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Abstract: For the purpose of investigating the correlation between host gas adsorption ability and structural
flexibility, the combination of metal benzoate complexes [M",(bza),] (M" = Rh (a), Cu (b); bza = benzoate) and
pyrazine derivatives (pyz = pyrazine (1), 2-mpyz = 2-methylpyrazine (2), 2,3-dmpyz = 2,3-dimethylpyrazine
(3)) yields a series of one-dimensionally assembled complexes. The study of the adsorption properties of this
series was examined for CO,, Hy, N,, O,, and Ar gases at 195 K (CO,) or at 77 K (all others). The adsorption
manners of these complexes are similar for each gas, while the pressure at which adsorption started or rapidly
grew increased with a rise in the number of methyl groups in the case of adsorbable gases. The maximum
amount of adsorption was a positive integer, e.g., 3 molecules per M, unit for 1 and 2 and 2 molecules per M,
unit for 3 in the case of CO, adsorption for all complexes at 0.1 MPa of adsorbable gases. Structural
transformation was observed accompanying gas adsorption. This transformation was observed when the
adsorption amount reached 1 molecule per M, unit, suggesting a correlation of the adsorption amount and
dynamic adsorption behavior. Single-crystal X-ray analyses of nonincluded crystals and CO, inclusions for all
hosts (1—3) revealed that large structural changes occurred through CO, adsorption to increase the inner space
for adsorption gases, depending on the substituents on the pyrazine ring. These facts were confirmed as a
transition by DSC measurements using a mixed CO,/N, gas atmosphere. Solid-state *H and ?H NMR studies
of the crystalline sample of 1a and its partially deuterated samples of 1a’ (deuterated phenyl group) and 1a”
(deuterated pyrazine) revealed rapid 180°-flip motions of the aromatic rings of the host skeletons, which form
the walls of the channels. These “rotating” motions would help the diffusion of CO, molecules through a narrow
channel at relatively low pressure. Indeed, the motions of phenyl groups and methyl-substituted pyrazine moieties
of phenyl deuterated 3a were confirmed to be very slow by solid-state *H and ?H NMR spectra, where the

amount of adsorbed gas molecules was small for 3a at 0.1 MPa of CO,.

Introduction

Metal—organic porous materials have been widely investi-
gated as a new class of materials following the well-known
activated carbon and zeolites.* These materials possess ordered
cavities and channels that are easy to rationally design and
control, which would alow selective adsorption applicable to
sensor and separation techniques.? In particular, flexible frame-
works based on wesak interactions such as the coordination bond,
s1—at stacking, and van der Waals contact can demonstrate large
structural changes with retained crystallinity during the adsorp-
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tion process.® As compared with conventional adsorbents, this
dynamic change in the host skeleton might pave the way for a
promising system of novel separation techniques and of probes
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for detection of specific molecules from a gas mixture. Single-
crystal adsorbents should contribute to the investigation of the
mechanism of adsorption through observation of these aggregate
structures because their high degree of integrity and regularity
can control guest alignment.* Since materials for which the
structure is well understood allow a microscopic view of the
relationship between structure and physical properties, the study
of structure concerning thermal properties is important to
understand functional materials.® Recently, we reported the
single-crystal adsorbents [M";(bza)4(pyz)], (M" = Rh (1a), Cu
(1b); bza = benzoate; pyz = pyrazine) and their derivatives as
good candidates for such observations. 8 Molecular crystals
formed by van der Waals interaction exhibit high flexibility and
adjustability for the properties of adsorbed guests. Because the
crystallinity is maintained after the adsorption process, this series
enabled us to determine the structures at the gas inclusion state
by single-crystal crystallography and their dynamics in solid
state. Since the study of molecular motion coupled with
adsorption phenomena is an important issue for revealing the
invasion and diffusion mechanisms of guests through the
channel,® a systematic study of adsorption processes ac-
companied by structural change is required.

In this article, we report the preparation of a series of single-
crystal adsorbents [M""(bza)4(Rpyz)], (M" = Rh (a), Cu (b);
R = H (1), 2-methyl (2), 2,3-dimethyl (3)) (Chart 1). Methyl
groups were introduced in the channels of 2 and 3. Since CO,
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Chart 1. Infinite Chain Structure of Compounds 1—3

M"5(bza)s(Rpy2)In
Ri=Rp=H (1)
R1=H, Ry =Me (2)
R1 =Ry =Me (3)

M =Rh" (a), cu" (b)

gas adsorption induces clear structural transition for the hosts
under moderate conditions,” systematic study of CO, gas
adsorption of the host series is appropriate for clarifying the
correlation between the structures and the dynamic adsorption
behaviors. In order to prove the changein local dynamic motion
of ahost lattice induced by CO, gas and by methyl substitution
of the pyrazine moiety, solid-state 2H NMR measurements of
deuterated compounds of la—3a were performed. In addition
to this function, clarification of the adsorption mechanism of
CO, gas on porous materials will also be important since CO,
gas is widely known to contribute to the greenhouse effect.

Results and Discussion

Preparation of Single-Crystal Host Family. To extend aseries
of the single-crystal hosts [M,(bza)4(pyz)], possessing aflexible
1D channel in which various gaseous molecules are encapsu-
lated, single-crystal hosts [M";(bza)4(Rpy2)], (M" = Rh (a),
Cu (b); R = H (1), 2-methyl (2), 2,3-dimethyl (3)) were
synthesized (Chart 1). These compounds consist of a 1:1
assembly of a pyrazine derivative and a lantern-type metal
complex®® [M",(bza),]. The structures of the single-crystal hosts
were determined by single-crystal X-ray analysis (Table 1 and
Tables S1-2); it appeared that the channel (diameter: ~2—4
A) runs regularly in al of the crystals (Figure S1, Supporting
Information).

In contrast to 1,”® possessing a straight one-dimensional (1-
D) chain structure, newly synthesized complexes 2b, 3a, and
3b possess an infinite zigzag 1-D chain structure similar to that
in 2a,™ which is caused by the steric hindrance of methyl groups
introduced in the pyrazine ring (refer to Figures 6a and 7a for
Rh complexes). The additional methyl groups reduced the void
volume at 298 K, which is a indicator of the channel spaces,
by 19, 9, 39, and 44% for 2a, 2b, 3a, and 3b, respectively, as
compared with that observed in 1a and 1b. The crystals of 3
show even more bent chain structures than do those in 2. This
is attributed to a greater steric hindrance due to two methyl
groups (M —pyz(center)—M angles at 298 K: 169.78°, 169.77°,
164.84°, 164.34°, (at 90 K: 169.74°, 169.88°, 164.91°, 164.29°)
for 2a, 2b, 3a, and 3b, respectively). These zigzag chains were
stacked oneach other through phenyl —phenyl and phenyl —pyrazine
interactions, which generate void spaces. This packing feature
is similar to those observed in crystals of 1a and 1b.

(10) Cotton, F. A.; Walton, R. A. Multiple Bonds between Metal Atoms,
2nd ed.; Oxford University Press: New York, 1993.
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45, 2216.
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Figure 1. Adsorption isotherms of CO, (&) at 195 K and H, (b), O, (c),
N (d), and Ar (e) at 77 K for 1a-3a (left column) and 1b-3b (right column).

Gas Adsor ption Properties. The gas adsorption capacities of
all adsorbents 1-3 were characterized for CO;,, Hy, Ny, O,, and
Ar at 195 K for CO, and at 77 K for al the others (Figure 1).*
In spite of the addition of the methyl group in the void space,
all crystal hosts adsorbed CO, gases with a similar saturated
amount (3 molecules per M, unit for 1a,” 1b,2 2a,** 2b and 2
molecules per M, unit for 3a and 3b). The abrupt increase of
the isotherm curves were clearly observed at the same adsorption
amount (1 CO,/M, unit) but at different CO, pressures (10 Torr
for 1a, 54 Torr for 1b, 36 Torr for 2a, 120 Torr for 2b, 465
Torr for 3a, and 520 Torr for 3b) as was aso observed for isobar

(12) Only dlight amount of gases (CO,, H,, O,, N, and Ar) was adsorbed
in these adsorbents around room temperature at 0.1 MPa. For the detail
of adsorption behavior of 1b for CO, gas under high pressure
conditions, see: Takamizawa, S.; Takasaki, Y.; Miyake, R. Chem.
Commun. 2009, 6625.
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curves (Figure S15, Supporting Information). In the case of H,™
and O, gases, 1a, 1b,%® 2a, and 2b adsorbed the gases at almost
the same, relatively low pressure and showed smooth and
reversible adsorption properties. In contrast, in the case of N,
and Ar gases, the Rh complexes (1a,**® 2a) showed smooth
adsorption and reached an saturated amount (3 molecules per
Rh, unit) while the Cu complexes (1b, 2b) did not adsorb N,
and Ar gases.’® This fact suggests that gas selectivity can depend
on the type of meta center.

Solid-state NM R Study of Molecular Motion. The host series
in this study adsorbed gases through narrow channels. Theinitial
pressure to make the gas molecules enter the channels depended
on the substitution number of the methyl group. To reveal this
adsorption characteristic, temperature variations of the solid-
state *H NMR spectra of [Rhy(0,C—CgHs)4(py2)], (1a) and its
partially deuterated analogue [Rhy(O,C—CeDs)4(py2)], (1)
under N, gas flow were first measured (Figure S14). A motional
narrowing of the spectral width of 'H NMR was observed
between 125 and 300 K for 1la whereas almost no narrowing
was detected for 1&’, indicating that the motion of the phenyl
group of the benzoate ligand is thermally activated in this
temperature region (also see Figure S15, Supporting Informa
tion). The 180°-flip motions of the phenyl group around the
C—C bond were confirmed by the 2H NMR spectrum of 1&
(Ieft column of Figure 2a). A typical Pake doublet pattern was
observed at 200 K for a deuterium atom of a phenyl group
without motion.*” The line shape changed with increasing
temperature to show a 180°-flip motion of the phenyl group,
which was rapid enough at 295 K. The spectral line shape was
simulated to determine the rate of the motion at each temperature
(right column of Figure 2a). An Arrhenius plot of the rate
constant gave an activation energy of 38 & 4 kJ mol~* for the
180°-flip motion of the phenyl group. Although the rotational
motion of the pyrazine ring around the N—N axis shows almost
no fluctuation of intramolecular dipole interactions between
adjacent protons and the *H NMR spectrum is almost indepen-
dent of the rotational motion around the N—N axis, the?H NMR
spectrum of the pyrazine-deuterated anal ogue [Rhy(O,C—CeHs)4-
(pyz-dy)]n (1@”) clearly reveaed the 180°-flip motion of the
pyrazine ring around the N—N axis (Figure 2b). The activation
energy of this motion (49 + 4 kJ mol~%) was greater than the
activation energy of the 180°-flip motion of the phenyl group
(Figure S16, Supporting Information).

The rapid 180°-flip motion of the phenyl ring at room
temperature, which is similar to the motion of a“rotating door,”
seems to play an important role for gas inclusion into the
crystalline lattice of 1a (1a’), particularly near the initiation of
gas adsorption. To clarify this point, solid-state NMR of the
host under 0.1 MPa of CO, pressure was also measured for
1a’. The 2H NMR spectrum shows that the rate of the 180°-flip
motion of the phenyl ring under 0.1 MPa of CO, pressure is
smaller than that of the crystals before adsorption'® (Figure 3;
also see Figure S17, Supporting Information). The crystal of
la before adsorption isin the monoclinic phase (o phase), which

(23) The number of included H, gases was not saturated at the measured
condition (77 K, 0.1 MPa).

(14) Kachi-Tergjiama, C.; Akatsuka, T.; Kohbara, M.; Takamizawa, S.
Chem. Asia. J. 2007, 2, 40.

(15) Ar gas-adsorbing behavior under high-pressure conditions was reported
for 1la and 1b:Ueda, T.; Kurokawa, K.; Eguchi, T.; Kachi-Tergiima,
C.; Takamizawa, S. J. Phys. Chem. C 2007, 111, 1524.

(16) 1b adsorbed N, or Ar gas at more high temperature under high pressure.

(17) Nuclear Magnetic Resonance Probes of Molecular Dynamics; Tycko,
R., Ed.; Kluwer Academic Publishers: The Netherlands, 1994.
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Figure 2. Temperature variation of 2H NMR spectrum (left) with simulated spectrum (right): (&) spectrum of phenyl-deuterated sample [Rhy(O;C—CyDs)4(py2)]n
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Figure 3. Comparison of 2H NMR spectrum of [Rhy(O,C—CsDs)a(py2)]n
(1&") between different conditions under N, gas (a) and under 0.1 MPa of
CO; gas (b).

has small spaces to contain the CO, molecules. Once the CO,
molecules enter the lattice, the phenyl rings interact with the
CO, molecules to stabilize the channel structure by expanding
the lattice after which the crystal transforms into the triclinic
phase (B phase). As reported previously’ (also see Crystal
structure section), phenyl rings closely interact with included
CO, molecules. These facts suggest that the rotational motion
would be affected by the absorbed CO, molecules (Figure 4).

Since the crystals of 3a adsorbed a much smaller amount of
gas molecules at 0.1 MPa as compared with those of 1a, the

Figure 4. Schematic diagram of the “rotating door” motion of the flipping
benzene rings of the host skeleton consisting of inner channel walls.

dynamic properties of the phenyl rings and the dimethylpyrazine
moieties are of interest. We also measured the solid-state *H
and ?H NMR spectra of phenyl-deuterated 3a (3&) to clarify
the motional property of these groups individualy. Figure 2c
shows the temperature dependence of the observed 2H NMR
spectrum of 3a” and the simulation. 180°-flip motion of the
phenyl group is slower than 100 kHz even at an elevated
temperature of 370 K and only 14 kHz at 300 K. The rate of
the 180°-flip motion of the phenyl group of phenyl-deuterated
2a (2a") was between 1a’ and 3a’, but closer to 3a” (Figure 2d).
Solid-state 'H NMR spectra of 2a’ and 3a’ were almost
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independent of temperature between 120 and 370 K (Figure
S18, Supporting Information). Each spectrum consisted of a
typical spectral component line shape of a rapidly rotating
methyl group, of which the three protons have a total nuclear
spin of 3/2 and exhibit a characteristic dipolar line shape,*® and
a spectrum of ring protons. These different types of protons
show dlightly different shifts, probably due to the magnetism
of the Rhions. This result suggests that, unlike the case of 1&’,
2-methylpyrazine of 2a” and 2,3-dimethylpyrazine of 3a’ do not
undergo 180°-flip motion around the axis of Rh—N—N—Rh.
Thus, the near immobility in the flip motions of the phenyl ring
and pyrazine moiety seems to correspond to the increase of the
initial pressure and critical pressure of gas adsorption with the
increase of substitution in the host series (1a—3a).

Crystal Structuresof CO; Inclusionsof 1aand 1b. To clarify
the relationship between host structures, including structural
transformation and adsorption ability, the crystal structures of
CO--included complexes (denoted as CO,-included crystal) were
studied because CO, gas was well adsorbed by al of the
complexes under moderate conditions.

The structures of saturated inclusion crystals 1a-3(CO,) and
1b-3(CO,) were determined at 90 K under a CO, atmosphere
(Table S1, Supporting Information). The CO,-included crystals
of 1la and 1b are isostructural. The structural transformation
from monoclinic (C2/c (~<200 K for 1a), C2/m (~>200 K for
1a)) to triclinic (P1) is induced by the CO, adsorption and, as
was described in previous papers,”® this transformation is
accompanied by the expansion of 1-D channels through (1) a
dide in the opposite direction of the neighboring chains; (2) a
tilt of the 7—m stacked phenyl rings, and (3) an extension of
the interchain distances, as depicted in Figure 5b. The 1-D
channels in the transited structure are formed along the b-axis
of the crystal while the 1-D chain of the metal complex is
formed along the a-axis of the crystal. After the transformation,
the ratio of the void volume® in the crystal at 90 K increased
(1a: from 16.2% to 20.2%, 1b: from 14.3% to 20.2%). The
straight 1-D skeletons of the 1a and 1b crystals before adsorption
(denoted as nonincluded crystal) were maintained after the
transformation. A large structural change was found in the
sr-stacked phenyl rings where the torsion angle between (M —M
axis) + (phenyl plane of 7—r stacked benzoate) changed by 11.1°
and 24.9° from the nonincluded crystals of 1a and 1b at 298 K
(from those at 90 K, 24.9° for 1a and 26.0° for 1b, please refer
to Tables S3,4), respectively. As shown in Figure 5c, adsorbed
CO, moleculesin 1a are arranged along the 1-D channel. The
arrangements of the CO, moleculesin 1b were ailmost the same
as those in la. A repeating [A—A—B] arrangement of CO,
molecules was formed with the two different molecular axes
(A (01S—C1S-029) and B (0O3S—C2-03S%) (symmetry
operation # = —x, 2 — y, 2 — 2)) that are aimost parallel and
perpendicular to the channel direction, respectively. Considering
the electric quadrupole moment of the CO, molecules, the most
stable arrangement of 2 CO, moleculesisin aparallel orientation
(denoted as pardlel array A-A) and the second most stable
arrangement is in a perpendicular orientation (denoted as

(18) It is noted that a simulation of the 2H NMR spectrum by assuming a
uniform rate constant of motion failed to fit the experimental results
in the intermediate temperature region near 300 K. Thisresult suggests
a distribution of the rate of motion because of nonstoichiometric
inclusion of CO, molecules at the temperature region under 0.1 MPa
of CO.,.

(19) Takeda, S.; Chihara, H. J. Magn. Reson. 1984, 56, 448.

(20) Thevoid volume (or void space) for CO,-included crystals was estimated
from the host structure after excluding included CO, gases.
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Figure 5. Schematic diagrams of channel transformation by CO, adsorption.
Nonincluded (a) and inclusion (b) crystals of 1a: crystal packing structures
(upper step), conceptual diagrams showing structural changes of the 1-D
chain (middle step), and capped stick models of the 1-D chain (bottom
step). (c) CO, array in crysta structure along the channel axis.

perpendicular array A—B).%* The CO, molecules were densely
included in the channel with a combination of the above two
array styles. In the CO, arrangement, close contacts between
host and guest and between guests are found and are almost
the same for both complexes 1a and 1b, as shown in Figures
S7—8, Supporting Information.

Crystal Structuresof CO; Inclusions of 2a and 2b. Although
the void volume of the 2a and 2b crystals was partially occupied
by the additional methyl group on the pyrazine ring, a saturation
state of 3 CO, molecules per M, unit was achieved at 90 K
under a CO, atmosphere (Table S2, Supporting Information).
Compounds 2a and 2b are isostructural and belong to the
triclinic P1 space group before and after CO, adsorption
although the zigzag chain of the host structures was dramatically
changed to a straight chain after CO, adsorption (see Tables

(21) Kihara, T.; Koide, A. Ady. Chem. Phys. 1975, 33, 51.
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Figure 6. Schematic diagrams of channel transformation by CO, adsorption.
Nonincluded (a) and inclusion (b) crystals of 2a: crystal packing structures
(upper step), conceptual diagrams showing structural changes of the 1-D
chain (middle step), and capped stick models of the 1-D chain (bottom
step). (c) CO, array in crysta structure along the channel axis.

S3—$4, Supporting Information and Figure 6a, b). At 90 K,
the bend angles of the zigzag chain were 169.74° for 2a and
169.88° for 2b before CO, adsorption and were both changed
to 180° after CO, adsorption.”? As the zigzag chain was
stretched, the tilt angles of the z-stacked phenyl rings from the
M—M axis changed by 2.4° and 7.3° for 2a and 1.3° and 5.3°
for 2b. Thus, in 2a and 2b, the transformation of the host
structures should be induced by the stretch of the 1-D chain
and the tilt of the 7—x stacked phenyl rings, as was observed
in the 2-ethyl pyrazine derivative.® Consequently, the quadruple
m—m stacking of the phenyl rings found in the nonincluded
crystals was separated into two double-stacking ones to create
additional space for CO, adsorption. Thus, elongation of the
distance between the phenyl rings by the adsorbed CO,
molecules should be one of the important factors affecting the
transformation of the crystal structure (Figure S6, Supporting
Information). By structural transformation, 2a and 2b efficiently
increase the space for adsorption compared with the increase

of crystal cell volume and achieved 3 CO, inclusion, which is
the same amount as with 1a and 1b.

The CO, molecules are densely arranged along the 1-D
channel, which is similar to the complexes of 1a and 1b.
However, adsorbed CO, molecules (A”) were disordered de-
pending on the disordered positions of the methyl group (Figure
6¢ and Figures S9—10, Supporting Information), which decrease
the parallel array of CO,.2*

Crystal Structures of CO; Inclusions of 3a and 3b. By
introducing 2,3-dimethylpyrazine instead of 2-methylpyrazine
of 2a and 2b, the number of CO, molecules included in 3a and
3b was decreased: 3a-0.49(CO,), 3b-0.65(CO,) under 0.1 MPa
of CO, and 3a-2(CO,) under 1.7 MPa of CO, gas, which were
determined by single-crystal X-ray diffraction experiments at
90 K (Table 1). Under pressurized CO, gas (1.7 MPa at 298
K), the composition of 3a-2(CO,) is in good agreement with
those determined by gas adsorption isotherm measurements.?®

In contrast to 2a and 2b, the bend of the zigzag chain
remained after inclusion in 3a and 3b. Two methyl substituents
in the ortho positions on the pyrazine moiety for 3 clearly
showed inhibition of structural change in the host skeleton,
keeping the zigzag chain and the quadruple 7—s stacking of
phenyl rings during the gas adsorption process. For 3a-2(CO,),
the void volume®® was increased by 8.8% (79.7 A3 per M, unit)
from that of the nonincluded crystal of 3a, which is smaller
than are those in 1 and 2. However, the crystal volume showed
a smaller change (6.0% (48.9 A3 per M, unit) increase) than
the increase in void volume, indicating that the tilt and slip of
the stacked phenyl rings effectively generate void space to adjust
to the included guest molecules to suppress the large change of
crystal volume (Figure 7b).

A small quantity of CO, molecules was incorporated under
atmospheric conditions in 3a and 3b, which corresponds to a
limited space in a channel compared with other host crystals.
In the crystal filled with CO, under 1.7 MPa, additional CO,
molecules were inserted between the first accommodated guest
molecules under 0.1 MPa. In this crystal, the CO, molecular
axes (molecules A (O1S—C1S—02S) and B (02S—C3S—04Y))
are in two different directions and are amost perpendicular to
one another (Figure 7c and Figure S11b, Supporting Informa-
tion). This arrangement was completely different from those of
1 and 2, suggesting that the CO, arrangement can be tuned by
modification inside the channel. In the CO, arrangement, the
shortest interguest distance (C---O) between the A and B
molecules is 3.02(4) A, which forms a tetramer of CO,
molecules within an isolated cavity. (Figures S6, S11 for 3a,
Figure S12 for 3b, and Table S5 for 3a, b, Supporting
Information).

Thermal Study of Structural Transformation. Crystal struc-
tural analysis revealed that the addition of methyl groups on

(22) In this straight chain, disordered methyl groups were found on both
sides of the pyrazine backbone while they were located on only one
side before the transition (the bottom step of Figure 6a, b).

(23) Takamizawa, S.; Kojima, K.; Akatsuka, T. Inorg. Chem. 2006, 45,
4580.

(24) The two different molecular axes of the CO, molecules are, however,
observed at sites of A (A: (O1A—C1A—02A) and A’ (O1B—C1B—
02B)), which are the disordered molecules with site occupancies of
50% in the same location as a cavity. (Refer to Figure S9.)

(25) The number of absorbed CO, molecules observed in the X-ray
structural analysis at 90 K was considerably low as compared with
the 2 molecules found in the adsorption measurement at 195 K under
0.1 MPa (see Figure 1a) due to adecrease of the inner pressure of the
sealed glass capillary for the X-ray experiment caused by cooling the
sample from 298 to 90 K.
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Figure 7. Schematic diagrams of channel transformation by CO, adsorption.
Nonincluded (a) and inclusion (b) crystals of 3a: crystal packing structures
(upper step), conceptual diagrams showing structural changes of the 1-D
chain (middle step), and capped stick models of the 1-D chain (bottom
step). (c) CO, array in crystal structure along the channel axis.

the pyrazine ring induced a characteristic change of the host
structural transformation during CO, adsorption. To clarify the
relationship between the bulk transition and characteristic
adsorption of CO, molecules, differential scanning calorimetry
(DSC) measurements were performed under various mixtures
of CO,/N, atmospheres. The temperature of the measurements
ranged from 50 to —40 °C for 1a,” —30 to —90 °C for 1b,%?
—20 to —90 °C for 2a, —30 to —90 °C for 2b, —20 to —100
°C for 3a, and —40 to —100 °C for 3b (Figure 8). We found
that the temperature of the heat anomaly in the DSC curve
depended on the partial pressure of CO, and agreed with the
temperature of the abrupt change of the amount of CO,
adsorption that appeared in the isobar measurements under 0.1
MPa of a pure CO, atmosphere (Figure S13, Supporting
Information). This result indicates that the bulk transition of
the crystal is accompanied by the rapid increase in CO,
adsorption.”82
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Figure 8. DSC cyclic patterns of crystals 1—3 under ambient pressure
with different CO,/N, mixtures at a scanning rate of 5 °C min~* for Rh
complexes 1a (a), 2a (c), and 3a (€), and for Cu complexes 1b (b), 2b (d),
and 3b (f).

The enthalpy of the bulk transition, which was determined
from the integrated DSC peak (total enthalpy: AHans), CONSISts
of the adsorption enthalpy of the additional CO,, the enthalpy
of the rearrangement of previoudly included CO,, and the
structural change of the host lattice. The total enthalpy AHians
obtained from the heating processes of DSC measurements is
listed in Table 2 for al compounds.®® Compound 1a showed
considerably small transition enthalpy (AHyas ~5 kJ mol ™)
compared with that of the other complexes (AHyans: 13—41 kJ
mol~1). Since the structural difference of the CO, arrangements
between the Rh complexes and the Cu complexes was small,
as described in the Crystal structure section, this difference
would correlate with the relatively small change (from C2/mto
P1, also refer to Tables S3—S4, Supporting Information) of the
crystal structure of la through CO, adsorption.?” The large
values of AHyas (23—41 kJ mol 1) observed for 2a and 2b are
probably related to the large structural changes of the stretching
of the zigzag chains. For 3a and 3b, the small structural changes
of the zigzag chain show the smaller values of AHans (13—22
kJ mol~1) than those for 2a and 2b.

Since the observed transition temperature varied systemati-
caly with the partial CO, pressure for all samples, we tried to
determine what kind of relationship exists between the transition
temperature and the partial pressure of CO, gas for each sample.
A plot of the logarithms of the partia pressure of CO, gasas a
function of the reciprocal of absolute transition temperature gave
a linear relationship (Figure 9). This result is very similar to
the behavior of the solid—gas (or liquid—gas) phase boundary
of single-component materials and can be explained by the
Clausius—Clapeyron equation. The relationship strongly sug-
gests that the observed transition can be regarded as a pseudo
phase transition from the CO, aggregate included within the
host lattice to the gas state (quasi-solid—gas phase transition)
of the aggregated CO, cluster. Interestingly, the values of

(26) Evaluation of AHyans for the cooling process was difficult because of
supercooling of the transition and limited temperature region of the
measurements, i.e., T> —95°C.

(27) Although latransitsits crystal phase from C2/mto C2/c by a cooling
process (around—80°C), the DSC peak was assigned as crystal
transformation from C2/m to P1 accompanying CO, adsorption
because the observed temperature (—7 to ~—29°C) was higher than
the transition temperature.
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Table 2. Calorimetric Data and Estimated Thermal Parameters for
la—3b from DSC Measurements

a —1 b —1
1o P TI°C (heating) AHwa(n;eg;iJngr)nol ) AHs(ohe(:tJingm)ol )
10 -6.9 5.4 134
0.8 —-10.0 5.1
0.7 —11.9 5.0
0.6 —-147 4.8
0.5 -174 5.4
04 —20.8 4.9
03 —22.9 5.0
0.2 —28.8 47
-1 [ -1
2 Peoz T/°C (heating) AHtm(ﬁe(akt‘iJng;OI ) AH?% él;finrg;)l )
A 10 —332 232 36,6
0.6 —43.0 236
0.4 —47.3 241
0.2 —56.1 238
B 1.0 —515 16 305
06 —60.2 20
04 —64.4 19
02 —737 21
AHians (kJ mol ™) AHs, (kd mol )
3a Peon T/°C (heating) (heating) (heating)
10 —716 21.8 323
06 —75.5 20.6
04 —82.2 17.9
0.2 —89.4 195
. »
1b% Peoz TP°C (heating) A”“?ﬁe‘;fn;}“ ) AH?% e(gmrgfl )
1.0 —39.6 15.8 337
0.6 —47.8 23.4
0.2 —62.6 24.0
i AHans (k I AHs, (k -1
2 Peoz T°C (heating) '(he(aang;O ) ‘ éafinn;f )
10 —45.8 38.6 311
0.6 —55.6 30.3
04 —62.0 395
02 —69.4 41.4
i AHyans (k |1 AHs, (k -1
3b Peoz T1°C (heating) " (hegt'ijng;o ) (héa‘iinn;;) )
10 —73.6 14.0 35.3
0.6 -79.4 12.9
04 —83.6 12.9
0.2 —90.5 12.6

aEstimated value from area of the DSC pesk. The isosteric
enthalpy of adsorption of CO, gas (AHis) Was calculated from the slope
of the linear Clausius—Clapeyron correlation (d(In P)/d(1/T) = AHi/R
for the adsorption process, where R denotes the gas constant).

enthalpy (AHis,) estimated from the Clausius—Clapeyron equa-
tion are amost constant (31—41 kJ mol~1) irrespective of
different complexes (Table 2, also see Table S6, Supporting
Information) in contrast to the considerably different values of
AHyans determined from DSC measurements. This enthalpy
AHis dominantly consists of guest—guest and local host—guest
interactions in a cavity of each host lattice in the first
approximation and does not directly include the enthalpy of the
long-range structural change of the host lattice, which islargely
different among the host complexes. The enthalpy AHis, is larger
than the sublimation enthalpy of solid CO, (25 kJmal),

a) 05 b) 05 .
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Figure 9. CO, partial pressure (In Pcgy) Vs transition temperature (T-%)
plotted for Rh complexes (a) and for Cu complexes (b): (open symbol:
heating step, filled symbol: cooling step).

indicating strong interaction between CO, molecules and the
local host lattice. The enthalpy AHyans Of the bulk structura
transition induced by additional adsorption of CO, is amost
independent of the partial pressure of CO, for each complex
(Table 2). Thisresult indicates that the same structural transition
occurs at different temperatures depending on the different
critical pressure of CO; in the same flexible host. The difference
between AHy s @nd AHis, mostly corresponds to the enthal py
of the long-range structural change of the host lattice. The
negative values in 1 and 2 indicate that the host lattice itself
becomes unstable by adsorbing CO, molecules (Table S6,
Supporting Information).

Structural transformation occurred at the adsorption amount
of 1 CO, molecule per M, unit regarded as a critical adsorption
amount, while the corresponding critical pressure varies as
described in the section of Gas adsorption properties. Conse-
quently, we propose that this phenomenon could be called “ mass
(amount of adsorbed guest) induced phase transition” ,*® which
is distinguished from the well-known temperature- or pressure-
induced transition because the transformation is triggered by
the level of gas adsorption. Thus, there is a possibility of
controlling adsorption property by means of structura trans-
formation in a flexible host system that has great capability of
being chemically modified.

Conclusion

We have succeeded in the synthesis of single-crystal adsor-
bents 1—3 with different metals (Rh (a) and Cu (b)) and/or
substituents (-H, -Me, and -2Me) on the pyrazine ring and
determining the absorbency of various gases (CO,, Hy, Oz, Ny,
and Ar). The difference in metal replacement on adsorbency
was clearly observed for N, and Ar gases. Solid-state NMR
measurement indicated the existence of local motion, which
promotes gas diffusion through narrow channels by 180°-flip
motions of the aromatic rings of the host skeleton. The silence
of these motions in 2a and 3a suggests the importance of the
rotational motion of the phenyl ring for smooth adsorption at a
relatively low-pressure region. By introducing the substituent
into host skeletons, steric hindrance in the host skeletons reduced
the void space, but the adsorption amount kept similar values
by changing the manner of the transformation of the host
structure. These results revealed a strong correlation between
the manner of host structural transformation and gas adsorption
behavior. The structural transformation by CO, gas adsorption
is confirmed by atransition from single-crystal to single-crystal
states accompanying adsorption leaps. Since the structural
transformations occurred when the adsorption amount reached
approximately 1 molecule per M, unit, the adsorption amount
should be important triggers for dynamic adsorption behaviors.
Thus, control of host transformability enables tuning of the
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dynamic adsorption properties and guest arrays. Such adsorption
properties of the host, which are induced by correlation between
structural transformation and gas adsorption, will be expected
to provide the sort of novel diffusivity and dynamic selectivity
that will contribute to new strategies in gas storage/release and
separation. In addition, this study would help in understanding
the principle of the dynamic adsorption mechanism generally
applicable for other flexible porous materials, which has recently
been the subject of considerable attention.>™

Experimental Section

Preparation of Rhodium(l1) Complexes (1la—3a). An aceto-
nitrile solution (20 cm?) of rhodium(I1) benzoate [Rh(11),(O.CPh),]
(20.0 mg, 29.0 umol) was allowed to stand at room temperature
with a linking ligand vapor (pyrazine, 2-methylpyrazine, 2,3-
dimethylpyrazine). After one month, polymerized complexes 1a—3a
had crystallized in the form of reddish-orange platesin high yields.
The crystals were collected by filtration, washed with methanal,
and air-dried. For [Rhy(O,CPh)4(py2)] (1a%°%) (67% (15.0 mg)
isolated yield): Anal. Calcd for CzH24N,OgRh,: C 49.89; H 3.14;
N 3.64%. Found: C 49.53; H 3.18; N 3.72%. For [Rh,-
(O,CPh)4(2-mpy2)] (2a™) (61% (13.8 mg)): And. Cacd for
Ca3Ho6N,0gRh,: C 50.35; H 3.34; N 3.57%. Found: C 49.99; H
3.31; N 3.62%. For [Rhy(O,CPh)4(2,3-dmpyz)] (3a) (82% (18.9
mg)): Anal. Calcd for Cy4H,gN,OgRN,: C 51.15; H 3.54; N 3.51%.
Found: C 50.23; H 3.55; N 3.40%.

Preparation of Copper(l1) Complexes (1b—3b). A methanol
solution (80 cm?®) of copper(ll) acetate monohydrate (80 mg, 0.40
mmol) and benzoic acid (117.2 mg, 0.96 mmol) was allowed to
stand for several days with the slow diffusion of pyrazine (pyz,
2-mpyz, 2,3-dmpyz) vapor. Polymerized complexes of 1b—3b
crystallized in the form of blue plates in high yields. The crystals
were washed with a slight amount of methanol and air-dried. For
[Cux(0:CPh)4(py2)] (10°%%) (59%, (12.2 mg)): Ana. Calcd for
C3H24N,0gCu,: C 55.57; H 3.50; N 4.05%. Found: C 54.43; H
3.44; N 4.17%. For [Cuy(O,CPh)4(2-mpyz)](2b) (57%, (11.7 mg)):
Anal. Calcd for Ca3HosN,OgCu,: C 56.17; H 3.71; N 3.97%. Found:
C 55.58; H 3.61; N 4.00%. For [Cu,(O,CPh)4(2,3-dmpyz)](3b)
(74%, (160 mg)) Anal. Calcd for CayHosN,0gCuU,: C 56.74; H 3.92;
N 3.89%. Found: C 55.70; H 3.86; N 4.01%.

Preparation of Deuterized 1a—3a Complexes (1&, 1a”, 2,
3a’). Deuterized benzoate complexes [Rhy(O,C—CgDs)s(R-pyz)]n
(R = H (1&), 2-mpyz (2a), 2,3-dmpyz (3a")) and deuterized
pyrazine complex [Rhy(O,C—CgHs)4(pyz-ds)], (18”") were synthe-
sized by the same method using corresponding deuterized ligands.

Single-Crystal X-ray Diffraction Experiment. All single-crystal
X-ray analyses were performed on a Bruker SMART APEX CCD
area detector using graphite-monochromated Mo—Ka. radiation (4
= 0.71073 A) with a nitrogen flow temperature controller.
(Although the crystal structures for 1a and 1b were described in
our previous studies (listed in references” and®), listed data were
unified by reinvestigation using the same diffractometer.) Data for
nonincluded crystals were collected a 298 and 90 K under
atmospheric conditions without a guest gas. The CO,-inclusion
structures were determined under CO, atmospheric conditions for
2a, 2b, 3a, and 3b and under forcible CO, conditions for 3a. All
single crystals except 3a were sedled in a glass capillary with an
ambient pressure of CO, gas at room temperature. A single crystal
of 3a was sealed in a glass capillary with solid CO, using aliquid

nitrogen bath. The inner pressure at room temperature was estimated
to be ~1.7 MPa by the ratio of the volume of the solid CO, and
the inner space; the data was measured at 90 K. Although a small
amount of solid CO, sometimes emerged in the capillary during
the cooling step, its reflection spots were weak and did not spatially
interfere with the reflection peaks from the crystal. Face-indexed
absorption corrections were made using the Bruker XPREP
program. Empirical absorption corrections were applied using the
SADABS program. The structures were solved by direct methods
(SHELXS-97) and refined by full-matrix |east-squares cal culations
on F? (SHEL XL-97) using the SHEL X-TL software package. Non-
hydrogen atoms were refined anisotropically; hydrogen atoms were
fixed at calculated positions and refined using a riding model. The
crystallographic data of the structure determinations for nonincluded
and CO,-inclusion crystals collected under different conditions are
summarized in Tables 1 and S1—S2, Supporting Information.
CCDC-758535-758551 contains the supplementary crystallographic
data for this paper. (The reinvestigated crystal structural data of
1b without CO, gas was already reported in reference.®)
Physical Measurements. The gases used during the physical
measurements were CO, (99.995% purity), H, (99.99% purity), N,
(99.999% purity), O, (99.99% purity), and Ar (99.9995% purity).
Gas adsorption isotherm measurements for CO,, H,, Nj, O,, and
Ar were performed on a Quantachrome Autosorb-1 MP by
volumetric method at 195 K for CO, and 77 K for H,, N,, O,, and
Ar. The measured pressure ranges were from 0.002 to 154 Torr
(O,), 0.002 to 798 Torr (Ny), 0.002 to 201 Torr (Ar), 0.044 to 760
Torr (H,), and 0.001 to 809 Torr (CO,). Differentia scanning
calorimetry (DSC) measurements were recorded on a Shimadzu
DSC-60 under ambient pressure with different CO,/N, mixtures at
ascanning rate of 5 °C min~*. Solid-state 'H and °H NMR spectra
were measured by a solid echo pulse sequence 7t/2,—7—m/2, using
aBruker DSX 300 spectrometer; the values for the /2 pulse width
and 7 were 1.2 and 10 us for *H NMR and 2.5 and 13 us for ?H
NMR. The ?H NMR spectra were measured under a constant
pressure of 0.1 MPa of CO; (only for 1a") and under 0.1 MPa of
N, (for al others) for al temperatures. For measurement of l1a’
under CO,, a gas-handling system was constructed for the NMR
probe. The sample was degassed by a rotary pump and then 0.1
MPa of CO, was introduced through the gas-handling system.
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Note Added after ASAP Publication. This article published
ASAP on February 25, 2010 with an incorrect version of Figure 2
and the caption. The correct version posted March 17, 2010.

Supporting Information Available: Additional X-ray struc-
tures of CO,-included crystal hosts, DSC spectral data of CO,
adsorption of the crystal hosts, thermal parameters calculated
from that chart, and additional solid-state NMR spectra of CO,-
included crystal hosts. This material is available free of charge
via the Internet at http://pubs.acs.org.
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