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Abstract

Microporous coordination polymers have attracted attention for their numerous nanotechnology and engineering applications. Nano-coordination
space provides some unique properties and functions that could never be realized in conventional porous materials. For the strategy of rational
designs and the syntheses of novel porous coordination polymers, the structural information of adsorbed guest molecules inside the nanopores and
the host framework is very important. In the present study, we describe the technique of the direct observation of gas molecules adsorbed in the
nanochannels of porous coordination polymers by the in situ synchrotron powder diffraction measurement of gas adsorption and the maximum
entropy method (MEM)/Rietveld charge density analysis. Specific alignment and properties of molecular oxygen obtained by gas adsorption in

the nano-coordination space are revealed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A porous coordination polymer is a crystalline mate-
rial, which is formed by the coordination bonds between
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transition metal cations and bridging organic ligands by a
self-assembly mechanism. Metal cations have characteristic
directional coordination geometries. Organic ligands provide
building components of various sizes and shapes. These ele-
ments form uniformly ordered nanopore structures of various
sizes and shapes [1,2]. These materials are synthesized with a
solvent or water molecules inside the nanopores. In order to
utilize their nanopores, the guest molecules must be removed
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from the pores. In the 1990s, porous coordination polymers
with stable framework structures after the removal of guest
molecules were synthesized [3—5], and the investigation of these
materials using nanopores has continued. Porous coordination
polymers have a very large surface area of nanopores of over
a few thousand m? g~!. If the size of the pores is close to that
of the guest molecules, then the guest molecules are strongly
affected by the pores. By the overlapping of the potentials of
pore walls, the van der Waals force with very weak interac-
tion is no longer negligible for the thermal energy of molecules.
Therefore, these materials show very good sorption properties
and are promising as gas storage materials of energy gases
such as hydrogen, methane, and oxygen. These materials have
unique properties besides the gas sorption properties, which are
different from those of conventional porous materials such as
zeolites and activated carbon. These properties include flex-
ibility of framework, due to the coordination bonds and the
degree of freedom in organic molecules, and the functionali-
ties added to the nanopores by the chemical modification. One
of the most important properties of these materials is that the
frameworks with various types of nanopore structures can be
designed and synthesized by the combination of metal cations
and bridging ligands. Recently, novel functionalities revealed by
the introduction of guest molecules have attracted attention, and
a variety of applications, including gas storage [6—10], anion
exchange [11], and heterogeneous catalysis [12], are expected.
The syntheses and applications of porous coordination polymers
have been studied extensively. In particular, the gas adsorption
properties have been actively investigated. In these studies, the
amounts of adsorbed molecules, the pore surface areas, and the
physicochemical properties have been discussed based on the
gas adsorption isotherm. In the structural investigation, the X-
ray diffraction pattern is compared with the simulated pattern
calculated from the estimated crystal structure, and the structural
transformation is estimated from the change of lattice parame-
ters. Direct information of the adsorbed gas molecules, that is,
the position and orientation in the nanochannels and the inter-
molecular interaction between the guest gas molecules and host
frameworks have not yet been revealed. Such fundamental struc-
tural information of guest molecules and the host framework is
required for the rational design and syntheses of novel porous
coordination polymers as functional materials. This information
is also important for an in-depth understanding of gas adsorption
phenomena and the unique physical and chemical properties in
these materials.

As shown previously, porous coordination polymers are crys-
tal materials with uniformly ordered nanochannels. If the guest
molecules form an ordered structure inside the nanopores, the
formation will likely be observed by the diffraction method, and
we can examine the arrangement of adsorbed gas molecules.
Electron microscope observation is a direct method by which
to observe the framework structures and is widely applied to
the observation of porous materials like zeolites. However, elec-
tron microscope observation generally cannot be applied to the
observation of gas-adsorbed materials because the environment
of a sample is a vacuum. X-ray diffraction is a very power-
ful method for the structural determination of crystal materials.

The introduction of the third-generation synchrotron radiation
light source has also provided much higher resolution and higher
counting statistic diffraction data, as compared to the laboratory
source. Using a high-brilliance light source, an in situ diffrac-
tion experiment of gas adsorption can be performed with small
amounts of samples.

The maximum entropy method (MEM) is a type of decon-
volution method that was developed in the field of information
theory. In crystal structure analysis, the high-resolution charge
density distribution can be obtained from a limited number of
structure factors [13,14]. Imaging of the charge density by the
MEM combined with the powder pattern decomposition of the
Rietveld method [15,16] enables a structural model of the gas-
adsorbed phase, which is not easily estimated at the initial stage
of analysis without any information on the guest molecules, to be
built. Furthermore, the obtained charge density provides infor-
mation of the intermolecular interaction between the adsorbed
gas molecules and the host framework.

In the present review, we intend to show the method by which
to observe the gas molecules adsorbed in the nanochannels of
porous coordination polymers by the MEM/Rietveld method
using the third-generation synchrotron powder diffraction data
and discuss the alignment and specific state of the molecular
oxygen in the nano-coordination space [17].

2. In situ synchrotron powder diffraction experiment of
gas adsorption

In situ X-ray diffraction data of gas adsorption were measured
by a powder method. One reason to apply a powder method is to
avoid difficulties related to the collapse of a single crystal by the
large volume change in the guest adsorption and desorption. In
particular, in materials with nanochannel structure, homogeneity
of the adsorption state within the crystals is required because the
entrances of the nanochannel may be blocked to avoid diffusion
of guest molecules into the crystals. In the powder diffraction
method, the integrated intensities of diffraction peak are calcu-
lated by the kinematical theory, and the extinction correction
for the intensities is virtually negligible. The correction for the
absorption of the sample is easily and accurately carried out. In
order to obtain reliable data, it is very important for the charge
density analysis to avoid, to the extent possible, any corrections.
These are the advantages of a powder method as compared to
the single-crystal diffraction method.

An in situ synchrotron powder diffraction experiment of gas
adsorption was carried out at the beamline BLO2B2 SPring-8
[18]. An incident X-ray beam from the bending magnet was
monochromatized by silicon (1 1 1) double crystals. The beam
was focused vertically and the higher order reflections from the
monochromator crystals were removed by a mirror before reach-
ing the monochromator. The beam was collimated to 0.5 mm
(V) x 2.0mm (H). A diffractometer installed in the beamline is
a type of a Debye—Scherrer camera with a radius of 287 mm. An
imaging plate (IP) of 400 mm x 200 mm was used as a detec-
tor covering the range from 0° to approximately 70° in 26. One
pixel of the IP corresponds to 0.01° in 26. A slit with a width
of 10 mm was placed in front of the IP. Multiple data (ex. the
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variation of the temperature dependence) can be recorded on
the same IP. The two-dimensional intensity distribution of the
Debye—Scherrer ring can be observed, and the uniformity of the
particle size is easily assessed.

One way to examine various adsorption states is to measure a
number of capillary samples sealed with different gas pressures.
However, measurement with the same sample is best in order to
avoid a dependency on sample and ambiguities for conditions
other than the controllable parameters. In order to perform an
in situ measurement in the gas adsorption state, a sample holder
and a gas handling system were constructed and equipped with
the standard experimental settings in the beamline. The sample
cell must isolate the powder sample from the ambient atmo-
sphere. The temperature and gas pressure must be controlled to
obtain various adsorption states. With a length of approximately
2 mm, the powder sample is enclosed by a thin-walled glass
capillary. The size of the capillary is determined based on the
relationship between the absorption of the sample material and
the energy of an X-ray. We usually generate conditions such that
the dependence of the absorption factor on the diffraction angle
is negligible. Under such conditions, the difference of absorp-
tion factors within the observed range of from 0° to 70° is less
than 1%. In a typical case for the porous coordination polymers,
the size of the capillary is 0.4 mm with an inner diameter for the
wavelength of an incident X-ray of 0.8 A. The capillary contain-
ing the powder specimen was attached to the stainless steel tube
using an epoxy adhesive. The capillary was mounted to the cus-
tom sample holder, which was constructed from Swagelok parts
and steel tube, for the gas introduction. A stainless steel tube
attached to the sample holder was connected to the gas handling
system with a number of valves and a pressure gauge. A helium
leak detector is connected to the system for the evacuation and
vacuum leak check. A gas bottle of adsorbate is also connected
to a gas handling system. During the measurement, the capil-
lary sample was oscillated approximately 30° in order to obtain
a uniform distribution of intensities of a Debye—Scherrer ring.
The temperature of the sample was controlled by a high and low
temperature nitrogen gas blower. The temperature range was
controlled to be from 90 to 1000 K. Using this system, the mea-
surement is carried out under approximately the same condition
as the standard measurement in this beamline. A schematic dia-
gram and photographs of this system are shown in Fig. 1. In
the Debye—Scherrer camera method, all reflections are simul-
taneously measured under the same conditions. The data is not
affected by trivial changes or decay of the intensity of the inci-
dent X-ray beam. In addition, there are few moving parts during
the measurement. These are great advantages for in situ mea-
surement. Accordingly, the measurement time is very long, as
compared to the step scan method. A 1-h measurement provides
each data point with the intensity of the counting statistics for
one hour. As a result, a very high-counting statistic is obtained
for powder diffraction data. This is one of the most important
factors in accurate charge density analysis.

We next describe the procedure of an in situ powder diffrac-
tion experiment with the adsorption of oxygen on a type of
copper coordination polymer as an example. The sample used
here is [Cua(pzdc)a(pyz)], (pzdc: pyrazine-2,3-dicarboxylate,
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Fig. 1. (a) Schematic diagram of the system used to conduct the in situ powder
experiment of gas adsorption at BLO2B2 SPring-8, (b) is a photograph of the area
around the sample during measurement, and (c) is a photograph of the sample
holder with a gas import tube.
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pyz: pyrazine) called CPL-1 (Coordination polymer 1 with
a pillared-layer structure) with uniform nanochannels of
4 A x 6 A [3]. The sample holder is mounted to the goniometer
head of the diffractometer and the gas import tube is connected
to a gas handling system. The atmosphere inside the capillary
is evacuated, and a helium leak detector is used to confirm that
there are no leaks in the system. A vacuum leak causes the inter-
fusion of water molecules, which may cause blocking of the
nanopore entrances. As-synthesized porous coordination poly-
mers usually have water molecules or organic solvent inside
their nanopores. Before the measurement in gas adsorption, the
water molecules or organic solvent must be removed from the
nanopores. Using this system, the sample is easily degassed by
heating the sample during evacuation. The sample of CPL-1 was
degassed for approximately 10 min at 373 K to remove water
molecules in the nanochannel. The removal of guest molecules
was confirmed from the diffraction pattern. The gas import tube
and a gas handling system were heated carefully using a heat gun.
The oxygen was then introduced at 80 kPa at room temperature.
The gas adsorption state can be controlled by the temperature
of the sample and the gas pressure. In the measurement of gas
adsorption isotherms, the gas pressure is changed under constant
temperature. In the present study, since the amount of a powder
sample is very small, i.e., less than a few milligrams, the tem-
perature is better controlled than the gas pressure. Therefore,
the adsorption state was controlled by the sample temperature
under a constant gas pressure. The temperature of the sample
was gradually lowered from 300 to 90 K in order to initiate the
gas adsorption. In order to obtain an equilibrium state of sorp-
tion, the delay time was set to be from 5 to 10 min before each
measurement. The measured in situ powder diffraction patterns
of CPL-1 with the adsorption of oxygen at 80 kPa are shown in
Fig. 2. Dramatic changes of the peak position and relative inten-
sity of reflections are observed between 150 and 130 K. These
changes are thought to be caused by the adsorption of oxygen.
Gas adsorption isotherm is measured previous to the diffraction
experiment in order to examine the entire gas adsorption profile.
From the isotherm, oxygen molecules are thought to be adsorbed

1.5x10° —
= | L 300K
= 1.0
5 S VPO
& NN -
f’, M A LJ\__J\_M____
el 130K in 80 kPa O, gas
G igltL_LuLJLALLM@ :
Q
E 05 150K

ﬂ 200K

ﬁ\ 300K dried

As-synthesized
Mot

0.0 T T T
5 10 15

26 ()

Fig. 2. In situ synchrotron powder diffraction patterns of CPL-1 with the adsorp-
tion of oxygen at 80 kPa. The diffraction pattern of as-synthesized CPL-1 is also
shown. The wavelength of the incident X-ray is 0.8 A.

in CPL-1 until saturation at 90 K at a gas pressure of 80 kPa. By
measurement with an exposure time of 5—10 min, the data were
obtained with a counting statistic that was sufficient for atomic
level structure analysis by the Rietveld method. Accurate charge
density analysis requires reliable integrated intensities of Bragg
reflection. In order to obtain a much higher counting statistic
data, the exposure time is determined from the maximum limit
of counting by an IP. The exposure time is estimated from a brief
5-min measurement. In the present case, the data for charge den-
sity analysis was measured with an exposure time of 65 min at
90 K. After this measurement, the sample was heated to 300 K
and the diffraction pattern changed to that of CPL-1 without
guest molecules. The desorption of oxygen and the recovery of
hollow structure without a collapse of the framework of CPL-1
were confirmed.

3. Structural analysis by the MEM/Rietveld method

In the powder diffraction method, a three-dimensional inten-
sity distribution of a reciprocal lattice is degenerated into
one-dimensional data and a great deal of information on the
integrated intensity of each reflection is lost. The X-ray diffrac-
tion provides the absolute values of the integrated intensities of
each reflection and the phases cannot be essentially obtained. In
the single-crystal X-ray diffraction method, there exists a direct
method that can estimate the phases of each reflection. However,
it is very difficult to estimate the phases by a powder method.
In Rietveld analysis, the diffraction pattern calculated from the
expected structural model is fitted to the observed pattern to
refine some structural parameters by the least-squares method.
It is important that the initial structural model is correct or close
to the correct model and the initial parameters are close to the
correct values. So the construction of the structural model is a
key to the success of the analysis. In the present study, little
structural information on adsorbed gas molecules is available at
the beginning of the analysis. The position and orientation of
guest molecules are not known. In such a case, if we assume
the guest molecules to have arbitrary positions and refine their
positional parameters, then the solution may fall into a local
minimum and fail the analysis. Therefore, an enormous num-
ber of trials for various structural models must be performed. In
order to avoid such difficulties, we apply the imaging technique
of charge densities by the newly developed MEM to help in the
model building of gas-adsorbed structures.

The MEM is a type of image reconstruction technique that
was developed in the area of information theory and has been
applied in the field of radio astronomy to reconstruct images
from incomplete and noisy data [19]. The MEM was developed
as a deconvolution method and was applied to crystal structure
analysis in 1982 by Collins [13]. The MEM algorithm used in
the present study is based on Collins’ method. The MEM gives
the high-resolution charge density distribution consistent with
the crystal structure factors within the errors. In the calculation
of the MEM, the information entropy based on the charge den-
sity distribution is maximized with the constraint concerning
the agreement of observed and calculated structure factors. In
1995, the MEM combined with the most popular powder pat-
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tern decomposition method, the Rietveld method, was developed
for the determination of the endohedral structure of a metallo-
fullerene. This method is known as the MEM/Rietveld method
[15,16]. The MEM/Rietveld method is used for two types of
applications in crystal structure analysis. One such application
is accurate charge density analysis. The integrated intensities of
each Bragg reflection are obtained using the result of powder
pattern decomposition in Rietveld analysis. The resultant struc-
ture factors are used for the calculation of the MEM to obtain
an accurate charge density. This is very useful for analyzing
powder patterns with significant overlaps of reflections. By this
method, the bonding natures of various materials, such as oxides
[20,21], intermetallic compounds [22,23], and superconductors
[24], were revealed. Another application is the model building
and modification of the crystal structure by the combination of
powder pattern decomposition and imaging of the charge den-
sity consistent with the diffraction data, which is referred to as
structural prediction by the MEM. This method has provided a
breakthrough in the structure determination of fullerene com-
pounds [15,25-27]. Of course, an accurate charge density can
be obtained after the model building.

A procedure of the structure analysis of a porous coordina-
tion polymer with the adsorption of molecular oxygen is shown
as an example of model building by the MEM/Rietveld method.
A diffraction pattern of CPL-1 with the adsorption of oxygen at
a pressure of 80 kPa measured at 90 K is analyzed. The diffrac-
tion peaks of the sample are observed to have a broad halo
pattern from the soda glass capillary. This background reflects
the structure of the glass and is expressed by the combination of
a number of broad peaks using a profile function. In the first
step of analysis, the Rietveld refinement is carried out by a
structural model of only the framework, without assuming any
guest molecules inside the nanopores. Crystal structure of as-
synthesized CPL-1 with water molecules in the nanochannels
has already been determined by single-crystal X-ray diffraction
[3]. From the similar diffraction pattern of as-synthesized CPL-
1, the crystal system of CPL-1 with the adsorption of oxygen
is expected to be a monoclinic. We assume that the fundamen-
tal framework structure of CPL-1 does not change by the gas
adsorption. The structural model of the framework is made
by the removal of water molecules from the structural model
of the as-synthesized compound. In the refinement of atomic
coordinates, pyrazine molecules and carboxylate forming the
framework are treated as rigid bodies so as to maintain their
intrinsic forms. The soft-constraints for intermolecular distances
and the angles of these components of the framework are appro-
priately applied in the refinement. The result of this Rietveld
fitting is shown in Fig. 3(a). The data of 26 < 53.3°, which corre-
spond tod > 0.89 A1 , were used in the analysis. The calculated
peak positions of each reflection showed good agreement with
those of the observed data and the fundamental structure of the
framework was confirmed to have a monoclinic cell. The fit-
ting of the observed and calculated powder patterns is very bad
due to the lack of guest gas molecules in the present structural
model. Reliability factors based on the entire powder profile,
Ryp, and the Bragg integrated intensities, Ry, were 16.4 and
44.9%, respectively. Despite the unsatisfactory fitting of data,
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Fig. 3. Fitting results of Rietveld refinement for CPL-1 with the adsorption of
oxygen. (a) Initial refinement using a structural model of CPL-1 framework with-
out guest molecules. (b) Final refinement using the modified structural model
of CPL-1 with oxygen.

the integrated intensities of each reflection were derived from
the observed diffraction patterns using the result of the Rietveld
refinement. The diffraction intensity of each data point is divided
into each reflection with the contribution from each reflection
using the proportion of the calculated intensities in accordance
with the following equation:

Y£de(20))

Y-Obs(29j) = Y°bs(28j) X ——
: N
' > Yicalc(ZGj)

ey

where Y°P%(26;) is the observed diffraction intensity at 26; and
has contributions from N reflections, Yl-calc(29 ;) the calculated
intensity from the structural model in the Rietveld analysis for
the ith reflection at 26;, and Yi"bs(ZQ ;) is the contribution from
the ith reflection at 26;. This operation is carried out for all data
points. As aresult, all of the observed intensities are divided into
each reflection without exception, and the integrated intensities
of each reflection based on the observed data are obtained. From
the statistical consideration, the standard deviation of integrated
intensity is estimated to be the square root of the integrated
intensity. The structure factors of each reflection are derived
from these integrated intensities. The phases of structure fac-
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Fig. 4. Three-dimensional MEM charge density map of CPL-1 with the adsorp-
tion of oxygen as equi-contour surfaces based on the first Rietveld analysis using
the structural model without assuming guest molecules. The equi-density level
is 0.8 eA=3. Distributions in the nanochannel are indicated in black.

tors calculated from the structural model are given. Imaging of
the charge density by the MEM is performed using resultant
structure factors. The MEM calculation was carried out using
the ENIGMA program [28]. In the MEM calculation, the unit
cell is divided into 64 x 256 x 128 pixels. The total number of
electrons in the unit cell is given as a constraint. The number
of adsorbed gas molecules is included in this calculation. The
amount of adsorbed gas molecules is independently examined
by the gas adsorption isotherm. In this analysis, one O molecule
is adsorbed for one formula unit. Fig. 4 shows an obtained three-
dimensional MEM charge density map as equi-contour surfaces.
The framework structure can be clearly seen. Despite the struc-
tural model without assuming guest molecules, two peaks of
charge density are recognized in each pore. Fig. 5(a) shows a
section MEM charge density containing this peak, which is par-
allel to the nanochannel direction. The middle of this figure
corresponds to the nanochannel. An elongated shape distribu-
tion of charge density is seen in the middle of the nanochannel.
Although the adsorbed molecules are not assumed in the struc-
tural model in this analysis, the diffraction intensities must

(b)

Fig. 5. Section MEM charge density maps containing a nanochannel for CPL-
1 with the adsorption of oxygen. (a) MEM charge density based on the first
Rietveld analysis. Contour lines are drawn from 0.0 to 4.0 eA~3 with 0.2eA™3
intervals. (b) Final MEM charge density based on the Rietveld analysis using
the modified structural model. Contour lines are drawn from 0.0 to 14.0eA~3
at 2.0eA3 intervals.

contain the information of the adsorbed molecules. The infor-
mation was derived by imaging of the charge density consistent
with input data by the MEM. The charge density in the mid-
dle of the nanochannel is thought to be due to the adsorbed O,
molecule.

As the next step in the analysis, the modified structural model
with O, molecules at the peak positions of charge density in the
nanochannel is applied as a new model to perform the Rietveld
refinement again. The positional and orientation parameters of
O, molecules were also refined in this analysis. The results of the
final Rietveld refinement are shown in Fig. 3(b), which indicates
a satisfactory fitting. Reliability factors Rwp and Ry were dra-
matically improved to 2.1 and 3.9%, respectively. If the obtained
MEM charge density distribution is consistent with the struc-
tural model used in the Rietveld model, it is considered as a
final result. Fig. 5(b) shows that a section MEM charge density
contains the O, molecule, which is parallel to the nanochannel
direction. Through the use of the modified structural model, the
charge density distribution of the Oy molecule became dumb-
bell shaped. The feature of the obtained MEM charge density is
consistent with the structural model used in Rietveld refinement
at the atomic level and is a final result of this analysis.

As shown here, the MEM/Rietveld method, which is com-
bined with the ability of the structure model prediction of the
MEM and the powder pattern decomposition of the Rietveld
method, was shown to be very useful for the structural determi-
nation of porous coordination polymers with the gas adsorption.
This method is also powerful for the structure determination of
the rotational or positional disorder of molecules and organic
ligands for which their structural model is difficult to express
and build.

4. Molecular arrangement of oxygen and nitrogen in
CPL-1

The dioxygen molecule is paramagnetic. The low-
dimensional arrangement of molecular oxygen makes the
investigation of the intermolecular potential and the quantum
effect on magnetic properties very attractive. Gas adsorption on
the nanopores of coordination polymers is a promising method
by which to realize such an arrangement of molecular oxy-
gen. In the present study, the host-guest interaction between
O, molecules and the nanopore and the guest—guest interac-
tion between the adsorbed O, molecules is investigated. In this
section, the molecular arrangement of oxygen adsorbed in the
nanochannels of porous coordination polymers, called CPL-
1, and that of nitrogen, which has a similar size and shape to
oxygen, are shown.

CPL-1 has a pillared-layer structure. Two-dimensional sheets
composed of copper and pyrazine-2,3-dicarboxylate are linked
by pyrazine molecules, forming uniform ordered nanochannels.
The size of the nanochannel is similar to that of molecular oxy-
gen. The oxygen adsorption isotherm on CPL-1 at 77K is a
typical profile of a type 1 isotherm, with a steep rise at the
low-pressure region, which is characteristic of the adsorption
on micropores. The adsorption is expected to achieve saturation
at 90K and 80kPa. The temperature dependence of the lattice
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Fig. 6. Temperature dependence of lattice parameters and the unit cell volume of CPL-1 with the adsorption of oxygen.

parameters of CPL-1 with the adsorption of oxygen is shown
in Fig. 6. Whereas most lattice parameters and the cell volume
increased between 150 and 130 K by the adsorption of oxygen, a
small change in the direction of the nanochannel was observed.
Fig. 7 shows the three-dimensional MEM charge density of CPL-
1 with the adsorption of oxygen as equi-contour surfaces. A
reliability factor based on the structure factors RpmewMm is 1.51%.
The host framework structure is clearly seen in this map. Two
peaks of electron density are observed in each unit pore of CPL-
1, which is consistent with the result of the adsorption isotherm.
A unit pore is defined as one pore between two pillar-ligand
pyrazine molecules as viewed from the nanochannel direction.
Each molecule has the dumbbell-shaped distribution of the O,
molecule. The number of electrons around this peak as calcu-
lated from the MEM charge density was 15.8(1)e. This value
virtually agrees with the number of electrons of the neutral O,
molecule. It was confirmed by X-ray structure analysis for the
first time that the molecular oxygen is adsorbed in the nanochan-
nels of porous coordination polymer. The O, molecule is located
in the middle of the nanochannel. No electron density showing

chemical bonding is seen between the adsorbed O, molecule
and the pore walls. The interatomic distances between the Oy
molecule and the atoms on the pore walls are from approximately
2.7 to 3.3 A, which shows the van der Waals contact of these
atoms. These observations support that idea that O, molecules
are physisorbed in the nanochannels of CPL-1. A parameter of
isotropic temperature factor B was refined to be 4.1 A2, this large
value shows that the O molecules have large thermal vibration
in the nanochannels. However, a clear charge density distribution
of adsorbed O, molecule shows that the molecules are strongly
trapped at this position. The state of the oxygen in the nanochan-
nels is thought to be closer to a solid state than a liquid state.
As shown here, the MEM charge density distribution provides
information on the molecular interaction, i.e., the charge trans-
fer between the molecules and ionicity of atoms, because it is
calculated for all of the electrons in the system.

Fig. 8 shows the arrangement of the O, molecule in the
nanochannel of CPL-1. Adsorbed O, molecules form a ladder
structure. The intermolecular distance of the O,—0O, dimer is
3.28 A, which is close to that in the « and B phases of solid

Fig. 7. Three-dimensional MEM charge density of CPL-1 with the adsorption of oxygen as equi-contour surfaces viewed from (a) the side and (b) the front of the
nanochannels. The equi-density level is 1.0eA~3. Adsorbed O, molecules are indicated in black.
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Fig. 8. Arrangement of O, molecules in the nanochannel of CPL-1 viewed from
the side of the nanochannel direction.

O5. On the other hand, the interdimer distance of 4.69 A, as
determined by the lattice parameter of the framework, is rela-
tively large. Theoretical studies have shown that the magnetic
interaction between O, molecules strongly depends on the inter-
molecular distance and the orientation of the molecular axis [29].
These results indicate that the interdimer interaction is approx-
imately hundred times weaker than the intradimer interaction.
Therefore, the magnetic properties of this system are assumed to
be equivalent to those for a Heisenberg antiferromagnetic dimer
with S=1. The experimental results were published in Refs.
[30] and [31]. The temperature dependence of the susceptibil-
ity and the high-field magnetization process at low temperatures
indicate the non-magnetic singlet ground state of the O,—O,
dimer. In the magnetization process at 4.2 K, the magnetization
contribution from adsorbed O, increases abruptly at approxi-
mately 60 T, although the present magnetic field is not sufficient
to obtain the saturated magnetization. Similar metamagnetic-
like behavior has been observed in two other microporous
coordination polymers [30]. We recently proposed the “field-
induced rearrangement mechanism” as an explanation for the
metamagnetic-like behavior. The stable arrangement of O, with
saturated magnetic moment in a sufficiently high field should
be different from the H-structure in the singlet state, which is
stable at zero field. The geometries of the dimer system are
shown in Fig. 9. Therefore, the magnetization process of the
0,-0, dimer is expected to be different from that of the S=1
Heisenberg antiferromagnetic dimer model.

A CPL-1 with adsorbed nitrogen was investigated using the
same type of experiment and analysis for comparison with the
adsorption of oxygen [31]. The nitrogen molecule has a size sim-
ilar to that of oxygen and is a good reference for studying the
differences in interaction between the adsorbed molecules and

.’f
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Fig. 9. Geometries of the dimer system.

nanopores. The gas pressure of nitrogen in the in situ powder
diffraction experiment was 80kPa. The measurement time of
data for charge density analysis was 90 min. From the change of
the in situ diffraction pattern, nitrogen was found to be adsorbed
between 130 and 120K. This is consistent with the higher
saturated vapor pressure of nitrogen, as compared to oxygen.
Reliability factors Rwp and Ry in the final Rietveld refinement
were 1.81 and 3.84%, respectively. An isotropic thermal param-
eter, B, was refined to be 4.8 AZ. The refined lattice parameters
and the unit cell volume of CPL-1 with the adsorption of nitro-
gen and oxygen, and without guest molecules, are shown in
Table 1. The crystal lattice mainly expands in the direction of
the b and ¢ axes, which indicates the expansion of the nanopore
by the gas adsorption. A slight contraction is seen in the a axis,
which is the nanochannel direction. These tendencies are sim-
ilar for the case of oxygen adsorption and nitrogen adsorption.
Fig. 10 shows the three-dimensional MEM charge density of
CPL-1 with the adsorption of nitrogen as equi-contour surfaces.
The reliability factor Rpvem is 2.21%. The dumbbell-shaped
charge density due to the adsorbed N, molecules is observed in
the middle of nanochannels. The interatomic distance between
adjacent N, moleculesis 3.61 A. The nitrogen molecules aligned
to the nanochannel direction, forming dimers. No electron den-
sity distribution or charge transfer was observed between the
N> molecules and pore walls. These features are very simi-
lar to those in the oxygen adsorption. However, in the case of
nitrogen adsorption, the molecular axis of the N, molecule was
inclined 24.9° to the nanochannel direction. The N,—N, dimer
has a shifted parallel S-structure (6, =0y, # 90°). The difference
of the arrangement of adsorbed molecules between oxygen and
nitrogen is considered to arise from the intermolecular inter-

Table 1
The refined lattice parameters and the unit cell volume of CPL-1 with the adsorption of nitrogen and oxygen, and without guest molecules at 90 K

P (kPa) a(A) b (A) c(A) B©) V(A%
With oxygen® 80 4.68759 (4) 20.4373 (1) 10.94837 (9) 96.9480 (6) 1041.17(1)
With nitrogen® 80 4.6965 (1) 20.5432 (2) 11.0320(1) 97.451 (2) 1055.39(3)
Without guest molecules® 0 4.7154(1) 19.8268 (2) 10.7124(2) 95.065(2) 997.60 (3)

4 From Ref. [17].
b From Ref. [31].
¢ From Ref. [32].
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Fig. 10. Three-dimensional MEM charge density of CPL-1 with the adsorption of nitrogen as equi-contour surfaces viewed from (a) the side and (b) the front of the
nanochannels. The equi-density level is 1.0eA 3. Adsorbed N, molecules are indicated in black.

action between the guest molecules. These considerations are
discussed later in Section 7.

5. High-pressure synchrotron powder diffraction
experiment of gas adsorption

A gas adsorption state can be controlled by the temperature
and the gas pressure. An in situ powder diffraction gas adsorption
experiment at BLO2B2 was carried out by controlling the tem-
perature under a constant gas pressure because of the condition
whereby a small amount of sample can be easily and accurately
controlled by temperature. Gas molecules can also be compul-
sorily adsorbed inside the nanopores by applying pressure. This
procedure is performed in an in situ experiment under high pres-
sure. The molecular alignment of oxygen adsorbed under high
pressure may be different from that at low temperature at a pres-
sure of 80 kPa. The framework of CPL-1 is expected to transform
with increasing pressure. The molecular alignment is related to
the valance of the interaction between the adsorbed molecules
and the pore walls and that between the adsorbed molecules.
The arrangement of dimers of oxygen and their magnetic prop-
erties are of interest here. In this section, the pressure induced
molecular alignment of oxygen and the transformation of CPL-1
framework are shown.

An in situ powder diffraction experiment of gas adsorption
under high pressure was carried out by high-pressure research
beamline BL10XU SPring-8 [33]. An X-ray obtained by an
in-vacuum undulator was monochromatized by a Si (1 1 1) dou-
ble crystal. The wavelength of the incident X-ray was 0.49 A.
Diffraction patterns were measured by a Rigaku R-AXIS 1V,
using a flatimaging plate of 300 mm x 300 mm in size as a detec-
tor. The camera distance was approximately 300 mm. In order to
produce a high-pressure condition, a diamond anvil cell (DAC)
was used. The amount of powder sample placed into the DAC
is very small, which enables homogeneity of pressure. Thus, a
high-brilliance and high-resolution synchrotron radiation light
source is indispensable for the diffraction experiment with a
DAC. In order to obtain a hydrostatic pressure, helium gas is
often used as a pressure medium placed into the DAC together

with the powder sample [34]. In this experiment, oxygen that
should be adsorbed in the sample of a porous coordination poly-
mer was used as a pressure medium. Liquid oxygen was dosed
into a DAC with powder sample of CPL-1 under liquid nitro-
gen temperature. A small ruby crystal was placed together with
the powder sample. The pressure in the DAC was monitored by
the shift of fluorescence spectrum of the ruby. An incident X-
ray beam is irradiated through the diamond, and the diffracted
beam from the sample passes through the diamond to reach the
detector. The measurement was performed at room tempera-
ture. The gas pressure was changed from 0.26 to 8.03 GPa. The
exposure time for each diffraction data was set to be 5 min. The
one-dimensional powder diffraction pattern was obtained from
the recorded two-dimensional IP data by the software PIP [35].
Fig. 11 shows the pressure dependence of the powder diffrac-
tion patterns of CPL-1 with the adsorption of oxygen. The peak
positions gradually change with increasing pressure. The shifts
of the peak positions in each diffraction pattern differ with the
type of reflection. Some peaks do not shift much. This indicates
the occurrence of an anisotropic deformation of crystal lattice
with increasing pressure. The pressure dependence of the lattice
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Fig. 11. Pressure dependence of synchrotron powder diffraction patterns of
CPL-1 with the adsorption of oxygen. Each profile is offset in the direction
of the horizontal and vertical axes to avoid overlapping.
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Fig. 12. Pressure dependence of lattice parameters and the unit cell volume of CPL-1 with the adsorption of oxygen.

parameters and the unit cell volume obtained from the Le Bail
analysis is shown in Fig. 12. The lattice was found to contract
mainly in the direction of the ¢ axis with increasing pressure.
On the other hand, a small change is seen in the direction of the
nanochannel. The volume change of the crystal lattice within the
observed pressure range was approximately 7%. The diffraction
profiles become broader in the higher pressure region due to the
failing of crystallinity. The Rietveld analysis was carried out for
the data of the pressure range of from 0.65 to 1.87 GPa with
sharp diffraction profiles.

6. Pressure-induced molecular arrangement of oxygen

Fig. 13 shows the pressure dependence of the crystal struc-
ture of CPL-1 with the adsorption of oxygen. A crystal structure
at 80kPa and 90K is also shown in this figure. At 80kPa, the
molecular axis of oxygen was parallel to the nanochannel, and
the dimers have an H-structure forming a ladder structure. From
the structural analysis, the molecular axis of the O, molecule was
found to be gradually inclined for the nanochannel direction with
increasing pressure. The O,—0; dimers seem to change their
orientation, maintaining an H-structure in this pressure region.
Pillar ligand pyrazine molecules also rotated with increasing
pressure. A plane of the pyrazine molecule became perpendic-
ular to the nanochannel direction. The lattice parameters ¢ and
B simultaneously decreased to show the lattice shearing. One
of the most interesting results is the increase of lattice parame-
ter B above 3 GPa, as shown in Fig. 12. The structural changes
that occur and the arrangement of the O, dimer in this pressure
region should be analyzed in the future. From the preliminary
MEM charge density analysis, little charge density was observed
between the O, molecules and pore walls. This indicates that the
O, molecules are basically physisorbed in the nanochannels of

CPL-1, as at 80 kPa and 90 K. The transformation with the lattice
shearing and the rotation of pyrazine molecules seems to attain
a denser structure to generate an efficient guest accommodation.

7. 03-0; dimers in the nano-coordination space of
CPL-1

Based on the determined crystal structures of CPL-1 with
oxygen and nitrogen, adsorbed gas molecules are thought to be
affected by the potential, depending on the shape of the pore
surfaces, to form ordered structures in nanochannels. Neither
charge densities showing chemical bonds nor charge transfers
were observed between the adsorbed guest molecules and the
pore walls in the MEM charge densities. The interaction between
the guest molecules and the pore wall is thought to be due to
van der Waals force. The experimental results of the different
arrangement of the O,—0O» dimer and the N>—N» dimer strongly
suggest that the guest-guest interaction plays an essential role
in the determination of the molecular arrangement. Considering
the interaction of the quadrupolar moment of N> molecules,
the stable arrangement of the free dimer is expected to have
a T-structure or a shifted parallel S-structure. However, the T-
structure cannot be attained because of the restricted space inside
the nanochannels of CPL-1. Therefore, the N»—N, dimer has an
S-structure with 6=65.1° in the nanochannels. The situation
for the O—0, dimer is different from that of the N»—N, dimer
because of the existence of the magnetic interaction. The results
of a theoretical study [29] and a molecular beam experiment [36]
indicate that the most stable geometry of a singlet O,—0; dimer
with S =0is expected to have an H shape. The geometry in solid o
and f phases of oxygen is an H shape and the interaction between
the molecules is antiferromagnetic. The O,—0O; dimers at 80 kPa
and 90K have an H-structure. Below 90K, they are thought
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Fig. 13. Pressure dependence of the crystal structure of CPL-1 with the adsorption of oxygen. These figures are viewed from the side of the nanochannel direction.
Adsorbed oxygen dimers and pillar ligand pyrazine molecules are shown by the space-filling model. Others are shown by connecting lines.

to maintain an H-structure from the non-magnetic behavior in
susceptibility measurement. The H-structure is also maintained
under high pressure despite the expected enhancement of the
host-guest interaction. Robust H-structure under high pressure
may indicate the importance of the guest—guest interaction.

8. Conclusions

Gas molecules adsorbed in the nanochannels of porous coor-
dination polymer were directly observed by the combination of
an in situ powder diffraction experiment of gas adsorption using
a third-generation synchrotron radiation light source. Imaging
of the charge density by the MEM provided information on the
adsorbed gas molecules, enabling the structural model to be built
and modified. The structure obtained, not only the atomic posi-
tions, but also the charge density distribution, indicated that the
arrangement of dimers and their specific states differed from the
bulk state in the nano-coordination space.
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