
The CO2-encapsulated clathrate hydrate was formed, under a
room temperature and atmosphere, by sulfonate-assisting hydrogen
bonds among water molecules, where the geometry of the three
sulfonate groups in zinc complex with nitrilotris(2-benzimidazolyl-
methyl-6-sulfonate) L1, was controlled by coordination of Zn2+.

A number of clathrate hydrates are made of the framework of
hydrogen-bonded water molecules, in which the small molecules
of CO2, CH4, and Xe are encapsulated into each cavity.1–4 The
cages consist of 12, 14 or 16 hedrons having the several pentagons
and hexagons formed by hydrogen-bonded water molecules 2.8 Å
apart.  On the other hand, the fixation/condensation of CO2 is of
current interest from the view of the green house effect and the
effective utilization of CO2.  It is impossible to prepare the clathrate
hydrate of CO2 under a room temperature and atmosphere : it can
be existed under higher pressure above 5 atm and at the tempera-
tures lower than 10 °C.5 The clathrate hydrate of CO2 under the
room temperature and atmosphere may be prepared using tem-
plate technique for the formation of hydrogen bond framework.
The concept for the molecular design of template is that (1) the
template is soluble in water and has the functional groups of
hydrogen atom acceptor to form the hydrogen-bonded framework.
(2) The functional groups have the suitable geometry to be able to
take part into the three dimensional hydrogen-bonded framework
of clathrate hydrate.  The sulfonated and water-soluble ligand, L16

was designed to have three sulfonate groups on each benzene ring.
Here, the suitable geometry among the sulfonate groups will be
obtained by the complexation of Zn2+ with L1 and expected to
assist the three dimensional hydrogen-bonded framework.  

After bubbling of CO2 (ca.30 mL / min) for two hours into
aqueous solution at R (= [Zn2+]0 / [L1]0) = 1.0 , L1 = 50 mM and
pH 7–8.5  the clear solution was changed to gel.  The aqueous
solutions of L1 or Zn2+ was kept to be clear even though after
bubbling CO2.  The phase-transition between the gel and clear
solution was reversible for bubbling and degassing of CO2.  The
observed optical microscopic image showed that the gel consists
of the flakes with the different sizes of less than 50 µm in length,
as shown in Figure 1.  The evolved CO2 from the gel at 75 °C
was analyzed by gas chromatography:  the ratio of zinc complex
to CO2 was approximately equal to 1 : 1.  Thus, the concentration
of CO2 may be controlled by that of zinc complex.  For L1–Zn
10 mM solution the phase-transition to the gel was not observed.  

The solid 13C NMR spectrum of the gel observed using high
power decoupling and magic angle spinning technique7showed
the broad peak around 120 ppm with 7–9 kHz line width (Figure
2 (a)).  The broadening is attributed to the fact that the contribu-
tion of chemical shift anisotropy was not eliminated enough.  The
spining rate of more than 9 kHz will give a sharp 13C NMR peak:
the measurement at more than 2 kHz for the spining rate was
impossible because of the gel.  At the spining rate of 1 kHz the
observed half width demonstrated the increase of half width (10
kHz) compared with 9 kHz at the spining rate of 2 kHz.  The line
width 5 kHz of the CO2-encapsulated clathrate hydrate was
observed by cross-polarization and dipolar decoupling technique.3

Since the width contains the contribution from chemical shift
anisotropy, it corresponds to that of our observation for the gel.
After CO2 evolution from the gel, the broad peak was disap-
peared.  Thus, the observed broad 13C NMR peak for the gel was
assigned to CO2 encapsulated in the cages formed by hydrogen
bonded water molecules with the aid of sulfonated zinc complex. 

From the view of the 13C NMR spectrum for the clear solu-
tion obtained after CO2 evolution from the gel (Figure 2(b)), the
sharp peaks superimposed on the broad peak were assigned to
L1–Zn complex.  The 13C NMR peak at 163 ppm for the clear
solution was assigned  to be HCO3

−(aq) attributed to the hydration
of CO2.  The sharp 13C NMR chemical shifts for CO2(aq) and
HCO3

−(aq) are reported at 126 ppm and 162 ppm, respectively.8–10
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The IR data of S(=O)2–O− stretching and CO2 bending
regions of the gel were shown in Figure 3.  From the comparison
between the spectra of tris(2-benzimidazolylmethyl)amine L2
without three sulfonate groups, and H3L1 (Figures 3 (a) and (b)),
a peak at around 1100 cm–1 and a separated peak at around 1200
cm–1 were assigned to symmetric and asymmetric S(=O)2–O−

stretching modes, respectively11 Since the S(=O)2–O− stretching
bands of zinc complex with L1 was identical with that of H3L1
(Figures  3 (b) and (c)), the sulfonate groups never coordinated to
zinc ion.  The result of gel (Figure 3(d)) suggests that the two
peaks marked by * between 1100–1150 cm−1 were appeared as a
result of the formation of hydrogen-bonded framework around
-SO3

− group.  Consequently, hydrogen-bonded and the free sym-
metric stretching peaks of S(=O)2–O− were coexisted in the gel.
The observed band at 640 cm−1 (Figure 3(d)) was assigned to
bending modes since 650 cm−1 for encapsulated CO2 were
reportd.2 But the asymmetric stretching mode (around 2340 cm−1)
was masked by the bands from ligand and solvent.

Since the cage formation was facilitated by sulfonate groups
in zinc complex with L1, the CO2 molecules were encapsulated
into each cage which was made of water molecules as well as
sulfonate groups by their hydrogen bonds.  The reason why the
clathrate hydrate of CO2 was produced under the room tempera-
ture and atmosphere is as follows ; the Zn2+, which is the helper
species having the function of the template effect, has fixed the
reasonable geometry among three sulfonate groups of each benz-
imidazolyl in L1 to produce the hydrogen-bonded framework.
The conformation among three zinc-bound benzimidazolyl moi-
eties was given by the molecular structure of L2–zinc com-
plex,8,9,12 which was characterized by X-ray crystallography.13

This zinc-directing conformation may controll the geometry
among three sulfonate groups in each benzimidazolyl moiety.
Since the intramolecular O...O distance 2.4–2.6 Å14 of sulfonate
group is similar to OH...O distance of hydrogen-bond between

water molecules in water, some edges of hydrogen-bonding cages
of water molecules can be replaced by O atoms of each sulfonate
group as acceptor of hydrogen atoms of H2O: the IR peaks associ-
ated with * at around 1120 cm−1 (Figure 3(d)) showed the evi-
dence for hydrogen-bonded -SO3

− groups in the framework of the
clathrate hydrate of CO2.  Thus, Zn2+ was a helper species to keep
suitable geometry among the three -SO3

− and the zinc complex
with L1 played a role of the template for the formation of cages
by hydrogen-bonds at room temperature and atmosphere.  The
sulfonate groups assisted the growth of hydrogen-bonded frame-
work of water molecule cages at starting point.

The recovery of encapsulated CO2 from the gel was much
more efficient than the case of saturated solution of CO2(aq)
and HCO3

−(aq) .  Because it is impossible to become less than
the saturated concentration.  The sulfonate-assisting clathrate
hydrate of CO2 may be applied to the effective recovery of CO2
from the view of both environmental earth and utilization. 
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