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Dynamic Changes in Dimensional Structures of Co-Complex Crystals
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A two-dimensional flexible porous coordination polymer (2D-PCP) that shows expansion/shrinkage structural
transformation accompanied by molecular accommodation was synthesized by control of dimensionality in zero-
dimensional and one-dimensional PCPs: The dynamic structural transformation cooperatively proceeds in the solid
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state with a drastic molecular rearrangement. Kinetics of the structural transformation was investigated.

Introduction

Crystal solids that involve the coordination of organic
ligands to metal ions, in particular porous coordination
polymers (PCPs) and metal—organic frameworks (MOFs),
have received much attention because of their unique physi-
cal and chemical properties."> Their specific functionalities
are highly dependent on the framework structures, and to this
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day, obtaining target compounds with the desired dimen-
sional and/or geometrical frameworks remains a difficult
challenge. In general, the synthesis of MOFs is carried out in
solution, and many factors such as the temperature, pH, type
of solvent, and concentration of solution influence the self-
assembly process. If the means to control the dimension and/
or the geometry of these compounds can be realized, there
will be a large scope for research in applications such as gas
storage, separation, sensors, catalysis, and optics.

A solid system provides a good example for understanding
the build-up of crystal units because the decrease of the
influential factors is expected compared with the solution
system. Furthermore, direct observation of the process is
possible. In fact, structural transformations in solid state
have been observed experimentally.® A discrete complex is
the coordination compound with the lowest dimensionality,
and it can be considered as the core of coordination
polymers.* We found that a discrete complex could undergo
a drastic crystal phase transformation to form complexes
with higher order frameworks (1D or 2D) (Scheme 1).
According to the X-ray diffraction (XRD) results, a non-
porous discrete complex crystal can be transformed to a
nonporous 1D crystal and subsequently to a highly flexible
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Scheme 1. Hierarchical Assembly of Discrete Complexes to Form
Higher-Order Dimensional Complexes®
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“ Guest molecules are omitted for clarity.

microporous stacked-type 2D compound through polymer-
ization involving the ligand substitution and drastic lattice
reformation. The ability to control these dynamic structural
transformations may open many avenues for synthesizing
novel porous coordination polymers. In the present work, we
describe the dynamic structural transformation of a discrete
complex, {[Co(bpy)»(CH3CN),(H,0),]-2(0Tf)} (1)°* (where
bpy=4.,4'-bipyridine, OTf=trifluoromethanesulfonate), into
a 1D chain of the coordination polymer, {[Co(bpy)(OTf),-
(H,0)1]+(bpy)} (2),°° and then into a 2D square-grid sheet
type of flexible PCP, [Co(bpy)»(OTf),] (3), that shows
unique gas adsorption properties. In addition, we propose a
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mechanism for the cooperative substitution reaction and
discuss the kinetics of the transformation.

Experimental Section

Reagent. Silver trifluoromethanesulfonate and cobalt(II)
bromide were purchased from Sigma-Aldrich Co., Inc. Aceto-
nitrile was purchased from Kanto Chemical Co., Inc. The ligand
bpy was purchased from Tokyo Chemical Industry Co., Ltd.
and recrystallized from methanol (2 times) and from CH,Cl»-
hexane before use. Cobalt(Il) trifluoromethanesulfonate was
prepared in reference to the reported procedure using silver
trifluoromethanesulfonate and cobalt(Il) bromide.®

Synthesis of Compounds 1—3. For 1, an acetonitrile solu-
tion of bpy (200 mM, 2.0 mL) was carefully layered onto
an acetonitrile—water (15 vol% of water) mixed solution of
Co(OTY), (100 mM, 2.0 mL) after adding acetonitrile (1.0 mL) in
a straight glass tube at room temperature. After a few days,
orange single crystals were obtained. For 2, 1 was filtrated and
washed with acetonitrile and obtained crystals were exposed to
atmosphere for 30 min to yield 2 as pale pink crystals. For 3,
multiroutes can be available. Crystal 2 was heated to 423 K for
2 hin a vacuum (< 1072 Pa) to yield 3. In addition, 3 can be
obtained by immersion of 1 into dehydrated acetonitrile for
10 days. Because 3 was highly moisture sensitive, 3 was treated
under nitrogen atmosphere during IR measurement.

Data Collection and X-ray Structural Analyses. Data were
collected on a Bruker SMART CCD area detector diffract-
ometer (Mo Ka radiation A = 0.71073 A) at 173 K for 1 by the
o scan method. Empirical absorption corrections (SADABS)
were applied in all cases. The structure was solved by direct
methods (SIR97) and refined by full-matrix least-squares on F2
(SHELX-97). Anisotropic thermal factors were assigned to all
non-hydrogen atoms.

Synchrotron X-ray powder diffraction (XRPD) patterns of 2
and 3 were collected at BLO2B2 SPring-8 with a large Debye—
Scherrer Camera’ (1 = 1.002 A) at room temperature. The
powder sample was loaded into a glass capillary with 0.3-mm
outer diameter for the measurements. The cell parameters of 2
and 3 were determined by indexing program n-TREOR?® and
DICVOL91,’ respectively. For 2, the structural solution was
performed on the EXPO2004 software'® with the direct method.
For 3, an initial structure was based on an analogue single
crystal structure. The cell parameters, peak shift parameters,
profile parameters, and structural parameters were refined by
Rietveld analysis using RIETAN software.!! The peak shape
was modeled by a pseudo-Voigt function.

XRPD Pattern Measurements through the Dynamic Structural
Change between 1 and 2. XRPD measurements were performed
on an improved Bruker MXP3 system with graphite-monochro-
mated Cu Ka radiation (1 = 1.5406 A) by a fixed time method
operated at 1000 W power (40 kV, 25 mA) (Figure 3S, Supporting
Information).

Temperature-Programmed Desorption (TPD) Mass Analyses,
Thermal Gravimetric (TG) Analyses, and IR Measurements. The
TPD-mass measurements of 1 and 2 were conducted on a
laboratory designed TPD-mass system in the temperature range
from 323 to 473 K with a heating rate of 3 K/min under He flow
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Figure 1. Crystal structure of 1. (a) ORTEP representation of the
asymmetric unit of 1 with 50% probability. (b) Connection between the
discrete units. C: gray, Co: dark blue, H: white, N: light blue, O: red.
Hydrogen bondings are shown as dashed black lines in (b).

to examine the removal process of molecules (Figures 1S and 58S,
Supporting Information).

TG measurements of 1 and 2 were performed on a Seiko
Instruments Inc. TG-DTA6200 under nitrogen gas flow
(150 mL/min) (Figures 2S and 6S, Supporting Information).
Samples were heated from room temperature to 873 K, at a
heating rate of 3 K/min.

IR spectra of 1, 2, and 3 were measured at room temperature
using a Perkin-Elmer FT-IR System 2000 spectrometer with
ATR attachment (DurasamplIR, Sensir Technologies Co., Inc.)
under nitrogen atmosphere. The summation was four consecu-
tive scans and the resolution was 4 cm™ . IR of 1 (cm_l): 3367,
2942,2281,2253,1610, 1559, 1539, 1495, 1418, 1376, 1244, 1222,
1157, 1069, 1029, 1011, 920, 861, 818, 757, 733, 633. 2 (cm ™ '):
3366, 1609, 1536, 1493, 1416, 1284, 1238, 1215, 1157, 1067, 1024,
858, 810, 761, 732, 675, 631. 3 (cm ™ '): 3082, 1611, 1539, 1495,
1419, 1312, 1236, 1211, 1160, 1069, 1026, 862, 819, 805, 761, 732,
675, 631. IR spectra of 1 and 3 were measured to check the
presence/absence of water molecules at room temperature
using an in situ IR cell with CaF, windows with the aid of an
FT-IR spectrometer JASCO FT-IR-550 (Figure 9S, Supporting
Information). The IR spectra were measured with the summation
of 1024 consecutive scans and a resolution of 2 cm ™'

Adsorption Measurements and Analyses. The adsorption iso-
therms of N, at 77 K were carried out by a volumetric auto-
matic equipment (Quantachrome, Autosorb-1). Nitrogen gas of
high purity (>99.9999%) was used. Prior to the sorption iso-
therm measurements, the samples were outgassed under a
vacuum (< 102 Pa) at 423 K for 2 h.

Results and Discussion

The reaction in wet acetonitrile solution of Co(OTf), and
bpy with a metal/ligand ratio of 1/2 at ambient temperature
produces the orange-colored block-shaped single crystals of
1. Structural analysis by single-crystal XRD at 298 K
revealed that 1 is a discrete complex in which the Co(II) ion
is surrounded by two bpy, two CH3CN, and two H,O
molecules, forming a slightly distorted octahedral coordina-
tion geometry (Figure 1a). The discrete units connect via r—s
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interaction of bpy (centroid—plane separation 3.5 A) and
hydrogen bondings between the N atoms of bpy molecules
and the H atoms of H,O molecules (N --H 1.91 and 1.93 A),
forming quasi-1D chains aligned in parallel along the ¢ axis
(Figures 1band 11S). The interchain gap is 9.99 A wide and is
filled with guest molecules of the OTf anions (Figure 118,
Supporting Information). The OTf anions connect the quasi-
1D chains by the hydrogen bondings between the O atoms
of OTf anions and the H atoms of water molecules (O- - -H
1.9-2.1 A) and by the weak interactions between the O atoms
of OTf anions and the H atoms of bpy ligands (O---H
2.6—2.7 A) and between the O atoms of OTfanions and the H
atoms of acetonitrile molecules (O--+H 2.5—2.8 A). Owing
to the prevention of OTf anions, there is no calculated
accessible void volume and 1 is nonporous.'?

When left in atmospheric conditions, 1 lost the coordi-
nated acetonitrile molecules, resulting in a drastic structural
rearrangement of the building blocks, and transforms to 2
(Figures 2 and 12S). XRD analysis showed that the resultant
2 has a 1D chain comprising Co(II) ions and bpy ligands
in which the distance between metal centers is 11.49 A. The
Co(Il) ion is in octahedral coordination with two N atoms
from bpy, two O atoms from water, and two O atoms from
OTf anions. There are two distinct bpy molecules in 2: one is
directly coordinated to Co(II) ions to form the 1D chains and
the other is a guest molecule connecting the 1D chains with
the hydrogen bondings between the N atoms of bpy and the
H atoms of water molecules (N---H 2.0 A, N---028 A)
thereby forming quasi-2D rectangular shaped frameworks
(11.49 x 15.05 A, Figure 2a). The quasi-2D sheets stack
along the a axis in an ABAB fashion with offsets of »/2 and
almost ~c¢/4 (0.26 ¢ or 0.24 ¢), as shown in Figure 2b. In this
configuration, the metal centers are positioned close to the
center of the adjacent rectangular grid. Since the rectangular
grid sheets are closely stacked (3.9 A) there is no calculated
open void in 2.1

This drastic rearrangement requires the breaking of
coordination bondings between Co(II) ions and bpy ligands,
and of hydrogen bondings between N atoms of bpy and H
atoms of coordinated water molecules. The coordination
sites occupied by the acetonitrile molecules are re;)laced by
OTTf anions that must move by 3.3 A (Figure 3a)."” Further-
more, hydrogen-bonded bpy ligands must rotate to form the
new bihydrogen-bonded structure. The m—sm interaction
between bpy molecules facilitates this dynamic rotation.
Interestingly, these dynamic structural changes cannot occur
in a vacuum, suggesting an important role for moisture in air
(Figure 3S, Supporting Information). In fact, the presence of
additional water molecules explains the drastic rearrange-
ment confirmed by in situ XRD experiments (Figure 4).

When 2 was heated to 423 K for 2 h in a vacuum, a fur-
ther dynamic structural change was observed. XRD anal-
ysis showed that the coordinated water molecules were
removed,">!'* followed by the direct coordination of bpy
molecules to Co(Il) ions, yielding 3 with a 2D square-grid

(12) Spek, A.L. PLATON, A Multipurpose Crystallographic Tool; Utrecht
University: Utrecht, The Netherlands, 2001.
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977-980.
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2006, 6,2581-2584. (b) Cheng, Y.; Kondo, A.; Noguchi, H.; Kajiro, H.; Urita, K.;
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(a)

Flgure 2. (a) A schematic representation of one quasi-2D rectangular
layer in 2, in which the size of the rectangle is 11.49 x 15.05 A” and
(b) stacking mode of the 2D layers. The hydrogen bondings are shown in
dotted black lines in (a).

stacked structure (Figures 3b—3d and 13S).> The 2D square-
grid sheets stack along the @ axis in an ABAB fashion with
sheet separations of 6.5 and 5.6 A. Weak interlayer interac-
tions were observed between O atoms of OTf anions and H
atoms of bpy ligands over long distances (O« - - H 2.5—2.9 A).
The substitution reaction was accompanied by a rotation of
the Co coordination sphere and by the decrease in glistance
between 1D arrays (Co- - - Co distance: from 15.05 A'in 2 to
1137 Ain 3) that allowed the bidentate guest bpy molecules
to bind the 1D arrays. Through this reaction, the unit cell
volume was increased by 14.8% because of the increase in
interlayer distance. The material also changed from being
nonporous to being open microporous with a pore volume of
0.13 mL/g."? The framework structure of 3 is almost the same
as that of a previously investigated PCP, and the crystal has
unique gas adsorption properties.”

Crystal 3 could also be obtained by heating 1 to 423 K for
2 hin a vacuum (<10~' Pa). TG and TPD-mass analysis

Kondo et al.

Figure 3. (a) Proposed mechanism for the dynamic structural rearran-
gement from 1 (0D) to 2 (1D). The anions, OTf anions, and one kind of
bpy molecules are shown in green and orange, respectively. (b) Dynamic
structural rearrangement of 2 (1D) to 3 (2D) by removal of coordinated
water molecules (blue color). Schematic representations of 3 (c) along
a and (d) b axis, respectively.

showed that 1 releases water and acetonitrile molecules at
423 K (Figures 1S and 2S). Therefore, heat-treated 1 should
have a molecular ratio Co/bpy/OTf of 1:2:2. The XRD
patterns, and hence the structures, of the heat-treated 1 and
3 are very similar. When 3, obtained either from 1 or 2, was
placed in atmospheric conditions, 2 was obtained as a result
of water molecules being incorporated into the crystal. This
indicates that the phase of 2 is the most stable form among 1,
2, and 3 under atmospheric conditions.

Crystal 3 showed the unique gas adsorption properties.
The N, adsorption isotherm of 3 from 1 at 77 K is shown in
Figure 5 with clear double steps in the adsorption branch and
large hysteresis.”*!'> As we reported before, the initial uptake

(15) Kondo, A.; Noguchi, H.; Carlucci, L.; Proserpio, D. M.; Ciani, G.;
Kajiro, H.; Ohba, T.; Kanoh, H.; Kaneko, K. J. Am. Chem. Soc. 2007, 129,
12362-12363.
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Figure 5. Nitrogen adsorption (filled squares) and desorption (open
squares) isotherms of 3 at 77 K.

is due to the micropore filling in the inherent micropores, and
the second to the expansive modulation of the 2D layered
PCP.5 1421516 The pore parameters are also similar to those
of the 2D PCP we previously reported.” To the best of our
knowledge, this is the first novel case for synthesizing the
flexible 2D layered PCP, with unique gas adsorption char-
acteristics, from a discrete complex.

Of the structural changes described above, the most strik-
ing one is that from 1 to 2, arising from the large displacement
of OTf anions and the rotation of bpy molecules by about
90°, leading to the drastic framework rearrangement. The
kinetics of this transformation was investigated. Figure 6
shows the time evolution of the XRD pattern from 1 to 2,
after the introduction of water vapor of 1.1 kPa. The peaks
assigned to 1 (0D) gradually decreased in intensity with the
growth of the peaks assigned to 2 (1D). Some of the main
peaks were selected and integrated to measure the average

(16) (a) Noguchi, H.; Kondoh, A.; Hattori, Y.; Kanoh, H.; Kajiro, H.;
Kaneko, K. J. Phys. Chem. B 2005, 109, 13851-13853. (b) Noguchi, H.;
Kondo, A.; Hattori, Y.; Kajiro, H.; Kanoh, H.; Kaneko, K. Adsorpt. Sci. Technol.
2006, 24, 595-600. (c) Noguchi, H.; Kondo, A.; Hattori, Y.; Kajiro, H.; Kanoh,
H.; Kaneko, K. J. Phys. Chem. C 2007, 111, 248-254.
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Figure 6. (a) Time evolution of the XRD pattern during the transfor-
mation from 1 to 2 at 293 K in 1.1 kPa water vapor over a time range of
10 h (A = 1.5406 A). The dotted peaks (®) are assigned to 1. (b) Time
courses of averaged intensities of the 0D (solid lines) and 1D crystal
(dotted lines) in 1.1 kPa water vapor, calculated from selected XRD peaks
for different temperatures. The black, blue, and red are at 291, 293, and
298 K, respectively.

Table 1. Formation and Decomposition Rate Constants for the Structural
Change between 1 and 2 at 291 to 298 K in 1.1 kPa Water Vapor

rate constant 291 K 293 K 298 K
kg /1074571 1.0 1.8 47
kp /1074571 0.71 1.4 6.5

relative intensities as functions of time for several tempera-
tures (Figure 6b).'” The results clearly showed that struc-
tural transformations occur faster at higher temperatures.
At lower temperature, the retention time was observed
before structural transformation especially in the forma-
tion process of 2 (1D). The induction time, which depends
on the temperature, is required for nucleation before the
formation of the 1D crystal. The decomposition rates (kp)
of the 0D compound and the formation rates (kg) of the 1D
structure were estimated assuming a first-order reaction
(Table 1). The rates of decomposition and formation are
relatively slow (107> to 10* s~ ') under these conditions.

(17) The peaks assigned to crystal 1 gradually decrease in intensity with
the growth of the peaks assigned to crystal 2. For the analysis, several main
peaks (12.87, 14.69, 15.03, 15.21, 18.09, and 20.00 (26/deg) for crystal 1 and
9.71, 11.79, 15.47, 16.77, and 21.03 (20/deg) for crystal 2) were selected.
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The activation energy was estimated by the Arrhenius
equation from reaction rates at different temperatures.
The activation energies of decomposition (£p) and forma-
tion (Ef) are 230 and 160 kJ/mol, respectively. The dynamic
structural change from 3 to 2 was also investigated and
similar trend was observed.

In conclusion, we showed the dynamic structural transfor-
mation of a discrete coordination compound to a 2D porous
coordination polymer. The 2D compound indicated unique
gas adsorption isotherms arising from the flexible expansion/
shrinkage of the layers that facilitates the accommodation
of gas molecules. We proposed a cooperative mechanism for
the transformation by ligand substitution. In addition, the
kinetics and energetics of the transformation were investigated.
The series of dynamic hierarchical rearrangements show the
possibility to synthesize new porous materials and provide
hints for the dimensional and geometrical control of coordina-
tion compounds.
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