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Abstract

Confinement of molecules in nanoscale pores of an interfacial
solid such as single wall carbon nanotubes of which all
component carbon atoms are exposed to the interface with gas
phase induces collective phenomena; the confinement effect is
interpreted by the interaction potential theory. The nanoconfine-
ment effect gives rise to in-pore phase anomalies for NO, H2O,
CCl4, superhigh-pressure effect, hydrophobic to hydrophilic
transformation for carbon, and a marked quantum molecular
sieving. The confinement of KI in the nanotube space below
0.1MPa produces high-pressure-phase KI above 1.9GPa. Water
molecules gain hydrophilicity with cluster formation in order to
accommodate in the hydrophobic carbon spaces. The subnano-
meter quantum fluctuation for H2 and D2 gives rise to a marked
quantum molecular sieving effect in nanoscale pores. The Cu-
based porous coordination polymer crystals can detect the
surrounding stimuli such as CO2 pressure change to vary the
crystal lattice, accompanying gate adsorption.

� 1. Introduction

Human society had encountered crucial issues of human
sustainability in the past. Scientific and technological innova-
tions could give clues to resolving human issues. Present human
society faces serious issues of global warming, energy shortages,
food and water shortages, and exhaustion of resources. In
particular, a marked decline of low CO2 emission nuclear energy
utilization has just invoked an intensive steering toward
development of renewable energies, even though a promising
prediction of the latent capacity of shale gases has given enough
time to create a renewable energy system. Under these circum-
stances chemistry has a primary mission to play a key role in
construction of future renewable energy.

One promising and powerful candidate for contribution to a
future renewable energy economy is a nanoporous solid.
Nanoporous solids have nanopores whose width w is less than
100 nm. IUPAC recommends using the terminology micropore
(w < 2 nm), mesopore (2 nm < w < 50 nm), and macropore
(w > 50 nm). In particular micropores and small mesopores
(w < 5 nm) can contribute to construction of future renewable
energy generation. In this article, we refer to these pores as
nanoscale pores. Nanoporous solids are classified into crystalline
and noncrystalline solids; zeolites and microporous carbons are
representatives of crystalline and noncrystalline porous solids,
respectively. These traditional microporous solids have been
developed by addition of mesopores to accelerate pore diffu-
sion.1,2 Fortunately, we have seen an exciting rush exploiting
novel nanoporous solid since 1990.3 Mesoporous silica and

carbon nanotubes have stimulated chemistry very much.
Mesoporous silicas, of which wall and pore structures are
noncrystalline and highly ordered, respectively, have become
widespread in chemistry owing to the scalable synthesis. On the
contrary, development of the scalable synthesis of high quality
single wall carbon nanotubes (SWCNT) has been delayed since
the first observation by high-resolution transmission electron
microscopy in 1993. Therefore, SWCNT have not been common
in chemistry compared to mesoporous silica of which studies
have been predominantly conducted in Japan.4 Iijima et al.
succeeded in producing single wall carbon nanohorns (SWCNH),
abundantly enabling chemical research since 1999.5 SWCNH
have been studied in chemistry, although the graphene-wall
structure and the morphology are more defective and more
complex than SWCNT. Recently chemical study even on
SWCNT has been possible due to exploitation of supergrowth
(SG) SWCNT by Hata et al.6

Thus, chemistry has two promising candidates for nanopore-
related technologies. Furthermore, porous coordination poly-
mers (PCP) or metal organic frameworks (MOF) have appeared
on the science stage after mesoporous silica and carbon
nanotubes. PCP of outstanding designability, structural diver-
sity, and huge nanoporosity, have attracted great interest
from chemists and engineers, leading to a rapid growth in
chemistry.7­10

Thus, we have three new giants of mesoporous silica,
carbon nanotube, and PCP in the nanoporous world of science
and technology. We can allot these new entities to appropriate
applications in addition to zeolites and porous carbons, and other
porous solids. These nanoporous solids have large surface area
and thereby can greatly contribute to construction of the future
renewable energy technologies from the aspect of surface
chemistry.

SWCNT has 2630m2 g¹1 of surface area, and all component
carbon atoms are exposed to the internal and external surfaces.
The two surfaces have different properties depending on the
interaction potential, and the internal tube space can have
intrinsic functions. Furthermore, SWCNTs can form bundles
of hexagonal symmetry, which has interstitial pores and groove
sites on the external surfaces. Thus, all carbon atoms in SWCNT
can contribute to different surface chemistry originating from
a variety of nanostructures. All carbon atoms in double wall
carbon nanotubes (DWCNT) can contribute to the surface
processes as well.11 Hence SWCNT and DWCNT can be
described as “Interfacial solid” or “Surface solid.” Interfacial
solids having nanoscale pores could lead to highly efficient and
novel surface chemistry. Activated carbon fiber (ACF) with slit-
shaped pores has a huge surface area of 2000­3000m2 g¹1, and
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thereby ACF has the nature of the interfacial solid. On this point,
PCP has also great possibility. As PCP has a pillar-frame pore
structure and the pillar is one-dimensional, the component atoms
in the pillars of PCP can interact with molecules in the
omnidirection. PCP can be thought of as the interfacial solid,
although transition-metal atoms at the junctions of the pillars
cannot fully associate with the surface processes.

We can expect unusual molecular or ionic behavior from the
interfacial solids. The interfacial solids have nanoscale pores of
an intensive interaction potential for molecules and ions,
inducing a predominant adsorption on the pore surface. As the
total molecular energy in the adsorbed layer can influence the
entire energy including the cohesive energy of the interfacial
solid, the structure of the interfacial solid may be sensitive to
adsorption of molecules and ions. In this article, stabilization
effect of an unstable phase, superhigh-pressure effect, a solid
structural change sensitive to adsorption, affinity change of
water, and filling of molecular quanta are introduced.

� 2. Deep Interaction Potential Wells

SWCNT has a rolled graphene structure of which atomic
density is 38.2 atomnm¹2, being very high. Therefore, the
attractive interaction of the graphene structure with a molecule
through dispersion interaction is considerably strong. Figure 1
shows a high-resolution transmission electron microscopic
image of SWCNT produced by laser ablation, showing a bundle
of well-crystalline SWCNTs. The crystallinity of SWCNT can
be evaluated by the intensity ratio of G-band (IG) against D-band
(ID). This SWCNT has a large IG/ID ratio over 100. In the case of
SWCNT, the tube diameter d in nm and the radial breathing
mode (RBM) vibration frequency w in cm¹1 of Raman spectrum
below 800 cm¹1 is correlated through d = 248/w, although we
need to measure Raman spectra with different kinds of laser.12

This highly crystalline SWCNT has a uniform cylinder structure,
and then the interaction potential of SWCNT with a molecule
in the tube space can be obtained using analytical potential
functions.13

Figure 2 shows the interaction potential profile between
SWCNT and a CH4 molecule along A­B line. Here SWCNTs
form a bundle of hexagonal symmetry. The diameter of SWCNT
is assumed to be 1.356 nm; hence, the diameter of the effective
tube space is about 1.0 nm. As the spherical size of the CH4

molecule is 0.381 nm, CH4 molecules are adsorbed only in the
internal tube spaces, whereas they are not in the interstitial
space, where the interaction potential is repulsive. Although
the interstitial space can give the deepest interaction potential
well for a smaller molecule, entrance blocking perturbs the
complete filling. We need expand the intertube distance to
utilize the interstitial porosity, pillaring of C60 increases the
interstitial porosity to give better H2 adsorptivity.14 On the other
hand, a groove site surrounded by two SWCNTs gives the
deepest interaction potential. There are two deep potential
wells®monolayer position on the internal tube wall and groove
position®in this bundle. The potential depth is close to
2000KkB, being much larger than the thermal energy at room
temperature (ca. 300K). Consequently, molecules tend to drop
in these deep potential wells in the SWCNT bundles. That is,
molecules tend to be adsorbed in the internal tube space and
on the groove sites as much as possible, being governed by

statistical mechanics. A system of gases and mesoporous solids
can gain significant stability regardless of the decrease of the
entropy term, giving rise to novel nanoconfinement phenomena
given below. Here we need to pay attention to distinct
differences in the potential wells of the internal tube space and
the groove site. The potential well in the internal tube space is
physically surrounded by the carbon wall, whereas the potential
well originating from the groove structure is not physically
surrounded. The potential well at the groove has open
accessibility to molecules in the gas phase. Consequently, no
kinetically limited adsorption occurs at the groove sites of the
open access potential wells. On the contrary, molecules must
diffuse in the pore spaces to be settled in the potential well in the
internal tube space. When the intrapore diffusion of molecules is
slow, pore entrance blocking becomes predominant to induce
imperfect filling.

Figure 1. SWCNT image with high-resolution transmission
electron microscopy (HR-TEM).
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Figure 2. Interaction potential profile between SWCNT bun-
dle and a CH4 molecule along A­B line in the bundle model.
The diameter of SWCNT is 1.356 nm.
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� 3. Collective Interactions in Pore
Space

Interfacial solids of nanoscale pores can offer a collective
adsorption in the nanoscale pores of the deep interaction potential
well. As abundant molecules confined in the nanoscale pores is
comparable to the component atom number of the interfacial
solid, credible information on molecules hidden in the pores can
be obtained with the aid of X-ray, neutron, and spectroscopic
methods. Molecular simulation can have a complementary role in
understanding of molecules confined in the pore spaces. We
introduce representatives of unique collective interactions
between molecules and pores here.

3.1 In-pore Phase Anomaly.
An NO molecule has an unpaired electron and NO gas

exhibits paramagnetism. NO molecules are dimerized in the
condensed phase below 121K, showing diamagnetism.15 Hence,
the magnetism directly provides the association state of NO
molecules. NO molecules are not sufficiently adsorbed even in
nanoscale pores at an ambient temperature, because the critical
temperature of NO is 180K. However, modification of ACFs
with nano iron oxides enhances dimerization of NO, leading to
an incredibly large adsorption of more than 300mg g¹1 at 303K.
It was found that NO molecules are adsorbed in the dimerized
form in micropores of ACF and zeolites at 303K with the aid
of magnetic susceptibility measurement. The NO dimers are
stabilized; the excess stabilization energies are 1­18 kJmol¹1 in
the zeolite and 13­15 kJmol¹1 in ACF.16­18 Therefore, confine-
ment of NO molecules in micropores at 303K stabilizes the NO
dimer which is stable below the boiling point (121K) in the bulk
phase. Similar stabilization of the NO dimer is evidenced for
SWCNT by Yates et al.19 The NO stabilization in micropores
clearly indicates that the in-pore phase is different from the bulk
phase at the same temperature.

CCl4 crystallizes at 250K as a plastic crystalline face-
centered cubic structure and undergoes a transition to an ordered
monoclinic form below 226K in the bulk.20 Here a plastic
crystal is defined as a special solid phase having long-range
positional order for the center of the molecules, but only short-
range orientational order. GCMC simulation and in situ X-ray
diffraction studies have shown that the plastic crystal phase is
stable in slit-shaped pores of ACF whose width is smaller than
1 nm at 303K.21 This indicates the transition temperature of the
plastic crystal in the micropores is shifted by 53K at least. Thus,
nanoconfinement induces a marked enhancement of the collec-
tive interaction between molecules, stabilizing the low-temper-
ature phase. Miyahara and Gubbins predicted an upward shift
of the freezing temperature of molecules strongly interacting
with micropores by GCMC simulation.22 A careful differential
scanning calorimetry experiment showed that the melting
temperature of benzene confined in the micropores of ACF
was in the range of 294­298K, being higher than that of bulk
benzene by 16­20K and that the enthalpy of fusion is about a
half of the bulk.23 Similar elevation was observed for CCl4,
which was supported by a free energy calculation.24,25

Recently, this phase transition anomaly was evidenced by
vibration­rotation spectroscopy at low temperature for CH4 in
the pores of SWCNH.26 CH4 is the main component of natural
gas. The CH4 has become indispensable to our present society,

because CH4 from shale gas can fulfill natural gas demand for
about 100 years. Hence CH4 storage by adsorption has become
an urgent issue, consequently, understanding of CH4 in nano-
scale pores is required. Because SWCNH consists of a defective
graphene wall through which infrared light passes, we can
measure the vibration spectrum of CH4 confined in pores
of SWCNH to elucidate the molecular motional state of CH4 in
the pore. CH4 in the gas phase gives vibration­rotation bands
providing information on vibration and rotation of the CH4

molecule. Figure 3 shows the difference spectra of antistretching
mode between adsorbed CH4 and bulk CH4 above 112K.26 The
gaseous CH4 has fine rotational structures of P, Q, and R
branches at the boiling point of 112K. However, the P and R
branches of the adsorbed CH4 at 112K are nearly absent. Hence,
the rotational motion is quenched, indicating the highly packed
state of CH4 molecules in pores. With elevating temperature, the
slightly shifted P and R branches appear gradually. The P and R
branches become evident at 140K. Therefore, CH4 molecules
rotate almost freely like gaseous CH4 at 140K. The more tightly
packed “liquid” structure is then stabilized even above the
bulk boiling point. The confinement of CH4 molecules in the
SWCNH pores changes also the enveloping shape of P and R
branches, suggesting a change in the average rotational motions.

The molecular level study of nanoconfined molecules has
just started, and future studies should provide new insights.
Gubbins et al. showed phase anomalies in small pores
theoretically.27 Kanda and Miyahara have attempted to interpret
phase anomalies in pores for simple molecules whose interaction
can be approximated by the Lennard­Jones potential.28 Molecu-
lar simulation has helped to provide a general understanding for
in-pore phase anomalies.

3.2 Superhigh-pressure Effect.
The marked stabilization of NO dimers in micropores is

described in Section 3.1. Highly concentrated NO dimers in
micropores induce disproportionation reaction, known as high-
pressure gas-phase reaction at 20MPa, given by eq 1.29

Figure 3. The difference spectra of antistretching mode
between adsorbed CH4 and bulk CH4 above 112K.
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3ðNOÞ2 ! 2N2Oþ 2NO2 ð1Þ
As highly concentrated NO dimers in micropores correspond
to NO compressed at high pressure, this disproportionation
reaction occurs in micropores of ACF below 0.1MPa at 303K.30

Furthermore, the produced N2O is rapidly reduced to N2 at
303K with the aid of dispersed Ru or Pt,31 although the
decomposition of NO to N2 and O2 occurs on Cu-ZSM-5 near
750K.32 Thus, confinement of reactant molecules in slit-shaped
micropores of ACF gives rise to the high-pressure gas-phase
reaction. This effect was named quasi-high-pressure effect.30

Later this high-pressure effect was applied to electrochemical
reduction of CO2 by Fujishima et al.33 Ordinarily the electro-
chemical reduction of CO2 needs compression of CO2 under
about 5MPa. However, the reaction proceeds under ambient
pressure using an ACF electrode.34 Gubbins et al. gave a
theoretical foundation for the high-pressure effect for confine-
ment of molecules in micropores.35,36

In the case of cylindrical pores with a deeper interaction
potential well than the slit pores, we can expect a more intensive
high-pressure effect. As a solid exhibits an inherent phase
transition at a definite temperature and pressure, the solid-phase
transition can be applied to determine the effective pressure of
the high-pressure effect due to the nanoconfinement. KI crystals
transform from the B1 phase of NaCl type into B2 phase of CsCl
type at 1.9GPa.37 The KI structure in the one-dimensional
cylindrical space of SWCNT was studied by Meyer et al. with
HR-TEM to show anisotropic growth.38 We doped KI nano-
crystals in the tube space of SWCNH of 2­5 nm in diameter at
1073K below 0.1MPa.39 The KI nanocrystals in the tube spaces
were examined with HR-TEM and synchrotron X-ray diffraction
(XRD) at Spring-8. Figure 4 shows HR-TEM images of the B2-
type KI crystals from two directions. The cross-sectional HR-
TEM image evidences the formation of KI nanocrystals in the
tube space. The predominant contrast comes from iodine atoms
in the observed HR-TEM image, because potassium is a light
element. The average atomic distances between iodine atoms
along the tube axis and perpendicular to the tube axis show that
the observed image stems from the ac plane of the KI crystal;
the direction along the tube axis corresponds to the c direction
of the crystal, and the direction perpendicular to the tube axis
is assigned to be a or b direction of the crystal. The lattice
constants from the HR-TEM image coincide with those of the
anisotropic B2 type. Thus, the HR-TEM clearly evidences the
formation of high-pressure-phase KI.

Synchrotron XRD firmly supports the formation of the high-
pressure-phase KI. Figure 5 shows synchrotron XRD patterns
of KI on SWCNH, SWCNH, and bulk KI at room temperature.
The XRD pattern of the bulk KI crystals indicates that a = b =
c = 0.7063 nm and ¡ = ¢ = £ = 90°, agreeing with those of
ambient-pressure-phase KI crystals. In the XRD pattern of KI
on SWCNH, we observe several peaks which cannot be assigned
to the ambient-pressure-phase KI and SWCNH. The detailed
analysis showed that these unassigned peaks originated from
both the slightly distorted B1- and B2-type structures. The
observed B2 (high-pressure phase) structures are slightly
distorted from the simple B2 type. The intensive confinements
of KI crystals should distort the lattice slightly. Both HR-TEM
and synchrotron XRD examination explicitly evidence the
growth of the high-pressure-phase KI, indicating that confine-

ment in the tube spaces gives rise to the remarkable compression
effect by more than 1.9GPa.40

Catalytic research showed that SWCNHs are excellent as
the catalyst support for water formation reaction from H2 and O2

and also H2 and nanotube formation reaction from CH4.41,42 It is
probable that the excellent catalyst support of SWCNH is
associated with the above superhigh-pressure effect.

� 4. Unique Adsorption due to Collective
Interaction

The collective interaction between molecules and pores
induce new adsorption phenomena described below.

4.1 Accommodative Filling of Water Molecules in
Hydrophobic Spaces.

When we place a water droplet on a compressed disk plate
of hydrophobic ACF, the water droplet forms a stable hemi-
sphere. This indicates that the contact angle of water on the

Figure 4. HR-TEM images of the B2-type KI nanocrystals.
(a) Along tube direction and (b) cross-sectional image.

Figure 5. Synchrotron XRD patterns of SWCNH, KI on
SWCNH, and bulk KI at room temperature.
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ACF-packed surface is near 90°, being rather hydrophobic. The
water vapor begins to be adsorbed suddenly on nanoporous
carbons with few surface oxygen groups and hydrophobic
zeolites such as AlPO4-5.43­46 Figure 6 shows water vapor
adsorption isotherms of pitch-based ACFs having different pore
widths from 0.75 to 1.1 nm. The water adsorption amount below
P/P0 = 0.1 is almost zero. In particular, water vapor is not
adsorbed below P/P0 = 0.4 for ACF having wider pores of 0.86,
0.94, and 1.1 (here the figure means the average pore width
in nm); the adsorption begins almost vertically with increasing
pore width, accompanying an evident hysteresis. On the other
hand, the adsorption isotherm of ACF with the smallest
micropores of 0.75 nm has a gradual increase in adsorption
around P/P0 = 0.2 without a clear hysteresis. In the case of
AlPO4-5, a vertical uptake is observed around P/P0 = 0.3
without an explicit hysteresis.46 Thus, we have several questions
about water vapor adsorption on the hydrophobic nanoporous
solids: What is adsorption hysteresis? Why does hydrophobic
porous carbon exhibit hydrophilic behavior? Both questions
should be associated with each other. The change in the
adsorption hysteresis loop was examined on ACF at 303­323K
at different equilibration times of 5min to 15 h for each
measuring point.47 Here we introduce Pad1/2 and Pdes1/2

corresponding to a half saturated adsorption amount on
adsorption and desorption branches at each equilibration time,
respectively, as shown in Figure 7. The Pad1/2 decreases rapidly
with time, whereas only slight decrease of Pdes1/2 is observed.
The difference between Pdes1/2 and Pad1/2 gives the breadth of
the adsorption hysteresis loop. Figure 8 indicates that the width
of the adsorption hysteresis loop decreases with the equilibration
time, as shown in Figure 8. Then an adsorption branch stems
from the metastable state, and the adsorption hysteresis loop
disappears if we wait for a long time (a few thousand years). The
energy of the metastable state should be quite close to that of the
adsorbed state in the equilibrium. This indicates a structural
similarity of adsorbed water molecules in the metastable and
equilibrium states.

Interwater molecular interaction, that is hydrogen bonding,
is crucial in water adsorption in hydrophobic pores. Ohba et al.
clearly showed that cluster formation of water molecules is the
reason why water molecules can adapt to hydrophobic pores.48

Figure 9 shows total potential profiles for water molecular
clusters in the slit-shaped hydrophobic pore. Here, only highly
symmetric clusters were used for evaluation of the total
interaction potential which is the sum of both molecule­
molecule and molecule­wall interactions per a molecule. Once
clusters are formed, a water molecule in the pore obtains the
large stability. The cluster formation process should be
associated with the adsorption hysteresis.

The water cluster structure can be studied with in situ small-
angle X-ray scattering (SAXS). The density fluctuation from
SAXS is associated with cluster distribution in the pore.49 The
density fluctuation against fractional filling shows hysteresis
corresponding to adsorption hysteresis. Consequently, adsorbed

Figure 6. Water adsorption isotherms of ACFs at 303K. Here
(X) in ACF-X means the average pore width in nm.

Figure 7. Definition of Pad1/2 and Pdes1/2 and breadth of
adsorption hysteresis loop.
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Figure 8. Relationship between half-width of hysteresis loop
and equilibration time.

Figure 9. Total potential profiles for water molecular clusters
in the slit-shaped hydrophobic carbon pore. Dimer, decamer,
and dodecamer are denoted by light brown, purple, and black,
respectively.
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water structures on adsorption and desorption are different from
each other. The adsorbed structure models on adsorption and
desorption at fractional filling = 0.4 are shown in Figure 10.
Water molecular clusters of 0.4 nm3 are distributed in the pore
during adsorption, as shown in Figure 10a. On the other hand,
clusters and monolayer coexist in the pore on desorption. The
energy difference between the two adsorbed models should be
small, indicating that the observed metastable state is highly
stable. Water molecules should form the inherent adsorbed
structure relating to the metastable structure.

Iiyama et al. showed that water in the pores is not liquid, but
solid-like by in situ X-ray diffraction.50 Futamura et al. showed
that adsorbed water has a cubic ice-like structure.51 The reason
why the adsorption process passes though the metastable state
has been recently shown by stabilization energy calculation and
molecular dynamics.52 We assumed three elementary adsorbed
structures of monolayer, associated clusters, and a uniformly
hydrogen-bonded network. Figure 11 shows the stabilization
energy profile of three elementary adsorbed structures with the
fractional filling for slit-shaped pores of 1.1 nm in width. On
adsorption, adsorption begins on the route of the cluster
formation because of the greatest stabilization energy. The
energy profile predicts the transfer from the cluster formation
route to monolayer at fractional filling = 0.4. However, mo-
lecular dynamics provides evidence that the cluster to monolayer
transformation is kinetically prohibited. Consequently, growth
of clusters continues up to fractional filling of 0.8, where the
transformation from the cluster to uniformly hydrogen-bonded
network structures occurs. Thus, the cluster structure fractional
filling of 0.4 to 0.8 is metastable. Desorption proceeds via the
uniformly hydrogen-bonded network structure down to frac-
tional filling of 0.8, where the hydrogen-bonded network route
transforms to the monolayer structure of the greatest stability.
Thus, the adsorption hysteresis is interpreted. This approach can
give a reasonable understanding of the fact that small pores of
0.7 nm give almost no adsorption hysteresis. Apparent hydro-
philicity is also given to SWCNT and DWCNT having smaller
diameter.53,54 These must be studied using the above approach in
the future.

4.2 Filling of Molecular Quanta.
Adsorption of gases on solids at very low temperature often

shows unusual features. The BET analysis of the He adsorption
isotherm on nonporous carbon black at 4.2K leads to nearly

twice the BET surface area determined from N2 adsorption
isotherm at 77K. Steele showed the accelerated bilayer
adsorption mechanism of He at 4.2K theoretically;55 the
partition number of He to the second layer is comparable to
that of the monolayer at 4.2K, and then the bilayer adsorption
occurs almost simultaneously together with the monolayer
adsorption. Adsorption of He and H2 on the basal plane
of graphite has attracted great attention with relevance to
phase diagrams of quantum monolayer in low-temperature
physics.56

Kaneko et al. studied ultramicroporosimetry with He
adsorption at 4.2K in comparison with N2 adsorption at
77K.57 The collision diameter of He is 0.20 nm, being smaller
than N2. Furthermore, He has no quadrupole moment, whereas
N2 has a quadrupole moment which interacts with the polar sites
on the pore wall through electrostatic interaction, giving rise to
serious diffusion restriction in the ultramicropores. Conse-
quently, He adsorption at 4.2K has an advantage for ultramicro-
porosimetry compared with N2 adsorption. He adsorption at
4.2K provides a clearer pore size distribution than N2 for
microporous carbon. However, He is not adsorbed sufficiently
on ultramicroporous carbons at 4.2K. As ultramicroporous
carbon has slit-shaped pores with width less than 0.7 nm, the
translational motion of He is quantized, and a considerably large
number of He atoms are excited to higher energy levels, leading
to an effectively large molecular size. Therefore, He should
exhibit quantum behavior in adsorption in ultramicropores at
4.2K.58 Theoretical physicist Beenakker et al. proposed a new
concept of quantum molecular sieving for hydrogen isotopes on
a cylindrical pore using a simple deep potential well model.59

Johnson et al. have established the quantum molecular sieving
mechanism with quantum simulation using Feynman­Hibbs
(FH) potential approximation and rigorous path integral (PI)
approximation.60 Here, the path integral method is applicable
to adsorption even at 4.2K, whereas the FH potential can be
applicable to adsorption above about 40K.61 Figure 12 shows
the interaction potential profiles of classical H2 (D2), quantum
H2, and quantum D2 with SWCNT, which are calculated with the
FH potential at 20K, although the FH approximation is not
appropriate compared with the PI method. Here, the FH potential
is given by eq 2. Ordinarily, the quadratic form has been used
for the FH simulation.

Figure 10. The adsorbed structure models on adsorption and
desorption at fractional filling = 0.4. Figure 11. The stabilization energy profile with the increase of

fractional filling for a 1.1 nm-width slit-shaped pore of three
elementary adsorbed structures; uniform distribution structure
(square), monolayer (triangle), and clusters (circle).
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VFHðrÞ ¼ VLJðrÞ þ
h�
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LJðrÞ
� �

ð2Þ

VLJ: Classical LJ pair potential

®: Reduced mass of a pair of particles ð= M=2Þ
M: Molecular mass

T : Temperature

As the LJ potentials for H2 and D2 are identical, we cannot
distinguish H2 and D2 with a theoretical approach using the LJ
potential. On the other hand, the FH potential contains the mass
of a molecule and the adsorption temperature, and thereby the
different adsorption behavior of H2 and D2 can be predicted, as
shown in Figure 12. The heavier the mass of the hydrogen
isotope, the deeper the potential well and the smaller the
potential minimum distance become. Therefore, H2 molecules
more weakly interact than D2, and the effective size of H2 is
larger than that of D2. On the contrary, classical H2 or D2 gives
the deepest potential minimum and the smallest potential
minimum distance. SWCNT has both the internal tube wall
having negative curvature and the external tube wall having
positive curvature. As the radius of the curvature is a nanometer
scale, the potential profile difference is really marked; the
potential minimum difference of 100 KkB is about one third of
the potential minimum value for the external wall. Therefore,
adsorption behavior of H2 and D2 greatly depends on the sign of
the curvature of the tube wall. The above-mentioned potential
difference of H2 and D2 has been expected to provide a
superhigh selectivity of SWCNT for H2 and D2 theoretically.60

The selectivity S(D2/H2) is given by the adsorption amount and
gas phase concentration of H2 and D2, as follows.

SðD2=H2Þ ¼
xD2

=xH2

yD2
=yH2

ð3Þ

Here, xD2
and xH2

are the adsorption amounts of D2 and H2,
respectively; yD2

and yH2
are the gas-phase concentrations of D2

and H2, respectively. However, no direct study has been reported
supporting the theoretical prediction of quantum molecular
sieving before the work on SWCNH by Tanaka et al.62 They
measured adsorption isotherms of H2 and D2 on open and closed
SWCNHs at 40 and 77K. The adsorption amount of D2 is larger
than that of H2 at 40K by 10%. The difference decreases with
the elevation of the measuring temperature. They simulated

adsorption isotherms of H2 and D2 in the internal tube spaces at
77K using the FH potential, agreeing with the experimental
isotherms. As the classical potential cannot simulate the
experimental isotherms, the quantum molecular sieving effect
is explicitly evidenced. They gave similar results on activated
carbon fiber, AlPO4-5, Cu-based PCP, and SWCNT,63­66

although they predicted the adsorption selectivity using the
adsorption isotherms of pure H2 and D2. This quantum molecu-
lar sieving effect is a general phenomenon, being observable on
various nanoporous solids.

Figure 13 shows the adsorption isotherms of H2 and D2 on
SWCNT at 40 and 77K. The experimental S(D2/H2) at 40K and
10¹5­10¹3MPa is 2.8 using the ideal adsorbed solution theory
(IAST).67 This observed value is close to the quantum simulated
S(D2/H2). However, ordinary simulation gives a much larger
S(D2/H2) than the observed value, because grand canonical
Monte Carlo simulation has no pore blocking effect, but the
correct measurement of an experimental isotherm in the equi-
librium is always difficult. Very recently adsorption isotherms of
H2 and D2 on pore-structure-controlled SWCNTs were measured
at 20­77K. We used SG-SWCNTs.6 The SG-SWCNTs do not
form the bundle structure. Drying the SG-SWCNT after dipping
in toluene provides the fine bundle structure which has
interstitial pores of 0.5 nm in width.68 This bundled SWCNT
gives a relatively large S(D2/H2) value compared with individ-
ual SWCNTs.69 Fujimori et al. designed a mixed gas adsorption
measuring system at low temperature. They measured S(D2/H2)

Figure 12. Interaction potential profiles of classical H2 (D2),
quantum H2, and quantum D2 with SWCNT (diameter = 3 nm).

Figure 13. H2 and D2 isotherms on open and closed SWCNT
at (a) 40 and (b) 77K; D2 on open SWCNT ( ), H2 on open
SWCNT ( ), D2 on closed SWCNT ( ), and H2 on closed
SWCNT ( ).

472

© 2012 The Chemical Society of JapanChem. Lett. 2012, 41, 466­475 www.csj.jp/journals/chem-lett/

http://www.csj.jp/journals/chem-lett/


for ACFs having different pore widths of 0.7 to 1.2 nm, carbon
molecular sieves, and zeolites at 77K. S(D2/H2) for ACFs are
about 1.7­1.8, being independent of the pore width, and both
carbon molecular sieve and zeolites give a larger S(D2/H2) value
of 2.70 The S(D2/H2) values are still smaller than the simulation
values, of which the reason must be studied in the future. Recent
studies on methane isotope mixture such as 12CH4 and 12CD4,
and 12CH4 and 13CH4 show astonishing results that even
methane isotopes can be separable with the quantum molecular
sieving effect.71

4.3 Surface Adsorption-initiating Gate Adsorption.
[Cu(bpy)2(H2O)2(BF4)2] is easily synthesized in the form of

crystals of sub-mm scales. The crystal has a layer structure
which has rectangular voids. However, these layers are stacked
with the shift of a half of the lattice constant, and thereby this
crystal has no open pores. Consequently, vapor molecules
should be adsorbed only on the external surface of the crystals.
However, unexpected adsorption was found for CO2 after the
dehydration of [Cu(bpy)2(H2O)2(BF4)2]. CO2 is not adsorbed up
to the threshold pressure (gate adsorption pressure) Pg,a, but a
vertical adsorption occurs at the gate pressure, becoming almost
a plateau above the CO2 pressure. This adsorption isotherm is
just like a step-function. During desorption, adsorbed CO2

evaporates at the desorption gate pressure Pg,d, which is smaller
than Pg,a. The adsorption amount at Pg,a is nearly equal to the
total void volume in the layer structures. This indicates the
continuous bridging of isolated voids in the neighboring layers.
This adsorption was named “gate adsorption.” The gate
adsorption is highly reproducible, as shown in Figure 14.
Accordingly this crystal aspires CO2 with a structural change.72

Synchrotron X-ray diffraction clearly shows that the c axis of the
[Cu(bpy)2(BF4)2] expands by 27% on adsorption of CO2 and
that it recovers on desorption. The expansion and shrinkage of
the crystal lattice by 27% occurs repeatedly in maintaining the
crystal structure.73 This phenomenon gives a new aspect on solid
which should not vary the structure in response to external
stimuli. Later a similar flexibility was observed in another PCP
crystal MIL-53: In the case of MIL-53, the crystal has intrinsic
pore structure of which shape varies on adsorption.74 This
adsorption behavior is called “breathing effect.”

The [Cu(bpy)2(H2O)2(BF4)2] crystals must be dehydrated to
induce the gate adsorption. The dehydrated [Cu(bpy)2(BF4)2] is
denoted ELM-11 (elastic-layer-structured metal organic frame-
work (ELM)). Similar gate adsorption is observed for CH4, N2,
and O2, although the gate adsorption is not critical like CO2

adsorption. Ni- and Co-based layered PCPs as well as ELM-11
[Cu(bpy)2(BF4)2] exhibit similar gate adsorption.75 Two-step
adsorption isotherms are observed for N2, CO2, and Ar on
[Cu(bpy)2(OTf)2].76 Although the crystal structure of ordinary
PCP crystals partially collapses on water vapor adsorption,
[Cu(bpy)2(H2O)2(BF4)2] is highly resistive for exposure to water
vapor.

The dehydrated [Cu(bpy)2(BF4)2] has a pillar-frame porous
structure highly sensitive to the surroundings, and thereby the
adsorbed state on the surface governs the total stabilization
energy. This is the principal cause for the gate adsorption
accompanying the lattice structural change. Recently, synchro-
tron X-ray diffraction showed that a weak peak corresponding
to the d spacing of 0.93 nm appears at 27 kPa below the gate

adsorption pressure of 32 kPa.77 Probably this is a key forerun-
ning step for the collective gate adsorption. This gate adsorption
due to dramatic lattice flexibility is promising for energy-saving
separation.

� 5. Conclusion: Nanoconfined Electro-
lytes, Defective Nanostructures, and
Future Perspectives

As interfacial solids have huge surface area, adsorbed
molecules affect the total energy of the solid significantly. The
representative adsorption features inherent to interfacial solids
are shown in this article. We hope for further development of
collective-interaction-induced adsorption. The residual example
is adsorption of ions in the pore spaces. As we need to take into
account the electrostatic interaction of long-range order to
understand the state and properties of ionic molecules, we can
expect unusual features of ionic molecules in the nanoscale pore
spaces. EXAFS study showed the partial dehydration of Rb+ in
the slit and tube spaces; apparent hydration numbers are around
5.3 in the slit pore and 2.6 in the tube pore.78,79 This gives new
insight into ionic solution chemistry. Also, confinement of
organic electrolyte solution in the slit-shaped pores induces an
unusually oriented structure of ionic molecules.80 The confined
electrolytic solution is associated with the fundamentals of a
supercapacitor which is a representative eco-device. Thus, the
study of confined electrolytic solutions should directly contrib-
ute to technological development. Further studies on collective
interaction between molecules or ions and interfacial solids are
indispensable to construct new sustainable technology as well as
to establish new interface chemistry. As SWCNT and SWCNH
have dynamic nature through pentagon­heptagon morphological
defects and both graphite nanoribbon and graphene belts have
edge-rich structures,41,42,81­83 which are predicted to induce
unusual chemical activities, new types of the collective
interactions of molecules with new interfacial solids should be
observed in the future.
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