C=6.24(5) O for 1-propanol,
6.01(14) O for 1-butanol, and 5.69(5) O for 1-pentanol in 1,
and C···C=6.15(3) O for 1-propanol, C···C=6.26(4) O for 1-
butanol, and O···O=5.44(4) O for 1-pentanol in 2. The in-
cluded 1-propanol molecule formed a weak hydrogen bond
to the benzoate oxygen of the host with O···O distances of
3.19(3) O for 1 and 3.327(19) O for 2. The O�H···p interac-
tion was only observed in 2 for the 1-butanol-inclusion crys-
tal with an O···C distance of 3.239(14) O. In the 1-butanol-
and 1-pentanol-inclusion crystals, no hydrogen bond was
found either between host and guest or between guests. The
alkyl moiety of all the alcohol molecules contacts the hydro-
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Figure 2. Packing views of the alcohol-inclusion crystals of 1 at 90 K:
a) methanol, b) ethanol, c) 1-propanol, d) 1-butanol, and e) 1-pentanol.
The projections along the a axis (top) and the b axis (bottom) are shown
in a), b), d), and e). The projections along the b axis (top) and the a axis
(bottom) are shown in c). One of the molecules with centrosymmetric
disorder is depicted in the packing. Color code: Rh=magenta, C=gray,
H=white, N=blue, O= red.

Figure 3. Packing views of the alcohol-inclusion crystals of 2 at 90 K:
a) methanol, b) ethanol,[9] c) 1-propanol, d) 1-butanol, and e) 1-pentanol.
The projections along the a axis (top) and the b axis (bottom) are shown
in a), b), d), and e). The projections along the b axis (top) and the a axis
(bottom) are shown in c). One of the molecules with centrosymmetric
disorder is depicted in the packing. Color code: Cu=orange, C=gray,
H=white, N=blue, O= red.

Figure 4. Surface views of the alcohol-inclusion crystals of 1 at 90 K: alco-
hol aggregate structure (top) and magnified guests (bottom) for a) meth-
anol, b) ethanol, c) 1-propanol, d) 1-butanol, and e) 1-pentanol. One of
the molecules with centrosymmetric disorder is depicted with the atomic
numbering scheme of the unique atoms. The independent guest–guest
distances between disordered molecules are shown.

Figure 5. Surface views of the alcohol-inclusion crystals of 2 at 90 K: alco-
hol aggregate structure (top) and magnified guests (bottom) for a) meth-
anol, b) ethanol,[9] c) 1-propanol, d) 1-butanol, and e) 1-pentanol. One of
the molecules with centrosymmetric disorder is depicted with the atomic
numbering scheme of the unique atoms. The independent guest–guest
distances between disordered molecules are shown.
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phobic host wall through alkyl (methyl/methylene)···p inter-
actions (C···C distances were 3.07–3.60 O for 1-propanol,
3.26–3.28 O for 1-butanol, and 3.26–3.41 O for 1-pentanol in
both 1 and 2).

Difference in Aggregate Structures

A clear boundary for guest arrangement, dependent on the
alcohol-chain length, was observed between ethanol and 1-
propanol. Methanol and ethanol molecules form hydrogen-

Figure 6. Short contacts between guest molecule and host lattice with the atomic numbering scheme of the unique atoms in 1: a) methanol, b) ethanol,
c) 1-propanol, d) 1-butanol, and e) 1-pentanol. One of the molecules with centrosymmetric disorder is shown within the host cavities.

Figure 7. Short contacts between guest molecule and host lattice with the atomic numbering scheme of the unique atoms in 2 : a) methanol, b) ethanol,[9]

c) 1-propanol, d) 1-butanol, and e) 1-pentanol. One of the molecules with centrosymmetric disorder is shown within the host cavities.
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bonded dimers, which also form OH···O hydrogen bonds to
the carbonyl O moiety of the host skeleton. In contrast, 1-
propanol, 1-butanol, and 1-pentanol molecules are adsorbed
in isolated monomeric form without hydrogen-bonding in-
teractions between host and guest. In these cases, the guests

Table 3. Host–guest and guest–guest short contacts: pertinent interatom-
ic distances [O] for methanol- and ethanol-inclusion crystals of 1 and 2.[a]

1·2CH3OH 1·2C2H5OH

Guest–guest contacts:
Guest A···B#1
O1S···O1S#1 2.793(18) O1S···O1S#1 2.75(2)
O1S···H1S#1 1.957(13) O1S···H1S#1 3.100(15)
H1S···O1S#1 3.001(11) H1S···O1S#1 2.113(15)
Host–guest contacts:
Guest A
C1S···C2 3.864(15) C1S···C2 3.512(17)
C1S···C7 3.814(14) H1S3···C1 2.889(6)
C1S···C8#2 3.665(14) C2S···C5#6 3.293(16)
C1S···C9#2 3.593(13) C2S···H5#6 3.142(15)
C1S···O3#2 3.659(16) C2S···C2 3.543(16)
O1S···O3#2 2.950(8) C2S···C7 3.575(19)
C1S···C10#3 3.533(17) C2S···C3 3.688(14)
C1S···C11#3 3.745(18) C2S···H13#4 3.203(16)
C1S···H10#3 3.068(14) C2S···H14#4 3.336(17)
O1S···O2 3.293(8)
Guest B#1
C1S···C8#3 3.598(14) O1S···O3#3 2.968(9)
C1S···C9#3 3.599(13) O1S···O2#1 3.569(10)
C1S···C14#5 3.82(2) O1S···H16#3 2.637(13)
C1S···C13#5 3.77(2) H1S2···C9#3 2.875(5)
C1S···C1#1 3.608(13) H1S2···C10#3 2.950(6)
C1S···C2#1 3.548(13) C2S···H14#5 3.07(3)
C1S···C7#1 3.641(13) C1S···C10#2 3.339(16)
C1S···H13#5 3.103(18) C1S···H10#2 3.024(13)
C1S···H14#5 3.18(2) H1S3···C10#2 2.639(6)

H1S3···H10#2 2.2132(2)
H1S3···O3#2 2.808(3)

2·2CH3OH 2·2C2H5OH
[9]

Guest–guest contacts:
Guest A···B#1
O1S···O1S#1 2.800(17) O1S···O1S#1 2.75(1)
O1S···H1S#1 2.124(11) O1S···H1S#1 3.05(1)
H1S···O1S#1 2.630(12) H1S···O1S#1 1.92(1)
Host–guest contacts:
Guest A
C1S···C2 3.813(15) C1S···C2 3.55(1)
C1S···C7 3.746(15) H1S3···C1 3.07(5)
O1S···O2 3.231(8) C2S···C5#6 3.34(1)
C1S···C8#2 3.730(14) C2S···H5#6 3.15(1)
C1S···C9#2 3.657(14) C2S···C2 3.53(1)
O1S···O3#2 3.017(8) C2S···C7 3.58(1)
C1S···C10#3 3.488(18) C2S···C3 3.63(1)
C1S···C11#3 3.729(19) C2S···H13#4 3.18(1)
C1S···H10#3 2.973(15) C2S···H14#4 3.35(1)
Guest B#1
C1S···C8#3 3.606(13) O1S···O3#3 3.031(8)
C1S···C9#3 3.583(13) O1S···O2#1 3.549(9)
C1S···C13#4 3.80(2) O1S···H16#3 2.62(1)
C1S···C14#4 3.85(2) H1S2···C9#3 2.914(4)
C1S···C1#1 3.652(13) H1S2···C10#3 2.980(6)
C1S···C2#1 3.549(13) C2S···H14#5 3.22(3)
C1S···C7#1 3.645(13) C1S···C10#2 3.34(1)
C1S···H13#4 3.122(19) C1S···H10#2 3.00(1)
C1S···H14#4 3.22(2) H1S3···C10#2 2.640(6)

H1S3···H10#2 2.1815(2)
H1S3···O3#2 2.891(3)

[a] Symmetry codes: #1=1�x, 1�y, 2�z, #2=2�x, 1�y, 1�z, #3=�1+x,
y, 1+z, #4=x, y, 1+z, #5=1�x, 1�y, 1�z, #6=1�x, 2�y, 2�z.

Table 4. Host–guest and guest–guest short contacts: pertinent interatom-
ic distances [O] for 1-propanol-, 1-butanol-, and 1-pentanol-inclusion
crystals of 1 and 2.[a]

1·0.47n-C3H7OH 2·0.59n-C3H7OH

Guest–guest contacts:
C3S···C3S#4 6.24(5) C3S···C3S#4 6.24(5)
Host–guest contacts:
O1S···O2#1 3.41(3) O1S···O2#1 3.331(17)
O1S···O4#2 3.19(3) O1S···O4#2 3.327(19)
C1S···C14#2 3.15(5) C1S···C14#2 3.20(3)
C1S···C14#3 3.07(5) C1S···C14#3 3.20(3)
H1S1···C9#2 2.733(9) H1S1···C9#2 2.811(8)
H1S1···C13#2 2.734(8) H1S1···C13#2 2.792(8)
H1S1···C14#2 2.419(9) H1S1···C14#2 2.442(9)
H1S2···O4#3 2.627(5) H1S2···O4#3 2.635(4)
C2S···C14#2 3.26(3) C2S···C14#2 3.37(2)
C2S···H14#2 2.84(3) C2S···H14#2 2.91(2)
C2S···H5#4 2.79(4) C2S···H5#4 2.68(2)
C3S···C5#4 3.60(4) C3S···C5#4 3.49(2)

1·0.7n-C4H9OH 2·n-C4H9OH

Guest–guest contacts:
C4S···C4S#7 6.01(14) C4S···C4S#7 6.01(14)
Host–guest contacts:
C1S···C10#5 3.28(10) O1S···H5#10 2.687(16)
H1S2···C10#5 2.652(18) O1S···H14#1 2.60(2)
H1S2···H10#5 2.2044(17) O1S···C14#6 3.239(14)
C2S···C10#5 3.28(9) H2S1···C11#5 2.787(7)
H2S1···C10#5 2.635(17) H2S2···C10#6 2.883(6)
H2S1···C11#5 2.70(2) H2S2···O3#6 2.626(4)
H2S2···O3#6 2.609(8) H3S1···C8#5 2.842(6)
H3S1···C8#5 2.810(14) H3S1···C9#5 2.885(7)
H3S1···O3#5 2.711(11) H3S1···C10#5 2.829(6)
H3S2···C10#6 2.803(16) H3S1···O3#5 2.487(4)
H3S2···C11#6 2.74(2) H3S2···C10#6 2.905(6)
C4S···H5#7 2.61(9) H3S2···C11#6 2.830(7)

1·0.88n-C5H11OH 2·0.88n-C5H11OH

Guest–guest contacts:
C4S···C4S#7 5.69(5) C4S···C4S#7 5.69(5)
Host–guest contacts:
C2S···C10#5 3.36(6) H1S2···C16#5 2.862(15)
H2S1···C10#5 2.588(13) C2S···C10#6 3.32(5)
H2S1···C11#5 2.797(13) H2S1···C10#5 2.788(15)
H2S2···C10#6 2.887(12) H2S2···C9#6 2.790(16)
H3S1···C11#6 2.772(15) H2S2···C10#6 2.63(15)
H3S2···C8#5 2.797(11) H2S2···O4#6 2.671(9)
H4S1···C5#7 2.865(18) H3S1···C10#6 2.750(15)
H4S1···H10#6 2.3437(16) H3S1···C11#6 2.65(2)
C5S···C14#5 3.28(3) H3S2···C8#5 2.897(14)
C5S···C14#8 3.34(5) H3S2···O4#5 2.615(10)
C5S···C15#9 3.27(4) H4S2···H13#8 2.3230(17)
C5S···H5#7 2.69(4) C5S···C13#5 3.36(3)
C5S···H14#8 2.45(5) C5S···C14#5 3.24(3)

C5S···C14#8 3.41(5)
C5S···C15#9 3.26(3)
C5S···C16#6 3.35(3)

[a] Symmetry codes: #1=1�x, 1�y, 1�z, #2=x, 1�y, 0.5+z, #3=1�x, y,
0.5�z, #4=0.5�x, 1.5�y, 1�z, #5=2�x, 1�y, 1�z, #6=�1+x, y, 1+z,
#7=1�x, �y, 2�z, #8=x, y, 1+z, #9=2�x, 1�y, 2�z, #10=x, �1+y, z.
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must gain stability through positive interactions between the
hydrophobic alkyl moieties and the channel wall. These effi-
cient hydrophobic interactions can overcome the instability
in the contact between the hydrophobic host walls and the
hydrophilic terminal OH moieties. In the case of 1-propanol
inclusion, the alcohol has a relatively short alkyl chain, and
positive hydrophobic interactions between host and guest
are not significant. The lack of efficient guest stabilization in
1-propanol-inclusion crystals would result in the lowest
amount of adsorbed alcohol, as shown in the adsorption
measurements (Figure 8). This phenomenon is also caused
by the absence of phase transitions, which is only observed
in the inclusion crystals of 1-propanol. Thus, the method of
stabilizing alcohol molecules in the channels affects the
amount of included guest.

Properties of Alcohol-Vapor Adsorption

The vapor-sorption isotherms of 1 and 2 at 293 K are shown
in Figure 8. At the saturated vapor pressure, the amounts of
adsorbed molecules reached 2.20 (MeOH), 1.75 (EtOH),
0.48 (1-PrOH), and 0.63 mol per Rh2 unit (1-BuOH) for 1
and 2.48 (MeOH), 2.10 (EtOH),[9] 0.47 (1-PrOH) and
0.74 mol per Cu2 unit (1-BuOH) for 2. The amounts of alco-

hol adsorbed are comparable to those observed in the
single-crystal X-ray analysis. Surprisingly, effective adsorp-
tion on single-crystal adsorbents 1 and 2 was confirmed by
the presence of adsorption for 1-propanol and 1-butanol
under diluted guest atmosphere, in spite of the sparseness of
the guest molecules in the gas phase as the vapor pressure
was decreased (P0=97.30 mmHg for methanol, 44.06 mmHg
for ethanol, 14.56 mmHg for 1-propanol, 4.42 mmHg for 1-
butanol, and 1.43 mmHg for 1-pentanol at 293 K). Although
the analysis of 1-pentanol was difficult because of its ex-
tremely low vapor pressure, its adsorption amount is expect-
ed to be almost equivalent to that observed for 1-butanol
from the results of X-ray diffraction analysis. The channel
spaces of 1 and 2 are capable of accommodating up to two
ethanol molecules.[9] The small adsorption quantity of 1-
propanol and 1-butanol is due to the increase in the guest
volume for the occupation of the channel as the alkyl chain
becomes longer. Although 1-propanol is midsized and has a
higher vapor pressure than 1-butanol, the smallest number
of adsorbed molecules was found for 1-propanol adsorption.
This difference reflects the relatively low stabilization of the
1-propanol molecules in the channel space, as discussed in
the structural description (see above).
In the case of ethanol vapor, an ideal, almost-vertical

jump in adsorption was observed in both hosts between 15
and 40 cm3g�1 (STP) for 1 and between 20 and 60 cm3g�1

(STP) for 2. We previously reported that the jump in ad-
sorption for 2 is caused by the bulk phase transition accom-
panied by the crystal-phase transition from a monoclinic to
a triclinic system.[9] This phenomenon was proposed as a
“mass (amount of adsorbed guest)-induced phase transi-
tion”, which is essentially different from the usual tempera-
ture- or pressure-induced transition, as the current transition
is triggered by gas-adsorption phenomena, which changes
the chemical composition of the inclusion crystal.[9] This
bulk phase transition is caused by the adsorption of around
one molecule per M2 unit, which is similar to the critical
quantity observed in CO2-adsorption processes.[6,8b,9] Al-
though the adsorption behavior of 1 and 2 are essentially
the same for the respective alcohols, the critical pressures
are considerably different, that is, 0.48 mmHg for 1 and
0.85 mmHg for 2 (EtOH),[9] and 0.20 mmHg for 1 and
0.50 mmHg for 2 (1-BuOH). The jumps in adsorption ob-
served in 1 indicate that the phase transition occurs at a
lower relative pressure with slightly lower adsorption
amounts than in 2.
In methanol adsorption, the beginning of the bulk phase

transition, the jump in adsorption, is difficult to distinguish
in the isotherms, which indicates a deviation from the ideal
system observed in ethanol. With respect to the cavity, the
methanol monomer is not large enough for the potential
critical state required to cause the phase transition. Howev-
er, the hydrogen-bonded methanol dimer would pass the
critical state. The hydrogen-bonding interaction for metha-
nol is stronger than for ethanol. However, because of its
small size, the methanol dimer is less stable than the ethanol
dimer in the cavity that can incorporate the latter in a b-

Figure 8. Sorption isotherms for single crystals of a) 1 and b) 2 at 293 K:
methanol (circles), ethanol (triangles), 1-butanol (diamonds), 1-propanol
(squares); adsorption (open symbols), desorption (solid symbols). The
volume of adsorbed alcohol is represented by a unit converted into stan-
dard conditions (STP: 0 8C, 0.1 MPa). A=amount of adsorbed alcohol.
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phase crystal. In contrast, inclusion of the methanol mono-
mer has little influence on the stress on the cavity structure
of the a-phase crystal without the phase transition; the
ACHTUNGTRENNUNGmonomer is thus sufficiently stabilized by the host wall.
Therefore, these two possible states are expected to be gen-
erated competitively during methanol-vapor inclusion, and
would result in an unclear phase transition with a more-
gradual rise in adsorption. The fluctuation of the multiple-
guest states during the transition process of methanol may
apparently behave as a higher-order rather than a simple
first-order transition.
In the case of 1-butanol, the jump in adsorption was ob-

served in the isotherms between 5 and 10 cm3g�1 (STP) for
1 and between 12 and 19 cm3g�1 (STP) for 2 ; the jump in
adsorption thus begins when rather low amounts are ad-
sorbed (�0.3 and �0.5 mol per M2 unit for 1 and 2, respec-
tively). Because the molecular volume of 1-butanol is larger
than that of ethanol, the potential critical state for the phase
transition can be passed on the microscopic scale even by
the inclusion of one molecule in each channel unit. There-
fore, on the macroscopic scale, 1-butanol molecules can
cause a crystal-phase transition even with small amounts of
adsorbed guests by generating the b-phase domain involving
the surrounding empty cavities. However, the imperfect
guest distribution in the domains passing the critical point in
the crystal would make the bulk-phase-transition point am-
biguous in adsorption measurements. The phase transition
of 1-pentanol inclusion crystals (triclinic; see above) is also
expected to occur with a small quantity of adsorbed guests
due to its large molecular volume.
In 1-propanol, a continuous increase in amount of adsorp-

tion was observed without a distinct jump, which is in agree-
ment with the absence of phase transitions in the 1-propanol
inclusion, as was confirmed by structural analysis. Because
the 1-propanol molecule cannot effectively gain stabilization
by the host wall in the cavity as discussed above, the
amounts adsorbed do not increase. The small amount of 1-
propanol adsorption is insufficient to generate domains that
result in a bulk phase transition.
An adsorption hysteresis was clearly found only in the

methanol and ethanol vapor-sorption curves; this indicates a
difference between the adsorption and desorption processes.
Given the ability of methanol and ethanol to associate in
the host crystals by hydrogen bonding, the hysteresis seems
to correlate with the association/dissociation of the hydro-
gen-bonded dimer, as suggested in the previous study for
ethanol inclusion in 2.[9] At high temperature, the included
guest can be thermally excited from the stable dimer to an
isolated monomer through hydrogen-bond dissociation. The
mixing and exchange of dimer and monomer states would
cause a large hysteresis loop in the adsorption isotherm for
methanol, which was perhaps further influenced by the fluc-
tuation of the host structures through the changing of the
guest states. Hysteresis in 1-propanol and 1-butanol was
negligible owing to a simple mechanism of adsorption and
diffusion without the generation of a hydrogen-bonded
dimer within the channel.

On a microscopic scale, each channel unit includes an in-
tegral number of guest molecules (0, 1, 2), although bulk
measurements such as adsorption isotherms give the ensem-
ble average properties macroscopically. Consequently, the
microscopic state should be explained by stepwise inclusion
into the individual cavities (Figure 9), which can be called

the “step-loading effect.” The correlation between guest
chain length and guest volume for occupation of the cavity
unit is shown schematically in Figure 9. There is a significant
correlation between guest volume and critical volume
(Vcritical), which qualifies to cause the bulk phase transition.
As the chain length of the guest alcohol increases, the guest
volume increases linearly. Thus, the limitation of the practi-
cal inner space of the channel restricts the number and
structure of the included alcohol. Because the adsorption of
one ethanol molecule per channel unit gives a guest volume
of around Vcritical, ethanol inclusion can be regarded as the
ideal system for 1 and 2. The integral number of adsorbed
molecules per channel unit strongly indicates that the state
of adsorption depends not on the total potential volume of
the channel but on the arrangement of the included guests
according to the structure and symmetry of the channel
units. The flexible channel space is transformed to stabilize
the cocrystallized state of the guest inclusion. This structural
adjustment compensates for the instability caused by the
excess of or deficiency in inner-space volume in including
guest molecules under various loaded states.

Alcohol/Water Separation

Pervaporation measurements were performed on a standard
pervaporation apparatus[19] at room temperature. As crystals

Figure 9. Relationship between chain length and guest volume for guests
occupying a channel unit. The gray zones display the practical volume
range on the macroscopic scale corresponding to the boundary between
the phases changed by the bulk phase transformation.
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1 and 2 have hydrophobic channels, specific selectivity in
the separation of alcohol from a mixture with water is ex-
pected from the application of these crystals as separation
membranes. We succeeded in preparing a membrane of mi-
crocrystals 2 with a concentration of 3 wt% supported by
PDMS with the appropriate strength required (Figure 10).
The layer thickness, diameter, and effective surface area of
the membrane were about 300 mm, 3.5 cm, and 7.0 cm2, re-
spectively. The mass of alcohol in the water/alcohol feed
mixture was 5 wt%. The flux (Q) and separation factor (a)
were estimated by Equations (1) and (2), respectively:

Q ¼ w
St

ð1Þ

a ¼ yA=yB
xA=xB

ð2Þ

in which w is the weight of permeate, S is the effective
membrane area, t is the permeation time, xA and xB are the
volume fractions of alcohol and H2O, respectively, in the
feed, and yA and yB are the volume fractions of alcohol and
H2O, respectively, in the permeate.
The separation factors obtained are summarized in

Table 5. As opposed to the blank membrane, which gave the
concentration of alcohol in the permeate with an a value of
about 2.0, the PDMS membrane with microcrystals of 2 pro-
duced an a value more than three times greater. Further-
more, the flux values were slightly higher than those of the
blank membrane. These results provide convincing evidence

that the adsorbed alcohol molecule in 2 diffuses through the
crystal and is desorbed on the permeate side without being
blocked. The increase in a and Q were achieved even with a
low concentration of crystals (3 wt%). Thus, a membrane
with high substrate content and is self-supporting is expect-
ed to perform extremely well in separation.

Conclusions

The single-crystal adsorbents [MII
2ACHTUNGTRENNUNG(bza)4ACHTUNGTRENNUNG(pyz)]n (M=Rh (1),

Cu (2)) absorb the alcohols methanol, ethanol, 1-propanol,
1-butanol, and 1-pentanol. In spite of the possible multicon-
figuration and multistabilization of the guest, the cavities in
1 and 2 generate a uniform array of guests according to the
guest species (the hydrogen-bonded dimer of methanol and
ethanol, and the monomer of 1-propanol, 1-butanol, and 1-
pentanol) by cocrystallization. In the cavities, hydrophilic
and/or hydrophobic interactions between host and guest sta-
bilize the adsorbed alcohols. However, the difference in the
degree of guest stabilization within the cavity clearly influ-
ences the amount adsorbed, the occurrence of the macro-
scopic phase transition, and the hysteresis behavior in the
adsorption measurements. The adsorption behavior, the ag-
gregate structure of the incorporated guest, the change in
partial structure, and the bulk phase transition are closely
related to one another through molecular-level phenomena
and long-range ordering. Pervaporation with crystal 2 indi-
cated the selective adsorption and diffusion of the alcohol
molecules in the channel. The single-crystal adsorbents of 1
and 2 would be useful for recognizing guest molecules to
produce selective aggregate structures and to separate de-
sired molecules directly from the mixture.
It should be emphasized that the present single-crystal

host is not very “solid”; rather, it is flexible, with some po-
tential degree of freedom even in its crystalline state. There-
fore, through weak physical-adsorption interactions, a
change in solid structure (local structure, pore structure,
guest aggregation, guest conformation, crystal structure) can
occur easily and stabilize the state of various guests. Here,
the relationship between the incorporated guest and the
walls of the subnanospaces can be compared to the atomic
contact of a point (atom) to a point (atom). As the dynamic
gas-sorption phenomena and smooth guest transfer correlate
with the flexibility of the host crystal and the arrangement
of the included guest, novel dynamic selectivity for gas con-
centration, storage/release, separation, and so on is to be ex-
pected. The homogeneity, anisotropy, integrity, transparency,
and so on of crystal adsorbents will contribute to the ad-
vancement of new techniques for future technologies.

Experimental Section

Single-Crystal X-ray Diffraction Experiment

Single-crystal adsorbents 1 and 2 were synthesized according to the
method in the literature.[5,6] Single-crystal X-ray analysis was performed

Figure 10. Alcohol separation by pervaporation.

Table 5. Pervaporation results[a] for methanol and ethanol separation
with the microcrystal-dispersed PDMS membrane of 2.[b]

Membrane a Q [kgm�2h�1]
MeOH EtOH MeOH EtOH

PDMS only (blank) 2.0 2.3 2.4N10�2 2.3N10�2

PDMS with 2 6.5 6.2 3.3N10�2 4.7N10�2

[a] Conditions: Thickness of membrane about 300 mm, temperature
298 K, feed concentration 5 wt% alcohol in water/alcohol mixture.
[b] Concentration of microcrystals of 2 : 3 wt%.
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on a Bruker SMART APEX CCD area diffractometer (graphite-mono-
chromated MoKa radiation (l=0.71073 O)) with a nitrogen-flow tempera-
ture controller. Alcohol-inclusion crystals were prepared by exposure to
the respective alcohol vapor at room temperature in a glass capillary by
a method similar to that reported in reference [9]. Data collection was
performed at 90 K for all guest-inclusion crystals. Empirical absorption
corrections were applied by using the SADABS program. The structures
were solved by direct methods (SHELXS-97) and refined by full-matrix
least-squares calculations on F2 (SHELXL-97) with the SHELX-TL pro-
gram package. Non-hydrogen atoms were refined anisotropically; hydro-
gen atoms were fixed at calculated positions and refined by using a riding
model. Crystallographic data of the structure determination collected
under different conditions are summarized in Tables 1 and 2. CCDC-
629136–629144 (1·2CH3OH, 1·2C2H5OH, 1·0.47n-C3H7OH, 1·0.7n-
C4H9OH, 1·0.88n-C5H11OH, 2·2CH3OH, 2·0.59n-C3H7OH, 2·n-C4H9OH,
and 2·0.88n-C5H11OH, respectively) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre at http://www.ccdc.
cam.ac.uk/data request/cif.

Physical Measurements

The vapor-adsorption isotherms for all the alcohols except 1-pentanol
were recorded on a Quantachrome Autosorb-1-VP at a relative pressure
(P/P0, P0= saturated vapor pressure) ranging from 0.003 to 0.999 (with
P0=97.30, 44.06, 14.56, 4.412 mmHg for methanol, ethanol, 1-propanol,
and 1-butanol, respectively, at 293 K).

The PDMS used as the matrix for the microcrystals of 2 (3 wt%) was
purchased from Shinetsu Chemical and used without further purification.
Two-component PDMS polymers with the microcrystals of 2 were mixed
in a poly(tetrafluoroethylene) (PTFE) beaker to give a homogeneous
suspension. The suspension was placed onto a PTFE plate and heated at
100 8C for 24 h until the membrane was formed. The effective membrane
area was 7.0 cm2; the thickness was about 300 mm. An aqueous alcohol
solution (5 wt%) was used as a feed. The permeation was trapped by a
cold trap with liquid nitrogen as a coolant. The compositions of the feed
and the permeation were determined by gas chromatography.
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