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General Introduction.

Over the past decades, supramolecular chemistry has become one of the most attractive
fields in modern chemistry. In supramolecular systems, molecules are recognized as ‘building
blocks’ that are self-assembled via weak noncovalent interactions such as van der Waals
interaction, electrostatic interaction, and hydrogen-bonding interaction, leading to highly
organized frameworks.!! An expansion of supramolecular chemistry involving metal
coordinations, which is termed as ‘metallosupramolecular chemistry’, has been developed
regarding synthetic routes and characterization methods for coordination compounds.l? A
number of metallosupramolecular frameworks have been created by using coordination
compounds as a building block, illustrating unique structures and intriguing properties, which
thanks to the diversity of coordination geometries of metal ions and the flexibility of
noncovalent interactions.>*

A variety of well-designed building blocks consisting of metal ions and organic ligands
such as 4,4’-bipyridine, pyrazine, and 1,4-benzenedicarboxylate have been exploited toward a
construction of plenty metallosupramolecular frameworks mainly based on coordination
bonds between metal ions and ligands, especially for metal-organic frameworks (MOFs) and
coordination polymers (CPs).>! They are qualified due to the directionality and the stability
of coordination bonds together with the versatility of organic ligands. However, their rigid
characteristics cause not only the low coordination flexibility but also the low structural
dynamics.[>®! One of the powerful approaches that can ease these drawbacks is a utilization of
hydrogen bonds, in which the flexibility can be served, nevertheless the hydrogen-bonding
interactions generally lack of robustness, leading to the low stability of their frameworks.!”) A
common synthetic strategy to construct the metallosupramolecular frameworks that
introduces both coordination and hydrogen bonds is the use of more than one kind of building
blocks within a structure, for example, the framework of [Zn,(bdc).(dabco)] reported by
Burrows contains 1,4-benzenedicarboxylate (bdc) and 1,4-diazabicyclo[2.2.2]octane
(dabco).”®! However, such a strategy often results in low chemical selectivity and systematic
complexity which arise from the presence of multiple components. Moreover, such problems
often make difficulties in the utilization of further applications through the introduction of
undesired functional groups.’®! Consequently, researches on a rational methodology for the
construction of novel metallosupramolecular frameworks illustrating high flexibility and

stability, in which both coordination and hydrogen bonds can be fully utilized, have been still
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a challenge.

As an attempt to expand the strategy, the use of multinuclear metal complexes having
multiple carboxylate groups with a well-designed molecular shape as a molecular building
block is one of potential methodologies. Multinuclear metal complexes, in particular
heterometallic multinuclear complexes, have attracted much attention in recent years owning
to their fascinating properties based on the cooperative effects between different metal ions,
which arise from a combination of inherent natures of each metal ion.[! The introduction of
heterometallic multinuclear building units into metallosupramolecular frameworks potentially
provides not only larger pores but also additional functions to achieve multifunctional
properties, including excellent gas storage, ion exchange, and chiral selective sorption.['”) In
addition, the most fascinating point of heterometallic multinuclear complexes is a variety of
geometries and directionalities that cannot be provided from single metal ion or even a
multidirectional organic ligand.''"! Some studies on the creation of metallosupramolecular
frameworks based on heterometallic multinuclear complexes with multiple carboxylate
groups have been developed, in which a possibility of dimensional and functional extensions
of metallosupramolecular complexes was disclosed.'’! For examples, a pH-controlled
construction of cluster-based metallosupramolecular  frameworks composed of
D-penicillaminato Cu'sCu'ls complex anions, [Cu'sCull¢(D-pen-N,S)12CI]>~ (D-Hopen =
D-penicillamine), which contain twelve carboxylate arms and hexaaqua cobalt(Il) cation, has
been reported.!'?! In this system, several diverse dimensional structures ranging from
zero-dimensional (0D) to two-dimensional (2D) architectures constructed by both
coordination and hydrogen bonds have been obtained. However, their frameworks commonly
showed a closely packed arrangement, which limits the use for further applications, especially
for those expected for a porous material. This is due to a nature of spherical shape of the
anionic Cu'sCu's multinuclear complex. An attempt to use the rod-shaped L-cysteinato
Co™,Au's pentanuclear complex, (A)2-[Co™Aus(L-cys-N,S)6]*~ (L-cys = L-cysteinate), which
has six carboxylate arms in a combination with [Cos(aet)s]** trinuclear-complex cation, was
investigated by Lee et al!"! Nonetheless, a chiral inversion that induces a molecular
dimerization of the molecular building units was observed in this case. This indicated that the

), Au's pentanuclear complex is not suitable for the construction of

employed L-cysteinato Co
stable metallosupramolecular frameworks.
Recently, an anionic rod-shaped Co';Au's pentanuclear complex with D-penicillaminate,

(A)2-[Co™Auls(D-pen-N,S)s]*~ having six carboxylate arms, composed of two chiral



A-[Co™(D-pen-N,S)s]>~ octahedral units that are linked by three linear Au' ions through sulfur

(141 1t has been reported that this anionic Co™Au'

bridges was synthesized by Konno et al.
pentanuclear complex crystallized with Na' cations, leading to the formation of a
metallosupramolecular framework with retention of the structural chiral pentanuclear building
units. Based on this result, the chiral Co™>Au's pentanuclear complex, in which a well-fixed
conformation and multiple carboxylate groups are offered, has a potential to construct chiral
metallosupramolecular frameworks. Therefore, a wide diversity of frameworks together with
a high stability can be anticipated. However, study on this kind of well-designed
heterometallic multinuclear complex has been less explored with a limited number in the
literatures. Consequently, an interest in the exploration of chiral metallosupramolecular
frameworks, based on the rod-shaped Co';Auls pentanuclear-complex anion especially in
combination with aqua metal cations that offer a feasibility to form both coordination and
hydrogen bonds, has been motivated in this thesis (Chart 1). A variety of intermolecular
interactions potentially leads to the formation of unique metallosupramolecular frameworks
presenting diverse structures that are restricted for general metallosupramolecular frameworks
produced by using common mono- and dicarboxylate ligands. Furthermore, the anionic
Co'", Au's pentanuclear complex also illustrates high solubility in water. In this context, one of
the advantages is that the synthetic conditions can be modified in an extremely wide range of
varied synthetic parameters such as pH, concentration, and metal species.

The studies presented in this thesis are aimed at the construction of diverse
metallosupramolecular frameworks, in which a variety of intermolecular interactions
including coordination and hydrogen bonds can be utilized, based on the rod-shaped, anionic
Co™»Au's pentanuclear complex, [Co™Au'3(D-pen-N,S)6]*>~ ([1]*"), as a molecular building
unit (Chart 2). The combination of [1]* and the simple aqua transition metal cations,
[M(H20)a]*" (M = Co**, Ni**, Mn?", Zn?"), is presented and discussed. Cobalt(II) ion with 3d’
electron configuration is one of the most favorable metal ions to investigate the formation of
various metallosupramolecular frameworks owning to its potentiality to form stable
interactions with many inorganic ligands such as water, ammonia, and chloride ion, etc.!!>!¢
In the case of nickel(II) ion with 3d® electron configuration, it is also intriguing because
nickel(II) ion can adopt both octahedral and square-planar coordination geometries depending
on the character of ligands.'">!”! Manganese(Il) ion with 3d> electron configuration is
characterized by its larger ionic radius (0.83 A), compared with those of cobalt(Il) and
nickel(II) ions (0.74 A and 0.69 A, respectively), together with its faster rate of water



exchange reactions.!!>!71 While zinc(II) ion gives no information about the d electron structure,
some of 3d!? closed-shell metal ion allow resulting metallosupramolecular complexes to show
luminescence are reported in previous studies.'>!7!8 This thesis reveals a successful
production of a fascinating series of novel metallosupramolecular frameworks, presenting not
only porous ionic frameworks but also dense coordination frameworks, which are dependent
on the nature of metal ions and synthetic conditions.

In Chapter I, an excellent example of a kinetic synthesis of highly porous
metallosupramolecular frameworks is presented, which are created by using a combination of
the rod-shaped Co''>Au's complex ([1]*) and aqua cobalt(Il) species ([Co(H20)n]**) under
controlled synthetic conditions. Impressively, the resulting ionic crystals displayed an
extremely porous metallosupramolecular framework with a porosity of ca. 80%. Such a high
porosity has not been found in the previously reported frameworks consisting of cationic and
anionic species without the formation of coordination bonds. Not only the crystallographic
study but also the structural conversion phenomena are also examined. In Chapter II, an
attempt to use other transition metals as cationic species was investigated in order to obtain
more information to reach more understanding about the influences of different metal ions on
resulting metallosupramolecular frameworks. It was found that four metallosupramolecular
frameworks are produced from the combination of [1]* and [Ni(H20).]** or [Mn(H20).]*".
The structural conversion phenomena occurred for the Mn"" complexes were found to be
different from those for Co' and Ni! complexes, leading to the production of different
frameworks. In Chapter III, a systematic study on a pH-controlled construction of
metallosupramolecular frameworks consisting of [1]*~ and [Zn(H,0),]*" was investigated. It
was found that two different frameworks with remarkably different porosities are successfully
produced by controlling only a slight pH change. The effect of solution pH on the resulting
metallosupramolecular frameworks, as well as the interconversion phenomena, are discussed.
The obtained crystals were characterized on the basis of electronic absorption, circular
dichroism (CD), X-ray fluorescence, IR, and NMR spectroscopies, together with elemental
analysis. Their crystal structures were examined and discussed in detail, based on
single-crystal X-ray diffraction analysis, besides the investigation of sorption behavior toward

small molecules such as CO», N2, and H>O.
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Chapter 1. Combination of Co'";Au's complex anions and aqua

cobalt(II) cations.
I-1. Introduction.

Porous ionic crystals, in which discrete cations and anions are arranged in a crystal lattice
with large intermolecular spaces, have been known as a new class of alternative porous
crystalline materials.['! This is because these compounds can exhibit strong electrostatic
interactions on internal surfaces and are easily reproduced by recrystallization from solvents.
One of the simple approaches for the synthesis of this class of porous frameworks is the use
of spherical nanometer-sized discrete ions, such as polyoxometalates and S-bridged
multinuclear metal clusters as components, which naturally expand their intermolecular
spaces.[>*] However, so far, the highest reported porosities have been limited to ca. 50%,
mainly due to the closely packed arrangement of their spherically shaped ionic components.
An alternative approach, in which the number of connectivity among cationic and anionic
species decreased through directionally controlled hydrogen-bonding interactions, has been
proposed for the synthesis of highly porous ionic frameworks.[*! With this approach, the ionic
crystal with a high porosity up to 63% has been reported for [Co(H2bim)3](TMA) (Hzbim =
2,2’-biimidazol; H;TMA = 1,3,5-benzenetricarboxylic acid), in which the planar TMA*
anions are hydrogen-bonded with the [Co(Hzbim);]** cations, thus forming a 2D sheet-like
structure with a 3-connected net.l”) Although this reported porosity of 63% is higher than that
expected for the 6-connected primitive lattice (48%) and is comparable with that for the
4-connected diamondoid lattice (66%),% it is still lower than the porosity values found in
several highly porous metal-organic frameworks (MOFs) formed by coordination bonds
between metal ions and organic or inorganic ligands.[”! Thus, an exploration of efficient
methodologies for the rational production of highly porous ionic crystals has been still a
challenge.

Studies of the chemistry of MOFs have established that a kinetic product is quickly
formed through an accelerating polymerization process under highly concentrated conditions
and tends to have a more porous framework compared with a thermodynamic product.® This
is simply explained by the lower stability of more highly porous frameworks compared with
dense frameworks. However, the kinetic product is usually formed as crystalline powders or

microcrystals which are not suitable for single-crystal X-ray diffraction analyses. In addition,
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kinetic products may transform to more stable compounds which are thermodynamic
products.

In this chapter, an excellent example of a kinetic synthesis of highly porous
metallosupramolecular frameworks is presented by using the well-designed anionic Co'™Au's
pentanuclear complex with six carboxylate arms, [Co™>Au's(D-pen-N,S)s]*~ ([1]*"; D-Hapen =
D-penicillamine),”” as a molecular building block. This anionic pentanuclear complex has a
potential to form manifold interactions with hexaaqua metal cations, possibly leading to the
frameworks with high porosities. A combination of [1]*~ anions and aqua cobalt(Il) cations,
[Co(H20)n]*", produced an extremely porous ionic crystal with a high porosity of ca. 80%,
[Co(H20)s]3[Co2Aus(D-pen-N,S)e]2 (2a), in which the rod-shaped [1]>~ anions are alternately
hydrogen-bonded with [Co(H20)s]*" cations to form a 3D metallosupramolecular framework.
Remarkably, crystal 2a was found to stepwise convert to two types of crystals that are suitable
for X-ray diffraction, [Co(H20)s]2[ {Co(H20)4} {Co2Aus(D-pen-N,S)s}2] (2b) and
[{Co(H20)4}3{Co2Au3(D-pen-N,S)s}2] (2¢), which are thermodynamically metastable and
stable products with decreased porosities of ca. 60% and ca. 30%, respectively (Scheme I-1).
The crystallographic data of the obtained crystals were fully studied by single-crystal X-ray
diffraction analyses. In addition, the physical characterizations on the basis of electronic
absorption, circular dichroism (CD), IR, and NMR spectra, in addition to X-ray fluorescence

and elemental analyses, were performed.

I-2. Experimental section.

I-2-1. Materials.
NH4[Au(D-Hpen):]-3.5H,0 and Naz[Co(CO3)3]-3H20 were prepared according to the
methods described in literatures.[!% All other chemicals and solvents were commercially

available and used without further purification.

I-2-2. Synthesis of Na3[Co2Au3(D-pen-N,S)s] (Nasz[1]).

To a colorless solution of NH4[Au(D-Hpen)2]-3.5H,0 (500 mg, 0.871 mmol) in H2O 50
mL was added Naz[Co(CO3)3]-:3H20 (210 mg, 0.580 mmol). The mixture was stirred at room
temperature for 1 hour, which gave a dark purple solution. The reaction solution was
evaporated to dryness by a rotary evaporator, and then an aqueous NaOAc solution (1 M, 5

mL), followed by 10 mL of MeOH was added. The resulting dark purple solution was allowed
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to stand in the refrigerator for 1 day, and the obtained purple powder was collected by
filtration. Yield: 440 mg (80%). Anal. Calcd for Naz[Co2Aus(D-pen-N,S)s]-13H,0 =
C30HsoN6S6025Co2AusNas: C, 19.01; H, 4.25; N, 4.43%. Found: C, 18.98; H, 4.00; N, 4.19%.
IR spectrum (cm™!, KBr disk): 1609 (vcoo). 'H NMR spectrum (ppm from DSS, D,0): §1.47
(s, 3H), 1.64 (s, 3H), 3.21 (s, 1H).

I-2-3. Crystallization of [Co(H20)s]3[Co2Au3(D-pen-NV,S)s]2 (2a).

To a purple solution of Na3[Co2Auz(D-pen-N,S)s]- 13H20 (100 mg, 0.0602 mmol) in HO
(3 mL) was added 1 M aqueous (NH4),CO3; (400 pL). The solution was stirred at room
temperature for 10 min, and then a pink solution of Co(OAc)2:4H>0 (26 mg, 0.10 mmol) in
H>O (1.6 mL) was added to it. After stirring at room temperature for a few minutes, the
mixture was allowed to stand at room temperature for 12 hours. The resulting purple platelet
crystals (2a), one of which was used for single-crystal X-ray analysis, were collected by
filtration and washed with acetone. Yield: 48 mg (39%). Anal. Caled for
[Co(H20)s]3[Co2Aus(D-pen-N,S)s]2-23H20 = CooH190N12S12065C07AU6: C, 17.58; H, 4.67; N,
4.10%. Found: C, 17.55; H, 4.44; N, 4.14%. IR spectrum (cm!, KBr disk): 1609 (vcoo). 'H
NMR spectrum (ppm from DSS, D>0O): 61.49 (s, 3H), 1.64 (s, 3H), 3.27 (s, 1H).

I-2-4. Structural conversions.

(a) Conversion from 2a to [Co(H20)s]2[{Co(H20)4}{Co2Au3(D-pen-N,S)s}2] (2b).

The resulting purple hexagonal platelet crystals of 2a were stored in the mother liquor for
several days in a closed vessel. A change in crystal shape was clearly observed, in which
purple hexagonal block crystals (2b) appeared instead of 2a after 5 days. One of the purple
hexagonal block crystals of 2b was used for single-crystal X-ray diffraction analysis. The
resulting purple hexagonal block crystals were collected by filtration and washed with acetone.
Yield: 28 mg (24%)). Anal. Calcd for
[Co(H20)6]2[ {Co(H20)4} {Co2Auz(D-pen-N,S)s}2]- 15H20 = CeoHi170N12S12055C0o7Au6:  C,
18.39; H, 4.37; N, 4.29%. Found: C, 18.31; H, 4.29; N, 4.26%. IR spectrum (cm™!, KBr disk):
1603 (vcoo). 'H NMR spectrum (ppm from DSS, D>0): §1.49 (s, 3H), 1.64 (s, 3H), 3.29 (s,
1H).

(b) Conversion from 2b to [{Co(H20)4}3{Co2Au3(D-pen-N,S)s}2] (2¢).
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After the purple hexagonal block crystals of 2b appeared, these crystals were
continuously stored in the mother liquor for several days in a closed vessel. When the storing
time was extended to 7 days, the second change in crystal shape was obviously observed. The
purple needle crystals (2¢) that are almost insoluble in water appeared instead of 2b. One of
the purple needle crystals of 2¢ was used for single-crystal X-ray diffraction analysis. The
resulting purple needle crystals were collected by filtration and washed with acetone. Yield:
42 mg (38%). Anal. Caled for [{Co(H20)4}3{Co2Aus3(D-pen-N,S)s}2]'5HO =
CeoH142N12S12041Co7Au6: C, 19.65; H, 3.90; N, 4.58%. Found: C, 19.89; H, 3.68; N, 4.54%.
IR spectrum (cm™!, KBr disk): 1604 (vcoo).

I-2-5. Physical measurements.

The electronic absorption spectra were measured with a JASCO V-660 UV/Vis
spectrometer at room temperature. The circular dichroism (CD) spectra were measured with a
JASCO J-820 spectropolarimeter at room temperature. The IR spectra were recorded with a
JASCO FT/IR-4100 infrared spectrometer using KBr disks at room temperature. Elemental
analyses (C, H, N) were performed using a Yanaco CHN Corder MT-5. The X-ray
fluorescence analyses were conducted using a SHIMADZU Rayny EDX-720 spectrometer.
The 'H NMR spectra were recorded with a JEOL ECAMX-500SP spectrometer in DO.
Sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) was used as the internal reference. All
NMR measurements were performed at room temperature. The sorption isotherms of N> and
CO> were measured with a BELSORP-mini Il volumetric adsorption instrument. N> and CO
gases of high purity (99.9999%) were used. The sorption isotherms for H>O, EtOH, and
acetone were performed on a BELSORP-max volumetric adsorption instrument. High quality
powder X-ray diffraction (PXRD) patterns were recorded at room temperature, in
transmission mode [synchrotron radiation 4 = 0.999115(18) A; 20 range = 0-78°; step width =
0.01°; data collection time = 5 min] on a diffractometer equipped with a white imaging plate
detector at SPring-8 BL02B2 beamline. The crystals were stored in the mother liquor for
several days for time-dependent observation of the powder X-ray diffraction. The crystals
were loaded into glass capillary tubes (diameter = 0.3 mm) with their mother liquor. The
samples were rotated during the measurements. The diffraction patterns were collected with a
large Debye-Scherrer camera. The powder simulation patterns were generated from the
single-crystal X-ray structures using Mercury 3.8. Variable-temperature magnetic

susceptibility measurements were made using the SQUID magnetometer MPMS XL7AC
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(Quantum Design).

I-2-6. X-ray structural determinations.

Single-crystal X-ray diffraction data for 2a were recorded on an ADSC Q210 CCD area
detector with a synchrotron radiation (4 = 0.7000 A) at 2D beamline in Pohang Accelerator
Laboratory (PAL). The intensity data were collected by the w-scan and the diffraction images
were processed by HKL3000.!'') Absorption correction was performed by HKL3000.!'!! The
structure of 2a was solved by direct methods using SHELXS-2014.1"2! The structure
refinements were carried out using full-matrix least-squares (SHELXL-2014).121 All
calculations were performed using the Yadokari-XG software package.l'*! All non-hydrogen
atoms except for [Co(H20)6]*" cations were refined anisotropically, while the others were
refined isotropically. Hydrogen atoms were included in the calculated positions except those
of water molecules. All [Co(H20)s]*" cations were refined using DFIX restraints. The
solvated water molecules and a part of [Co(H,0)s]*" ions are severely disordered and could
not be modeled; their contribution was excluded using the SQUEEZE in the PLATON
package.['4

The diffraction data for 2b were recorded on a Rigaku Mercury 2 CCD detector with a
synchrotron radiation (4 = 0.6997 A) at BLO2B1 beamline in SPring-8 with the approval of
the Japan Synchrotron Radiation Research Institute (JASRI). The intensity data were
collected by the w-scan technique and were processed with a Rapid Auto software program.
The structure of 2b was solved by direct methods using SHELXS-2014.1"?! The structure
refinements were carried out using full-matrix least-squares (SHELXL-2014).111 All
calculations were performed using the Yadokari-XG software package.!'3! All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were included in the calculated positions
except those of water molecules. The solvated water molecules and a part of [Co(H20)s]*"
ions are severely disordered and could not be modeled; their contribution was excluded using
the SQUEEZE in the PLATON package.!'¥

Single-crystal X-ray diffraction experiment for 2¢ was performed on a Rigaku R-AXIS 7
imaging plate area detector with graphite-monochromated Mo Ko radiation (A = 0.71075 A)
at 180 K. The intensity data were collected by the w-scan and were empirically corrected for
absorption. The collected diffraction data were processed with a Rapid Auto software program.
The structure of 2¢ was solved by direct methods using SHELXS-2014.12] The structure

refinements were carried out using full-matrix least-squares (SHELXL-2014).121 All
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calculations were performed using the Yadokari-XG software package.!'3! All non-hydrogen
atoms, except the disordered carboxylate groups, C, N, and S atoms of D-pen ligands, one Co,
and one Au atoms in the complex anion and water molecules, were refined anisotropically,
while the others were refined isotropically. Hydrogen atoms were included in the calculated
positions except those of water molecules. EADP constraints and ISOR restraints were used to

model a part of disordered p-pen ligands. Crystal data are summarized in Table I-1.

I-3. Results and discussion.

I-3-1. Syntheses, characterizations, and structural conversions.

(a) Na3[|CozAus(D-pen-N,S)s] (Nas[1]).
A preparation of Nas[1] was reported by Konno et al.l! According to the previous method,

the reaction of NH4[Au(D-Hpen):] and CoClz-6H20 in an acetate buffer solution, followed by

111 1T

air oxidation gave a mixture of anionic Co'™»Au's and neutral Co™;Au's multinuclear
complexes, [CoAus(D-pen-N,S)s]*” ([1]*) and [CosAus(D-pen-N,O,S)s], respectively. A
separation by anion-exchange column chromatography was required in order to isolate the
desired anionic [1]>~ pentanuclear complex. In this thesis, the synthetic procedure was
modified by using Co™ instead of Co. A treatment of NHs[Au(D-Hpen):] with
Naz[Co(COs)3] in a 3:2 ratio, followed by an isolation with MeOH, gave purple powder of
Nas[1] with a high yield of 80%. The electronic absorption spectrum of Nas[1] in water
presents the characteristic intense d-d transition band at 561 nm and its CD spectrum shows
an optical active feature with positive and negative CD bands at 584 and 459 nm, respectively
(Figure I-1), indicative of the selective formation of (A)-[1]*~ pentanuclear species. The
similar observed results have previously been found in the S-bridged pentanuclear complexes,
such as, (A)2-[Co2Aus(L-cys-N,S)s]*~ (L-cys = L-cysteinate) and (A)2-[Co2Aus(L-pen-N,S)s]>
(L-pen = L-penicillamine).'>) The results from X-ray fluorescence and elemental analyses
match well with the existence of Co and Au atoms in a 2:3 ratio. In addition, the IR spectrum

illustrates an intense vcoo band at 1609 cm™' (Figure 1-2), indicating the presence of fully

deprotonated form of D-pen carboxyl groups in Nas[1].11%!

(b) [Co(H20)6]3[Co2Au3(D-pen-N,S)s]2 (2a).

The ionic crystal 2a was successfully obtained in the form of highly water-soluble purple
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hexagonal platelet crystals from a highly concentrated aqueous solution containing Nas[1] (10
mM) and Co(OAc)2 (20 mM) in a 1:2 ratio. The crystallization of 2a occurred within 12 hours
with a yield of 39%. The electronic absorption spectrum of 2a in water shows the
characteristic d-d transition band at 560 nm and its CD spectrum shows positive, and negative
CD bands at 587 and 467 nm, respectively (Figure I-1). These spectral features are the same
as those for parental Nas[1], indicating that 2a is composed of [1]>~ as the anionic building
blocks. X-ray fluorescence and elemental analysis data are in good agreement with the
formula for a 2:3 adduct of [1]>~ and Co?". The presence of the high-spin octahedral Co**
species in 2a in this ratio was supported by the magnetic susceptibility measurement with the
observed ymT value at 300 K of 8.87 cm® K mol ™' and the calculated g value of 2.51 (Figure
I-3). The IR spectrum displays an intense vcoo band at 1609 cm™' (Figure 1-2), indicative of
the complete deprotonation of the D-pen carboxyl groups in 2a.1%

To check the stability of the ionic crystal 2a, the obtained purple hexagonal platelet
crystals of 2a were stored in a mother liquor for several days in a closed vessel (Figure I-4a).
A change in the crystal shape was clearly noticed after 5 days with the appearance of purple
hexagonal block crystals (2b) (Figure 1-4b). As shown in Figure I-4d, a stepwise structural
conversion could be observed from the PXRD investigation. A pure phase of 2a was retained
for 3 days in a mother liquor with the subsequent conversion to a pure phase of 2b after 5
days. The structural conversion from 2a to 2b implied that 2a is a kinetic product, whereas 2b
is more thermodynamically stable product compared to 2a. The connectivity between the
cations and anions indicates that 2a contains only the hydrogen bonds between [Co(H20)6]*"
cations and [1]*~ anions (vide infia). In contrast, 2b contains coordination bonds between
[Co(H20)4]** cations and [1]* anions in addition to the hydrogen bonds between
[Co(H20)6]*" cations and [1]* anions. Therefore, the kinetic product 2a preferentially
converted to the thermodynamic product 2b through the replacement of hydrogen bonds by

U7 The observed structural conversion

coordination bonds that have a greater binding energy.
could be explained by the dissolution—recrystallization process allowing the kinetic product
2a to be transformed toward more thermodynamically stable product 2b.l"®! At this point, the
single-crystal-to-single-crystal transformation is unconcerned because the structural
conversion phenomena occurred only when the crystals of 2a were kept in the mother liquor.
In addition, it was found that a reproducibility of highly porous ionic crystal 2a could be

achieved after the ionic crystal 2b was dissolved in water, followed by column separation.

Crystal 2b thus reverted back to 2a by the dissolution and the subsequent crystallization
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procedures. This result is a beneficial advantage for the ionic crystals over other porous
coordination polymers which are commonly insoluble in most solvents and thus are not

reproducible.

(c) [Co(H20)6]2[{Co(H20)4}{Co2Au3(D-pen-N,S)s}2] (2b).

The ionic crystal 2b was successfully obtained in the form of water-soluble purple
hexagonal block crystals from a structural conversion of crystal 2a as mentioned above. The
formation of 2b occurred with a yield of 24% after crystals of 2a were stored in a mother
liquor in a closed vessel for 5 days. The diffuse reflection spectrum of 2b and the solid state
CD spectrum are similar to those of Naz[1], indicating that the S-bridged pentanuclear
structure of [1]*~ anionic building blocks retained in 2b (Figure I-5 and Figure I-6). The
results from X-ray fluorescence and elemental analyses match well with the formula for a 2:3
adduct of [1]* and Co*". The presence of the high-spin octahedral Co*" species in 2b in this
ratio was supported by the magnetic susceptibility measurement with the observed ym7 value
at 300 K of 8.77 cm?® K mol ! and the calculated g value of 2.50 (Figure I-7). The IR spectrum
shows an intense wcoo band at 1603 cm™' (Figure 1-2), indicative of the complete
deprotonation of the D-pen carboxyl groups in 2b.[*¢]

To investigate the stability of the ionic crystal 2b, the purple hexagonal block crystals of
2b were continuously stored in a mother liquor for several days in a closed vessel.
Interestingly, the second change in crystal shape was obviously observed when the storing
time reached to 7 days. The purple needle crystals (2¢) (Figure I-4c) that are almost insoluble
in water appeared instead of 2b. As shown in Figure I-4d, a unique two-step structural
conversion could be observed from the PXRD investigation. A pure phase of 2b was retained
for 2 days in a mother liquor with the subsequent conversion to a pure phase of 2¢ after 7 days
counted from when the mixing of Na3[1] and Co(OAc)> was started. The structural conversion
from 2b to 2c¢ indicated that 2b is a thermodynamically metastable product, whereas 2¢ is
more thermodynamically stable product compared to 2b. The connectivity between the
cations and anions shows that 2b has not only coordination bonds between [Co(H20)4]*
cations and [1]*~ anions but also the hydrogen bonds between [Co(H20)s]*" cations and [1]>
anions (vide infra). On the other hand, only the coordination bonds between [Co(H20)4]*"
cations and [1]>~ anions are involved in 2¢. Thus, the metastable product 2b is reasonably
converted to the thermodynamic product 2¢ through the replacement of all hydrogen bonds by

[17]

coordination bonds which have a greater binding energy. Similar to the structural
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conversion from 2a to 2b, this structural conversion could also be explained by the
dissolution—recrystallization process allowing the thermodynamically metastable product 2b
transforms toward more thermodynamically stable product 2¢.1'®! In addition, the structural
conversion from 2b to 2¢ also occurred only when the crystals of 2b were stored in the

mother liquor.

(d) [{Co(H20)4}3{Co2Au3(D-pen-N,S)s}2] (2¢).

The crystal 2¢ was successfully obtained in the form of water-insoluble purple needle
crystals from a structural conversion of crystal 2b. A production of 2¢ occurred with a yield of
38% after crystals of 2b were continuously kept in a mother liquor for several days in a closed
vessel. When the storing time was extended to 7 days, a change in crystal shape was
obviously observed. The purple needle crystals of 2¢ which are almost insoluble in water
appeared instead of 2b. The diffuse reflection and solid state CD spectra of 2¢ are essentially
similar to those of Nas[1], indicating that the S-bridged pentanuclear structure of [1]*~ anionic
building blocks retained in 2¢ (Figure I-5 and Figure I-6). X-ray fluorescence and elemental
analysis data are in good agreement with the formula for a 2:3 adduct of [1]* and Co*".
Additionally, a presence of the high-spin octahedral Co** species in 2c¢ in this ratio was
supported by the magnetic susceptibility measurement with the observed ym7 value at 300 K
of 9.15 cm® K mol™! and the calculated g value of 2.55 (Figure I-8). The IR spectrum of 2¢
illustrates an intense vcoo band at 1604 cm™! (Figure 1-2), indicative of the complete
deprotonation of the D-pen carboxyl groups in 2¢.[1¢!

The stability of the crystal 2¢ was also investigated. The obtained purple needle crystals
of 2¢ were continuously stored in a mother liquor in a closed vessel for 1 month, but no
further conversion was observed by PXRD investigation. This result is reasonable because the
structural conversion occurred via a dissolution—recrystallization process in this studied
system. Crystal 2¢ that is almost insoluble in water, thus could not undergo a conversion in
the mother liquor containing water as solvent. Consequently, crystal 2¢ is supposed to be the

most thermodynamically stable product in the studied system.

I-3-2. Crystal structures.

(a) [Co(H20)6]3]|Co2Au3(D-pen-N,S)s]2 (2a).
The crystal structure of 2a was established by single-crystal X-ray analysis. Crystal 2a
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consists of rod-shaped [1]*~ anions and octahedral [Co(H20)s]*" cations in addition to the

water molecules of crystallization. A part of [Co(H20)s]*" cations in 2a could not be modeled
in the crystal structure, presumably due to the severe disorder in the large void space. The
overall structure of the entire complex anion in 2a is nearly the same as that of Na3[1],””) in
which two A-[Co(D-pen-N,S)s]*~ octahedral units with free COO~ groups are linked by three
Au' ions with linear coordination structure through sulfur bridges. In 2a, [Co(H20)s]*" cations
and [1]>~ anions are alternately arranged and thus form OH,---OOC hydrogen bonds with an
average O---O distance of 2.84 A. Each [Co(H20)s]*" cation is surrounded by three [1]*
anions in a right-handed screw form, whereas each complex anion is surrounded by four
[Co(H20)6]*" cations (Figure I-9). As a result, a three-dimensional, 3-connected net consisting
of 10-membered rings composed of ten [Co(H20)s]*" cations as nodes and ten [1]*> anions as
edges, was constructed (Figure I-10). This 3-connected net exhibits large opening channels
with a maximum diameter of ca. 35 A in all directions (Figure I-11), giving an extremely high
porosity of ca. 80%, as calculated by PLATON.[') The homogeneity of the bulk sample 2a

was confirmed by PXRD result. It was found that the experimental diffraction pattern matches

well with the simulated pattern calculated based on the single-crystal X-ray data (Figure I-12).

(b) [Co(H20)6]2[{Co(H20)4} {Co2Au3(D-pen-N,S)s}2] (2b).

The crystal structure of 2b was determined by single-crystal X-ray analysis. Crystal 2b
contains trans-[Co(H,0)4]*" cations, each of which connects two [1]*~ anions, and isolated
[Co(H20)6]*" cations, in addition to the water molecules of crystallization (Figure 1-13). A
part of [Co(H20)6]*" cations in 2b could not be modeled in the crystal structure, presumably
due to the severe disorder in the large void space. In 2b, the [1]*~ anions are hydrogen-bonded
to each other (av. N---O = 2.92 A), thus forming a six-fold helix with right handedness along
the ¢ axis. In addition, the two helices are bridged by the trans-[Co(H20)4]** cations through
coordination bonds (av. Co-OOC = 2.05 A), resulting in a double helix structure with a large
1D pore with a diameter of ca. 18 A (Figure I-14). The double helices are further connected
by [1]*> anions through NH,---OOC hydrogen bonds (av. N---O = 2.92 A), completing a 1D
channel structure (Figure I-15 and Figure I-16) with a porosity of ca. 60%, as calculated by
PLATON." This 1D channel structure is sustained by the isolated [Co(H20)s]*" cations, each
of which is hydrogen-bonded to two [1]>~ anions in the double helix and one [1]*~ anion that

connects the double helix (av. O---O = 2.72 A). The [1]*~ anion is hydrogen-bonded with two

[Co(H20)s]*" cations in addition to another trans-[Co(H20)4]*" cation through coordination
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bond (Figure 1-17), while the connecting mode of each [Co(H20)s]*" cation by three [1]*

anions is the same as that found in 2a (Figure I-18).

(¢) [{Co(H20)4}3{Co2Au3(D-pen-N,S)s}2] (2¢).

The crystal structure of 2¢ was also determined by single-crystal X-ray analysis. Crystal
2¢ does not have the isolated [Co(H20)s]>" cations, but contains the cis- and
trans-[Co(H20)4]*" cations that are directly bound to [1]*>~ anions (Figure I-19 and Figure
1-20). The [1]*~ anion is connected with four [Co(H20)4]*" cations through coordination bonds
in addition to another [Co(H20)4]*" cation which is located nearby through OHa:--OOC
hydrogen bonds (av. O---O = 2.72 A) (Figure 1I-21). In 2¢, the [1]> anions are alternately
connected by the cis-[Co(H20)4]*" cations through coordination bonds (av. Co-OOC = 2.06
A), forming a 2-fold helix along the b axis. In addition, the two helices are connected to each
other through OHz---OOC hydrogen bonds (av. O---O = 2.86 A), thus forming a right-handed
double helix structure (Figure 1-22 and Figure 1-23). The double helices are connected by the
trans-[Co(H20)4]*" cations through coordination bonds (av. Co~OOC = 2.03 A) in a 2D
sheet-like structure. Finally, the 2D sheets are stacked through the NH»z---OOC and
OH;---O0C hydrogen bonds (av. N---O = 3.01 A, O---O = 2.69 A), completing a 3D dense
framework (Figure 1-24) with a low porosity of ca. 30%, as calculated by PLATON.[’!

I-3-3. Sorption behavior.

To investigate the adsorption characteristics of 2a, 2b, and 2¢ toward small molecules,
their adsorption isotherms for H,O, EtOH, and acetone vapors were measured at 298 K. As
shown in Figure 1-25, a high H>O adsorption capacity was observed for 2a with a value of 45
mol mol™! at P/Py = 0.90. A clear hysteresis loop was observed in an adsorption—desorption
cycle for 2a, indicative of the strong host—guest interactions accompanied by a structural
transformation during the adsorption process.!*’! Although a similar H,O adsorption isotherm
with a clear hysteresis loop was observed for 2b, the adsorption amount (38 mol mol™! at P/P,
= 0.99) was smaller, consistently with its lower porosity (Figure 1-26). The amount of
adsorbed H>O was further decreased (14 mol mol™ at P/Py = 0.96) for 2¢ with no hysteresis
loop obtained because of its rigid framework with a low porosity (Figure I-27). Remarkably,
all obtained metallosupramolecular frameworks (2a, 2b, and 2¢) showed no appreciable
adsorption capability toward EtOH and acetone vapors (Figure 1-25, Figure 1-26, and Figure

[-27). This is attributed to the superhydrophilic character of their opening channels,?!]
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surrounded not only by the amine and carboxylate groups of D-pen but also by the aqua
groups in [Co(H20)s]*" cations. The adsorption isotherms for CO, and N> gases were also
measured. The CO; adsorption isotherm for 2a at 195 K displayed a gradual increase and
reached a value of 18.0 cm® g!' at P/Py = 0.96 (Figure 1-28). Similar CO, adsorption
isotherms were observed for 2b and 2¢, but the adsorption amount decreased in parallel with
the decrease in their porosities (Figure 1-29 and Figure 1-30). In contrast, the adsorption
capacities of N2 gas for 2a, 2b, and 2c are all poor at 77 K (<2.4 cm® g!), reflecting the

superhydrophilic character of their frameworks.

I-3-4. Kinetic control of highly porous frameworks.

As described previously, crystal 2a was successfully produced under a highly
concentrated condition containing 10 mM Nas[1] and 20 mM Co(OAc).. This employed high
concentration encouraged a rapid crystallization leading to a formation of the highly porous
ionic framework of 2a. Generally, a product that obtained under such a high concentration
usually forms as crystalline powder or microcrystals, in which a crystallographic study cannot
be achieved by single-crystal X-ray diffraction analysis. However, both cationic and anionic

) Au'; pentanuclear-complex anion,

species which are the aqua cobalt(Il) cation and the Co
respectively, involved in the system are highly soluble in water. This property plays an
important role for decelerating of the crystallization process, resulting in the formation of
X-ray quality crystals, instead of the undesired forms such as crystalline powder and
microcrystals.®! In addition, it was found that 2a could not be obtained from a similar reaction
of Na3[1] and Co(OAc) under a slightly diluted condition. Instead of 2a, crystals of 2b were
directly produced with a prolonged crystallization time. This result supports that a kinetically
controlled synthesis could be rationally applied for a creation of the desired highly porous
frameworks, in which a controlled high concentration of the employed reaction solutions
plays an important role.

From the PXRD investigation, a unique two-step structural conversion was clearly
observed (Figure 1-4d). The structural conversions from 2a to 2b, and to 2¢ implied that 2a is
a kinetic product, whereas 2b and 2¢ are thermodynamically metastable and stable products,
respectively. The connectivity between the cations and anions indicates that 2a contains only
the hydrogen bonds between [Co(H20)s]*" and [1]°". In contrast, 2b contains coordination
bonds between [Co(H20)4]*" and [1]>" in addition to the hydrogen bonds between
[Co(H20)6]*" and [1]*, while only coordination bonds between [Co(H20)4]*" and [1]*~ are
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involved in 2¢. Thus, the observed structural conversion phenomena clarified that crystal 2a,
behaving as the kinetic product, could be stepwise converted to the thermodynamic product
2¢, by way of 2b, through the replacement of hydrogen bonds by coordination bonds that
have a greater binding energy.!'’”! The lower porosities of 2b (ca. 60%) and 2¢ (ca. 30%), than
that of 2a (ca. 80%), also made a premise that the denser frameworks favor the

thermodynamic stability.

I-4. Conclusion.

In this chapter, a combination of the rod-shaped [Co2Aus(D-pen-N,S)s]* ([1]°7) anions, as
a molecular building block, and the aqua cobalt(Il) cations showed an achievement in the
kinetic synthesis of the porous  metallosupramolecular  framework  of
[Co(H20)6]3[Co2Au3(D-pen-N,S)s]> (2a) with the extremely high porosity of ca. 80%, in
which the anionic [1]* and cationic [Co(H20)s]*" species are alternately linked solely by
COQ---HO hydrogen bonds. The success in the kinetically controlled synthesis thanks to the
presence of terminal, non-coordinating carboxylate groups in the rod-shaped chiral [1]*>~ anion
that forms screwed, 3-connected hydrogen bonds around the aqua groups in the octahedral
[Co(H20)6]*" cation. Notably, such a high porosity has not been found in the previously
reported ionic crystals consisting of cationic and anionic species without the formation of
coordination bonds. Crystal 2a was kinetically produced and stepwise converted to the
thermodynamically more stable products with denser frameworks,
[Co(H20)6]2[ {Co(H20)4} {Co2Aus(D-pen-N,S)s}2]  (2b;  porosity ca.  60%) and
[{Co(H20)4}3{Co2Au3(D-pen-N,S)s}2] (2¢; porosity ca. 30%), induced by the coordination of
the carboxylate groups toward the Co' centers. Such a unique stepwise conversion, in which
all the three solid phases were crystallographically characterized, is quite rare. In addition, the
selective capture of HoO over EtOH or acetone, together with that of CO, over Nj, was
recognized for 2a, which is ascribed to its highly porous framework with superhydrophilic
opening channels.

In order to reach more understanding about the effects of aqua metal ions on a
construction of metallosupramolecular frameworks, an attempt to use other metals as cationic
species should be made. The construction of metallosupramolecular frameworks based on a

111

combination of D-penicillaminato Co™Au's pentanuclear-complex anion and aqua nickel(II)

or aqua manganese(Il) cations, as representatives of aqua metal cations other than cobalt, will
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be shown in Chapter II.

I-5. References.

[1]

[5]

[6]

(a) S. Uchida, N. Mizuno, Coord. Chem. Rev. 2007, 251, 2537-2546. (b) S.
Takamizawa, T. Akatsuka, T. Ueda, Angew. Chem., Int. Ed. 2008, 47, 1689-1692.

(a) S. Uchida, M. Hashimoto, N. Mizuno, Angew. Chem., Int. Ed. 2002, 41, 2814-2817.
(b) K. Suzuki, Y. Kikukawa, S. Uchida, H. Tokoro, K. Imoto, S. Ohkoshi, N. Mizuno,
Angew. Chem., Int. Ed. 2012, 51, 1597-1601. (c¢) R. Eguchi, S. Uchida, N. Mizuno,
Angew. Chem., Int. Ed. 2012, 51, 1635-1639. (d) R. Kawahara, S. Uchida, N. Mizuno,
Inorg. Chem. 2014, 53, 3655-3661. (¢) R. Kawahara, S. Uchida, N. Mizuno, Chem.
Mater. 2015, 27, 2092-2099.

(a) N. Yoshinari, K. Tatsumi, A. Igashira-Kamiyama, T. Konno, Chem. Eur. J. 2010, 16,
14252-14255. (b) N. Yoshinari, U. Yamashita, T. Konno, CrystEngComm 2013, 15,
10016-10019.

(a) M. Tadokoro, J. Toyoda, K. Isobe, T. Itoh, A. Miyazaki, T. Enoki, K. Nakasuji, Chem.
Lett. 1995, 24, 613-614. (b) M. Tadokoro, K. Isobe, H. Uekusa, Y. Ohashi, J. Toyoda, K.
Tashiro, K. Nakasuji, Angew. Chem., Int. Ed. 1999, 38, 95-98. (c) M. Tadokoro, K.
Nakasuji, Coord. Chem. Rev. 2000, 198, 205-218. (d) M. Tadokoro, H. Kanno, T.
Kitajima, H. S. Umemoto, N. Nakanishi, K. Isobe, K. Nakasuji, Proc. Natl. Acad. Sci. U.
S. 4. 2002, 99, 4950-4955. (e) M. Tadokoro, Y. Tanaka, K. Noguchi, T. Sugaya, K. Isoda,
Chem. Commun. 2012, 48, 7155-7157.

M. Tadokoro, S. Fukui, T. Kitajima, Y. Nagao, S. Ishimaru, H. Kitagawa, K. Isobe, K.
Nakasuji, Chem. Commun. 2006, 1274-1276.

(a) P. Krishna, D. Pandey, Close-Packed Structures, University College Cardiff Press,
Cardiff, Wales, 1981. (b) L. E. Smart, E. A. Moore, Solid State Chemistry: An
Introduction (Fourth edition), CRC Press, Boca Raton, Florida, 2012.

(a) H. Furukawa, N. Ko, Y. B. Go, N. Aratani, S. B. Choi, E. Choi, A. O. Yazaydin, R.
Q. Snurr, M. O’Keeffe, J. Kim, O. M. Yaghi, Science 2010, 329, 424-428. (b) H.
Furukawa, K. E. Cordova, M. O’Keeffe, O. M. Yaghi, Science 2013, 341, 974-986. (¢) 1.
Senkovska, S. Kaskel, Chem. Commun. 2014, 50, 7089-7098.

(a) S. H. Jhung, J. H. Lee, P. M. Forster, G. Férey, A. K. Cheetham, J. S. Chang, Chem.
Eur. J. 2006, 12, 7899-7905. (b) M. Kawano, T. Haneda, D. Hashizume, F. Izumi, M.

23



[18]

[19]
[20]

[21]

Fujita, Angew. Chem., Int. Ed. 2008, 47, 1269-1271. (c) J. Marti-Rujas, M. Kawano, Acc.
Chem. Res. 2013, 46, 493-505.

T. Konno, A. Toyota, A. Igashira-Kamiyama, J. Chin. Chem. Soc. 2009, 56, 26-33.

H. F. Bauer, W. C. Drinkard, J. Am. Chem. Soc. 1960, 82, 5031-5032.

Z. Otwinowski, W. Minor, Methods Enzymol. 1997, 2764, 307-326.

(a) G. M. Sheldrick, Acta Cryst. 2008, 464, 112-122. (b) G. M. Sheldrick, Acta Cryst.
2015, C71, 3-8.

C. Kabuto, S. Akine, T. Nemoto, E. Kwon, Nikion Kessho Gakkaishi 2009, 51, 218-224.
A. L. Spek, Acta Cryst. 2009, D65, 148-155.

A. Igashira-Kamiyama, T. Konno, Dalton Trans. 2011, 40, 7249-7263.

K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination Compounds,
Wiley, New York, 1997.

G. R. Desiraju, T. Steiner, The Weak Hydrogen Bond in Structural Chemistry and
Biology, Oxford University Press, Oxford, 1999.

(a) R. J. Davey, P. T. Cardew, D. McEwan, D. E. Sadler, Angew. J. Cryst. Growth 1986,
79, 648-653. (b) J. W. Mullin, Crystallization, Butterworth, London, 1993.

A. L. Spek, J. Appl. Cryst. 2003, 36, 7-13.

(a) J. Canivet, J. Bonnefoy, C. Daniel, A. Legrand, B. Coasne, D. Farrusseng, New J.
Chem. 2014, 38, 3102-3111. (b) J. Canivet, A. Fateeva, Y. Guo, B. Coasne, D.
Farrusseng, Chem. Soc. Rev. 2014, 43, 5594-5617. (c¢) N. C. Burtch, H. Jasuja, K. S.
Walton, Chem. Rev. 2014, 114, 10575-10612.

(a) A. Nalaparaju, X. S. Zhao, J. W. Jiang, J. Phys. Chem. C 2010, 114, 11542-11550.
(b) R. Plessius, R. Kromhout, A. L. D. Ramos, M. Ferbinteanu, M. C.
Mittelmeijer-Hazeleger, R. Krishna, G. Ronthenberg, S. Tananse, Chem. Eur J.
2014, 20, 7922-7925. (c) J. J. Gutiérrez-Sevillano, S. Calero, R. Krishna, J. Phys. Chem.
C 2015, 119, 3658-3666.

24


http://pubs.acs.org/action/doSearch?ContribStored=Nalaparaju%2C+A
http://pubs.acs.org/action/doSearch?ContribStored=Zhao%2C+X+S
http://pubs.acs.org/action/doSearch?ContribStored=Jiang%2C+J+W
http://pubs.acs.org/action/doSearch?ContribStored=Guti%C3%A9rrez-Sevillano%2C+J+J
http://pubs.acs.org/action/doSearch?ContribStored=Calero%2C+S
http://pubs.acs.org/action/doSearch?ContribStored=Krishna%2C+R

*

(e
&

a

2c (porosity ca. 30%)

D [Co(H0)P*

[Co,Aus(D-pen-N,S)s]*- ([1]*) ‘ [Co(H20),**

Scheme 1-1. Stepwise structural conversion from the Kinetic product 2a to the
thermodynamically stable product 2c via the thermodynamically metastable product 2b.

Dashed lines indicate hydrogen bonds.
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Figure I-1. Absorption (AB) and circular dichroism (CD) spectra of Naz[1] (—) and 2a (----)

in water.
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Figure 1-2. IR spectra of (a) Nas[1], (b) 2a, (c) 2b, and (d) 2c.
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Figure 1-3. Plot of ymT vs. T for 2a showing ymT value of 8.87 cm® K mol at 300 K.
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Figure 1-4. Images of crystals (a) 2a, (b) 2b, and (c) 2c. (d) PXRD patterns showing
structural conversion of 2a in its mother liquor. Patterns observed at 4 and 6 days matched

well with the mixture of 2a & 2b and 2b & 2c, respectively.
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Figure I-5. Diffuse reflection spectra of (a) Nas[1], (b) 2a, (c) 2b, and (d) 2c.
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Figure 1-6. Solid state CD spectra of (a) Naz[1], (b) 2a, (c) 2b, and (d) 2c.
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Figure 1-7. Plot of ywT vs. T for 2b showing ymT value of 8.77 cm® K mol at 300 K.
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Figure 1-8. Plot of ymT vs. T for 2c showing ymT value of 9.15 cm® K mol at 300 K.
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Figure 1-9. (a) Top and (b) side views of the two [Co(H20)s]** cations connecting three
complex anions in 2a. Color codes: Co", light blue; Co", purple; Au, gold; S, yellow; O,

pink; N, blue; C, gray. Dashed lines indicate hydrogen bonds.

Figure 1-10. A perspective view of the 10-membered ring in 2a. Color codes: Co'", light blue;
co', purple; Au, gold; S, yellow; O, pink; N, blue; C, gray. Dashed lines indicate hydrogen

bonds.
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Figure 1-11. A perspective view of the 3D hydrogen-bonded framework in 2a.

Intensity
C__
C

1 1 1 1 1

|
4 6 8 10 12 14
20/°

Figure 1-12. Experimental (top) and simulated (bottom) PXRD patterns of 2a.
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Figure 1-13. A perspective view of the expanded asymmetric unit in 2b. Color codes: Co",
light blue; Co"!, purple; Au, gold; S, yellow; O, pink; N, blue; C, gray. Dashed lines indicate
hydrogen bonds.
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Figure 1-14. A perspective view of two double helices (purple and orange) connected by [1]*-
anions (gray) in 2b. Color codes: Co'", light blue; Co"', purple; O, pink. Dashed lines indicate
hydrogen bonds.

34



Figure 1-15. A perspective view of the 1D channel structure in 2b.

Figure 1-16. A top view of the two double helices connected by [1]*~ anions in 2b. Dashed

lines indicate hydrogen bonds.
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Figure 1-17. A perspective view of the [1]*> anion connecting three [Co(H20)a]** cations
through coordination bonds and hydrogen bonds in 2b. Color codes: Co", light blue; Co'"!,

purple; Au, gold; S, yellow; O, pink; N, blue; C, gray. Dashed lines indicate hydrogen bonds.

Figure 1-18. A perspective view of the [Co(H20)s]** cation connecting three [1]% anions
through hydrogen bonds in 2b. Color codes: Co', light blue; Co"' purple; Au, gold; S,
yellow; O, pink; N, blue; C, gray. Dashed lines indicate hydrogen bonds.
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Figure 1-19. A perspective view of the expanded asymmetric unit in 2c. Color codes: Co',

light blue; Co'!, purple; Au, gold; S, yellow; O, pink; N, blue; C, gray.

Figure 1-20. Perspective views of (a) cis-[Co(H20)4]*" and (b) trans-[Co(H20)4]*" cations
connecting complex anions in 2c. Color codes: Co'", light blue; Co'', purple; Au, gold; S,

yellow; O, pink; N, blue; C, gray. Dashed lines indicate hydrogen bonds.
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Figure 1-21. A perspective view of the [1]*> anion connecting three [Co(H20).]** cations
through coordination bond and hydrogen bonds in 2c. Color codes: Co', light blue; Co',

purple; Au, gold; S, yellow; O, pink; N, blue; C, gray. Dashed lines indicate hydrogen bonds.

Figure 1-22. A perspective view of two double helices (purple and orange) connected by

trans-[Co(H20)4]** (dark purple) cations in 2c.
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Figure 1-23. A top view of two double helices connected by trans-[Co(H20)4]** (dark gray)

cations in 2c.
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Figure 1-24. A perspective view of the 3D dense structure with 2D coordination polymers in
2C.
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Figure 1-25. Vapor adsorption (solid symbols) and desorption (open symbols) isotherms of 2a
for H20 (black), EtOH (blue), and acetone (red) at 298 K.

06 08 10

50 —

T
o)
£ 40- J
o)
€ - /O/o/
- 0O /.
£ 30- il
S O s
@] A O’O /.‘
£ O’O [
@ o v
S 20 — ) .,0
O d§§ o®
%’ 18 o’
2 109 g0
< |

»

0
I X I ¥ I ¥ | ¥ I
0.0 0.2 04 0.6 0.8 1.0
F’/PO

Figure 1-26. Vapor adsorption (solid symbols) and desorption (open symbols) isotherms of 2b

for H20 (black), EtOH (blue), and acetone (red) at 298 K.
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Figure 1-27. Vapor adsorption (solid symbols) and desorption (open symbols) isotherms of 2c
for H20 (black), EtOH (blue), and acetone (red) at 298 K.
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Figure 1-28. Comparison of CO; at 195 K (—@-) and Nz at 77 K (—#-) adsorption isotherms
of 2a.

41



N
o
|

o
(o]
=
(&)
o
% 10 -
3
“"..,._.....................
7 ,
O | T T T T r T .
00 02 04 06 08 1.0

PIP,

Figure 1-29. Comparison of CO; at 195 K (—e-) and N2 at 77 K (—#—) adsorption isotherms
of 2b.
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Figure 1-30. Comparison of CO; at 195 K (-@-) and Nz at 77 K (—#-) adsorption isotherms
of 2c.
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Table I-1. Crystallographic data of 2a, 2b, and 2c.

2a

2b

2¢

Formula
Color, form

Formula
weight
Crystal
system
Space group
alA

b/ A

c/A

al®

ple

y/°

vIA

VA

T/K

F(000)

Pealcd / g cm™
#Mo Ka) /
mm!
Crystal size /
mm?®
Limiting
indices

20max / °

Re* (I220(D))
WR2® (all
data)

GOF

C30Hs4Au3C03.33N6020S6

Purple,
hexagonal plate

1798.48

Cubic

213
41.4443(3)
41.4443(3)
41.4443(3)
90
90
90
71186.0(15)
12
100(2)
10308
0.503

2.049
0.13x0.13x0.11

< 54,

h
57 < k < 55,
<1<49

0.924

CooH162Au9C09N 18052518

Purple,
hexagonal block

5208.52

Hexagonal

P6122
45.349(3)
45.349(3)

30.2033(9)
90
90
120
53793(6)
6

100(2)

14916

0.965

4.023

0.03%0.03%0.02

C30Hs54Au3C03.5N6029.5S6

Purple, needle
1960.30

Monoclinic

P2
32.964(4)
21.5440(14)
19.335(2)
90
96.386(7)
90
13646.0(15)
4
180(2)
3758
1.908

7.515

0.10x0.03x0.01

R = (Z|(Fo| = clFe)/(Z[Fol)

"WRy = [{ZW(Fo — cF)  (Ew|Fo )]
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Chapter II. Combination of Co";Au's complex anions and aqua
nickel(II) or aqua manganese(II) cations.

II-1. Introduction.

) Au'; pentanuclear-complex anions

In Chapter I, the combination of the rod-shaped Co
and the aqua cobalt(Il) cations was found to give the highly porous metallosupramolecular
framework of [Co(H20)¢]3[Co2Au3(D-pen-N,S)s]2 (2a; D-Hopen = D-penicillamine), which is
kinetically produced before a stepwise conversion to two more thermodynamically stable
products with lower porosities, [Co(H20)e]2[ {Co(H20)4} {Co2Aus(D-pen-N,S)s}2] (2b) and
[{Co(H20)4}3{Co2Aus(D-pen-N,S)s}2] (2¢), through the replacement of hydrogen bonds by
coordination bonds of the free carboxylate groups in [Co2Aus(D-pen-N,S)s]>” to Co' centers.
Based on the fact that each metal ion has its own chemistry which directly affects the

formation of chemical interactions,

it is interesting to investigate whether different kinds of
aqua metal ions affect the formation of metallosupramolecular frameworks, in particular,
whether porous frameworks can be constructed to illustrate remarkable properties. An
introduction of other transition metals for cationic species, such as Ni**, Mn**, and Zn*",
should be examined in order to obtain more information about the effects of changing metal
ions on the construction of metallosupramolecular frameworks. In this context, nickel(Il) ion
with a 3d® electron configuration is intriguing because it can adopt both of octahedral and
square-planar coordination geometries depending on the character of ligands.>*
Manganese(II) ion with a 3d° electron configuration is also prominent owing to its larger ionic
radius (0.83 A), compared with those of cobalt(I) and nickel(Il) ions (0.74 A and 0.69 A,
respectively), together with a faster rate of water exchange reactions.*4]

In this chapter, a study on the construction of metallosupramolecular frameworks based

), Auls pentanuclear-complex anions, [Co''>Aul(D-pen-N,S)s]>

on a combination of the Co
([11*), and aqua nickel(II) or aqua manganese(II) cations is presented. A pair of isostructure
of porous ionic crystals, [Ni(H20)e]o[{Ni(H20)4}{CorAus(D-pen-N,S)s}2] (3a) and
[Mn(H20)s]2[ {Mn(H20)4} {Co2Aus(D-pen-N,S)s}2] (4a), were produced under controlled
synthetic conditions. Remarkably, each of them was stepwise converted to different types of
X-ray quality crystals, [{Ni(H20)4}3{Co2Auz(D-pen-N,S)s} 2] (3b) and
[{Mn(H20)4} {Co2Aus(D-Hpen-N,S)(D-pen-N,S)s} | (4b), presenting different porosities of ca.

30% and ca. 13%, respectively (Scheme II-1 and Scheme I1-2). The crystallographic data of
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the obtained crystals were fully studied by single-crystal X-ray diffraction analyses. In
addition, the physical characterizations on the basis of electronic absorption, CD, IR, and
NMR spectra, in addition to X-ray fluorescence and elemental analyses, were performed. The
influences of different aqua metal ions on the metallosupramolecular structures constructed,
as well as the interconversion phenomena, are discussed. Furthermore, the sorption behavior

toward small molecules are also presented.

I1-2. Experimental section.

I1-2-1. Materials.
The starting complex, Naz[Co2Auz(D-pen-N,S)s] (Nas[1]), was prepared by the method
described in Chapter I. All other chemicals and solvents were commercially available and

used without further purification.

I1-2-2. Crystallizations.

(a) [Ni(H20)6]2[{Ni(H20)4} {Co2Au3(D-pen-/V,S)s}2] (3a).

To a purple solution of Naz[1]-13H>0 (50.0 mg, 0.0301 mmol) in H>O (2.5 mL), a green
solution of Ni(OAc)2-4H>0 (11.2 mg, 0.0450 mmol) in H>O 2.5 mL was added. After stirring
at room temperature for 5 min, the mixture was allowed to stand at room temperature for 3
days. The resulting purple hexagonal block crystals (3a), one of which was used for
single-crystal X-ray analysis, were collected by filtration and washed with acetone. Yield: 21
mg (35%). Anal. Caled for [Ni(H20)s]2[ {Ni(H20)4} {Co2Auz(D-pen-N,S)s}2]-16HO =
CooH172N12S12056Co4AUNiz: C, 18.31; H, 4.40; N, 4.27%. Found: C, 18.34; H, 4.45; N,
4.24%. IR spectrum (cm!, KBr disk): 1604 (vcoo). 'H NMR spectrum (ppm from DSS,
D20): 61.48 (s, 3H), 1.64 (s, 3H), 3.22 (s, 1H).

(b) [Mn(H20)6]2[{Mn(H20)4} {Co2Au3(D-pen-iV,S)e} 2] (4a).

To a purple solution of Naz[1]-13H>O (50.0 mg, 0.0301 mmol) in H,O (2.5 mL), a pale
pink solution of Mn(OAc)2-4H>0 (11.0 mg, 0.0449 mmol) in H>O 2.5 mL was added. After
stirring at room temperature for 5 min, the mixture was allowed to stand at room temperature
for 3 days. The resulting purple hexagonal block crystals (4a), one of which was used for

single-crystal X-ray analysis, were collected by filtration and washed with acetone. Yield: 23
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mg (39%). Anal. Calcd for [Mn(H20)s]2[ {Mn(H20)4} {Co2Aus(D-pen-N,S)s}2]- 14H0 =
CooH16s8AusCosMn3N12054S12: C, 18.53; H, 4.35; N, 4.32%. Found: C, 18.53; H, 4.36; N,
4.20%. IR spectrum (cm!, KBr disk): 1603 (vcoo). 'H NMR spectrum (ppm from DSS,
D»0): 61.48 (s, 3H), 1.65 (s, 3H), 3.27 (s, 1H).

II-2-3. Structural conversions.

(a) Conversion from 3a to [{Ni(H20)4}3{Co2Au3(D-pen-N,S)c}2] (3b).

The obtained purple hexagonal block crystals of 3a were stored in the mother liquor for
several days in a closed vessel. A change in crystal shape was clearly observed after 9 days.
The purple needle crystals (3b) that are almost insoluble in water, appeared instead of 3a. One
of the purple needle crystals of 3b was used for single-crystal X-ray diffraction analysis. The
resulting purple needle crystals were collected by filtration and washed with acetone. Yield:
22 mg (37%). Anal. Caled for [{Ni(H20)s4}3{Co2Aus(D-pen-N,S)s}2]-:23H,0 =
CooH178N12S12059C04AU6Niz: C, 18.06; H, 4.50; N, 4.21%. Found: C, 17.97; H, 4.37; N,
4.12%. IR spectrum (cm !, KBr disk): 1600 (1coo).

The crystals were continuously stored in the mother liquor for 1 month, but no further

conversion was observed.

(b) Conversion from 4a to [{Mn(H20)4}{Co2Au3(D-Hpen-N,S)(D-pen-N,S)s}| (4b).

The obtained purple hexagonal block crystals of 4a were continuously stored in the
mother liquor for several days in a closed vessel. A change in crystal shape was clearly
observed after 13 days. The purple stick crystals (4b) which are insoluble in water appeared
instead of 4a. One of the purple stick crystals of 4b was used for single-crystal X-ray
diffraction analysis. The resulting purple stick crystals were collected by filtration and washed
with acetone. Yield: 18 mg (33%). Anal. Calcd for
[{Mn(H20)4} {Co2Au3(D-Hpen-N,S)(D-pen-N,S)s} - 5SH2O = C30H73N6S6021Co2AuzMn:  C,
19.91; H, 4.07; N, 4.64%. Found: C, 19.89; H, 4.05; N, 4.64%. IR spectrum (cm™', KBr disk):
1609 (vcoo), 1717 (veoon)™.

The crystals were continuously kept in the mother liquor for 1 month, but no further

conversion was observed.

I1-2-4. Physical measurements.
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The diffuse reflection spectra were recorded with a JASCO V-570 UV/VIS/NIR
spectrometer at room temperature. The circular dichroism (CD) spectra in the solid state were
performed on a JASCO J-820 spectropolarimeter at room temperature. The IR spectra were
recorded with a JASCO FT/IR-4100 infrared spectrometer using KBr disks at room
temperature. Elemental analyses (C, H, N) were performed using a Yanaco CHN Corder MT-5.
The X-ray fluorescence analyses were conducted using a SHIMADZU Rayny EDX-720
spectrometer. The 'H NMR spectra were recorded with a JEOL ECAMX-500SP spectrometer
in D20. Sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) was used as the internal
reference. All measurements were performed at room temperature. The sorption isotherms of
N2 and CO; were measured with a BELSORP-mini II volumetric adsorption instrument. N»
and COz gases of high purity (99.9999%) were used. The sorption isotherms for H,O, EtOH,
and acetone were performed on a BELSORP-max volumetric adsorption instrument. High
quality powder X-ray diffraction patterns were recorded at room temperature, in transmission
mode [synchrotron radiation A = 0.999139(2) A; 26 range = 0-78°; step width = 0.005°; data
collection time = 1 min] on a diffractometer equipped with a MYTHEN microstrip X-ray
detectors (Dectris 1td.) at SPring-8 BL02B2 beamline. The crystals were stored in the mother
liquor for several days for time-dependent observation of the powder X-ray diffraction. The
crystals were loaded into glass capillary tubes (diameter = 0.3 mm) with their mother liquor.
The samples were rotated during the measurements. The diffraction patterns were collected
with a large Debye-Scherrer camera. The powder simulation patterns were generated from the
single-crystal X-ray structures using Mercury 3.8. The high-quality PXRD patterns were
illustrated in Figure 1I-4 and Figure II-5. Other PXRD measurement experiments were

performed on a BRUKER D2 PHASER.

I1-2-5. X-ray structural determinations.

Single-crystal X-ray diffraction data for 3a, 3b, and 4a were recorded on a Rigaku
Mercury 2 CCD detector with a synchrotron radiation (A4 = 0.6997 A) at BLO2B1 beamline in
SPring-8 with the approval of the Japan Synchrotron Radiation Research Institute (JASRI).
The intensity data were collected by the w-scan and were processed with a Rapid Auto
software program. The structures of 3a, 3b, and 4a were solved by direct methods using
SHELXS-2014.P1 The structure refinements were carried out using full-matrix least-squares
(SHELXL-2014).51 All calculations were performed using the Yadokari-XG software

package.l! All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
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included in the calculated positions except those of water molecules. For 3a and 4a, the
crystal structures possess a large void space in a one dimensional structure composed of [1]>
anions, [Ni(H20)4]*" or [Mn(H20)4]*", and [Ni(H20)6]*" or [Mn(H20)6]*" cations. The void
space should be filled by the solvated water molecules and a part of [Ni(H20)s]*" and
[Mn(H20)6]*>" cations for 3a and 4a, respectively, based on the results from X-ray
fluorescence and elemental analyses. However, they are severely disordered and only several
solvated water molecules could be modeled in the void space. The SQUEEZE reports
indicated the solvent-accessible volume of 36004 A’ and 36451 A* per cell for 3a and 4a,
respectively,”! corresponding to ca. 60% of the unit-cell volume for both structures.
Single-crystal X-ray diffraction experiment for 4b was performed on a RIGAKU/MSC
Mercury CCD X-ray diffractometer with a synchrotron radiation (A = 0.6889 A) at PF-AR
(NW2A beamline) of the High Energy Accelerator Research Organization (KEK). The
diffraction images were processed by HK1.2000.1®! The structure of 4b was solved by direct
methods using SHELXS-2014.1! The structure refinements were carried out using full-matrix
least-squares (SHELXL-2014).5) All calculations were performed using the Yadokari-XG
software package.l®’ All non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included in the calculated positions except those of water molecules. Crystal data are

summarized in Table 1I-1 and Table 11-2.

I1-3. Results and discussion.

I1-3-1. Syntheses, characterizations, and structural conversions.

(a) [Ni(H20)6]2[{Ni(H20)4} {Co2Au3(D-pen-NV,S)s}2] (3a).

The ionic crystal 3a was successfully obtained in the form of water-soluble purple
hexagonal block crystals from an aqueous solution containing Nas3[1] and Ni(OAc)> in a 2:3
ratio. The crystallization of 3a occurred within 1 day with a yield of 35%. The diffuse
reflection and the solid state CD spectra of 3a are similar to those of Naz[1], indicating that
the S-bridged pentanuclear structure of rod-shaped [1]°~ retained in 3a, as an anionic
molecular building block (Figure II-1 and Figure I1I-2). The results from X-ray fluorescence
and elemental analyses are in good agreement with the formula for a 2:3 adduct of [1]* and
Ni?*. In addition, the IR spectrum of 3a displays an intense vcoo band at 1604 cm™' (Figure

11-3), indicative of the fully deprotonated carboxyl groups of D-pen in 3a.l"’
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To investigate the stability of the ionic crystal 3a, the resulting purple hexagonal block
crystals of 3a were stored in the mother liquor for several days in a closed vessel (Figure
II-4a). The change in the crystal shape was clearly observed after 9 days with the appearance
of purple needle crystals (3b) (Figure 1I-4b) that are almost insoluble in water instead of 3a.
As shown in Figure II-4c, a structural conversion could be observed by PXRD measurements.
A pure phase of 3a was retained in its mother liquor for 6 days followed by the subsequent
conversion to a pure phase of 3b after 9 days. The PXRD patterns observed at 7 and 8 days
indicate the mixture of 3a and 3b. The structural conversion from 3a to 3b implied that 3ais a
kinetic product, whereas 3b is more thermodynamically stable compared with 3a. The
connectivity between the cations and anions shows that 3a has not only coordination bonds
between [Ni(H20)4]** cations and [1]*>" anions but also the hydrogen bonds between
[Ni(H20)6]*" cations and [1]* anions (vide infia). On the other hand, only the coordination
bonds between [Ni(H20)4]*" cations and [1]*~ anions are involved in 3b. Therefore, the kinetic
product 3a preferentially was converted to the thermodynamic product 3b through the
replacement of hydrogen bonds by coordination bonds that have a greater binding energy.['”
The observed structural conversion could be explained by the dissolution—recrystallization
process which allows the kinetic product 3a to be transformed toward more
thermodynamically stable product 3b.['l At this point, the single-crystal-to-single-crystal
transformation is unconcerned because the structural conversion phenomenon occurred only

when the crystals of 3a were stored in the mother liquor.

(b) [{Ni(H20)4}3{Co2Aus(D-pen-N,S)s}2] (3b).

The crystal 3b was successfully obtained in the form of water-insoluble purple needle
crystals from a structural conversion of crystal 3a. The formation of 3b occurred after crystal
3a was continuously stored in the mother liquor for several days in a closed vessel. When the
storing time reached 9 days, a change in crystal shape was clearly observed. The purple
needle crystals of 3b which are almost insoluble in water appeared instead of the purple
hexagonal block crystals of 3a. The diffuse reflection and solid state CD spectra of 3b are
essentially similar to those of Na3[1], indicating that the S-bridged pentanuclear structure of
rod-shaped [1]*" retained in 3b, as an anionic molecular building block (Figure II-1 and
Figure 11-2). X-ray fluorescence and elemental analysis data are in good agreement with the
formula for a 2:3 adduct of [1]*>"and Ni**. Additionally, the IR spectrum of 3b illustrates an

intense vcoo band at 1600 cm™' (Figure 11-3), indicative of the fully deprotonated carboxyl
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groups of D-pen in 3b.["]

The stability of the crystal 3b was also investigated. The resulting purple needle crystals
of 3b were continuously stored in the mother liquor in a closed vessel for 1 month; however,
no further conversion was observed. This result is reasonable because the structural
conversion phenomena in this system occurred via a dissolution—recrystallization process.
Crystal 3b which is almost insoluble in water, thus, could not undergo a structural conversion
in its aqueous mother liquor. Consequently, crystal 3b is suggested to be more
thermodynamically stable product in the metallosupramolecular system composed of

rod-shaped Co™,Au's pentanuclear-complex anions and aqua nickel(II) cations.

(c) [IMn(H20)6]2[{Mn(H20)4} {Co2Au3(D-pen-N,S)s}2] (4a).

The ionic crystal 4a was successfully produced in the form of water-soluble purple
hexagonal block crystals from an aqueous solution containing Naz[1] and Mn(OAc) in a 2:3
ratio. The crystallization of the phase-pure 4a completed after 3 days with a yield of 39%. The
diffuse reflection and the solid state CD spectra of 4a are the same as those for Naz[1],
indicating that the S-bridged pentanuclear structure of rod-shaped [1]> retained in 4a, as an
anionic molecular building block (Figure II-1 and Figure II-2). The results from X-ray
fluorescence and elemental analyses match well with the formula for a 2:3 adduct of [1]* and
Mn**. In addition, the IR spectrum of 4a shows an intense vcoo band at 1603 cm™! (Figure
11-3), indicative of the fully deprotonated carboxyl groups of D-pen in 4a.""]

To examine the stability of the ionic crystal 4a, the resulting purple hexagonal block
crystals of 4a were stored in the mother liquor for several days in a closed vessel (Figure
II-5a). Crystals of 4a appeared after 3 days counted from when the mixing of Nas[1] and
Mn(OAc), was started, and a change in the crystal shape was clearly observed after 13 days
with the appearance of purple stick crystals (4b) (Figure II-5b) that are insoluble in water
instead of 4a. As shown in Figure II-5c, a stepwise structural conversion was observed by
PXRD measurements. The experimental PXRD pattern of the resulting crystals within a day
is reminiscent of that for the previous highly porous ionic crystal,
[Co(H20)6]3[Co2Aus(D-pen-N,S)s]2> (2a), demonstrated in Chapter 1. This result implied that
the isostructural complex with 2a was firstly produced, proposed to be
[Mn(H20)6]3[ Co2Aus(D-pen-N,S)s]2 (4a*), before converted to 4a. The structural conversion
to a pure phase of 4a was completed after 3 days, and was retained for additional 6 days in its

mother liquor followed by the subsequent presence of an unidentified intermediate phase,
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illustrating a low crystallinity. The unidentified intermediate phase was retained for 2 days
before the gradual formation of 4b. Finally, the conversion to the pure phase of 4b occurred
after 13 days. The structural conversion from 4a* to 4a and to 4b implied that both 4a* and
4a are kinetic and thermodynamically metastable products, respectively, whereas 4b is more
thermodynamically stable product. Unfortunately, the full crystallographic data of 4a* could
not be accomplished due to its fragile nature that is not suitable for a single-crystal X-ray
diffraction experiment. Discussion on the crystal structure of 4a* is therefore impracticable at
this state. On the other hand, crystal 4a which is more thermodynamically stable compared
with 4a* could be fully characterized by single-crystal X-ray diffraction analysis. From the
crystallographic comparison of crystal 4a and 4b in detail, it was revealed that the
connectivity between the cations and anions in 4a has not only coordination bonds between
[Mn(H>0)4]*" cations and [1]>~ anions but also the hydrogen bonds between [Mn(H20)s]**
cations and [1]*" anions (vide infia). On the contrary, only the coordination bonds between
[Mn(H20)4]*" cations and [1]*>" anions are involved in 4b. Thus, the thermodynamically
metastable product 4a is reasonably converted to the more thermodynamically stable product
4b through the replacement of hydrogen bonds by coordination bonds that have a greater
binding energy.!'” Similar to the previously structural conversion from 3a to 3b, the observed
conversion from 4a* to 4b via 4a could also be explained by the dissolution—recrystallization
process allowing the kinetic and the thermodynamically metastable products of 4a* and 4a,
respectively, were transformed to more thermodynamically stable product of 4b.l'!] The
single-crystal-to-single-crystal transformation is not concerned because the structural
conversion phenomenon occurred only when the crystals of 4a* and 4a were stored in the

mother liquor.

(d) [{Mn(H20)4}{Co2Au3(D-Hpen-N,S)(D-pen-/V,S)s}] (4b).

The crystal 4b was successfully obtained in the form of water-insoluble purple stick
crystals from the structural conversion of crystal 4a. The production of 4b occurred after
crystal 4a was continuously stored in the mother liquor for several days in a closed vessel.
When the storing time reached to 13 days, the change in crystal shape was clearly observed,
resulting in the purple stick crystals of 4b instead of the purple hexagonal block crystals of 4a.
The diffuse reflection and solid state CD spectra of 4b are essentially similar to those of
Nas[1], indicating that the S-bridged pentanuclear structure of rod-shaped [1]*" still retained

in 4b, as an anionic molecular building block (Figure II-1 and Figure I1-2). In the IR spectrum,
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4b illustrates an intense C=0 stretching band at 1609 cm™' with the shoulder at 1717 cm™.
The former and the latter correspond to the deprotonated COO™ and protonated COOH groups,
indicative of the partial protonation of carboxylate groups in 4b (Figure 11-3).”) From the
observed results, together with the X-ray fluorescence analysis, showing the existence of Mn,
Co and Au, and the elemental analysis data, it could be expected that 4b contains a 1:1 adduct
of the monoprotonated form of Co'Au'5  pentanuclear-complex  anion
([Co2Au3(D-Hpen-N,S)(D-pen-N,S)s]>~; [H1]*") and Mn?", in which one of six D-pen carboxyl
groups was protonated.

The stability of the crystal 4b was also investigated. The obtained purple stick crystals of
4b were continuously stored in the mother liquor in a closed vessel for 1 month; however, no
further conversion was observed by PXRD investigation. The observed result is reasonable
since the structural conversion phenomena in this studied system occurred via a dissolution—
recrystallization process. Crystal 4b which is insoluble in water thus could not undergo a
conversion in its aqueous mother liquor. As a result, crystal 4b is indicated to be the most
thermodynamically stable product in this metallosupramolecular system, containing

rod-shaped Co™,Au's pentanuclear-complex anions and aqua manganese(1I) cations.

I1-3-2. Crystal structures.

(a) [Ni(H20)6]2[{Ni(H20)4} {Co2Au3(D-pen-N,S)s}2] (3a).

The crystal structure of 3a was determined by single-crystal X-ray analysis. Crystal 3a
contains trans-[Ni(H20)4]*" cations, each of which connects two [1]>~ anions, and isolated
[Ni(H20)s]*" cations, in addition to the water molecules of crystallization (Figure 1I-6). A part
of [Ni(H20)s]?*" cations in 3a could not be modeled in the crystal structure, presumably due to
the severe disorder in the large void space. In 3a, the [1]*~ anions make NH,---OOC hydrogen
bonds connected to each other (av. N---O = 2.93 A), thus forming a six-fold helix with right
handedness along the ¢ axis. Additionally, the two helices are bridged through coordination
bonds between trans-[Ni(H20)4]*" cations and [1]*~ anions (av. Ni-OOC = 2.16 A), resulting
in a double helix structure with a large 1D pore with a diameter of ca. 18 A (Figure 1I-7). The
double helices are further connected by [1]*~ anions through NH---OOC hydrogen bonds (av.
N---O = 2.93 A) (Figure II-8), completing a 1D channel structure with a porosity of ca. 60%,
based on the calculation with PLATON.['?) This 1D channel structure is sustained by the

isolated [Ni(H20)s]*" cations, each of which is hydrogen-bonded to two [1]*~ anions in the
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double helix and one [1]*~ anion that connects the double helix (av. O---O = 2.73 A). Similar
to the previous porous ionic crystal, [Co(H20)s]2[ {Co(H20)4} {Co2Aus(D-pen-N,S)s}2] (2b),
demonstrated in Chapter I, the [1]*> anion is hydrogen-bonded with two [Ni(H20)s]*" cations
in addition to another trans-[Ni(H20)4]*" cation through coordination bond, while each
[Ni(H20)6]*" cation is surrounded by three [1]*~ anions (Figure 1I-9) through only H-bonds.
Moreover, the overall packing structure of 3a is reminiscent of that of 2b. Crystal 3a thus

presents the isostructure with crystal 2b.

(b) [{Ni(H20)4}3{Co2Auz(D-pen-N,S)s}2] (3b).

The crystal structure of 3b was also determined by single-crystal X-ray analysis. Crystal
3b does not have the isolated [Ni(H20)s]*" cations, but contains the cis- and
trans-[Ni(H20)4]*" cations that are directly bound to [1]*~ anions (Figure 1I-10). The [1]>
anion is connected with four [Ni(H20)4]*" cations through coordination bonds in addition to
another [Ni(H20)4]*" cation which is located nearby through OH,---OOC hydrogen bonds (av.
O---O = 2.69 A). In 3b, the [1]* anions are alternately connected by the cis-[Ni(H20)4]*"
cations through coordination bonds (av. Ni-OOC = 2.01 A), forming a 2-fold helix along the
b axis. Furthermore, the two helices are connected to each other through OH:---OOC
hydrogen bonds (av. O---O = 2.73 A), thus forming a right-handed double helix structure
(Figure II-11 and Figure II-12). The double helices are connected by the trans-[Ni(H20)4]*"
cations through coordination bonds (av. Ni-OOC = 2.05 A) in a 2D sheet-like structure.
Finally, the 2D sheets are stacked through the NH>---OOC and OH»---OOC hydrogen bonds
(av. N---0 =295 A, O---O = 2.75 A), completing a 3D dense framework (Figure 1I-13) with
a low porosity of ca. 30%, based on the calculation with PLATON.!'2 In addition, overall
packing structure of 3b is essentially similar to that of the previous dense framework,

[{Co(H20)4}3{Co2Aus(D-pen-N,S)s}2] (2¢), demonstrated in Chapter 1. Thus, crystal 3b

illustrates the isostructure with crystal 2c.

(c) [IMn(H20)6]2[{Mn(H20)4} {Co2Au3(D-pen-N,S)s}2] (4a).

The crystal structure of 4a was studied by single-crystal X-ray analysis. Similar to crystal
3a that was discussed previously in this chapter, crystal 4a also contains trans-[Mn(H20)4]*"

cations, each of which connects two [1]*" anions, and isolated [Mn(H20)s]*" cations, in

addition to the water molecules of crystallization (Figure 1I-14). A part of [Mn(H20)s]*"

cations in 4a could not be modeled in the crystal structure, presumably due to the severe
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disorder in the large void space. In 4a, the [1]*>~ anions are hydrogen-bonded to each other (av.
N---O = 2.92 A), resulting in a six-fold helix with right handedness along the ¢ axis.
Additionally, the two helices are bridged by the trans-[Mn(H20)s]** cations through
coordination bonds (av. Mn—OOC = 2.10 A), resulting in a double helix structure with a large
1D pore with a diameter of ca. 18 A (Figure 1I-15). The double helices are further connected
by [1]* anions through NH,:--OOC hydrogen bonds (av. N---O = 2.92 A) (Figure 1I-16),
leading to a 1D channel structure with a porosity of ca. 60%, based on the calculation with
PLATON."?] The resulting 1D channel structure is supported by the isolated [Mn(H20)s]*"
cations, each of which is hydrogen-bonded to two [1]>~ anions in the double helix and one
[1]°" anion that connects the double helix (av. O---O = 2.71 A). Each [Mn(H,0)¢]*" cation is
surrounded by three [1]*~ anions (Figure II-17) which is similar to those in the previously
mentioned porous ionic crystals 2b and 3a, demonstrated in Chapter I and this chapter,
respectively. It could be revealed that the overall packing structure in 4a is also reminiscent of
those in 2b and 3a. Consequently, crystal 4a presents the isostructure with both crystals 2b

and 3a.

(d) [{Mn(H20)4}{Co2Au3(D-Hpen-N,S)(D-pen-N,S)s}| (4b).

The crystal structure of 4b was also studied by single-crystal X-ray diffraction analysis.
In addition to the water molecules of crystallization, crystal 4b contains the cis-[Mn(H20)4]*"
cations that are directly bound to the rod-shaped [H1]*~ anions (Figure 1I-18). In this context,
it should be noted that the partial protonation of D-pen carboxyl groups observed in 4b, [H1]*,

111

did not cause a change in the conformation of Co"™>Au'; pentanuclear-complex anion. In 4b,

the [H1]> anions are alternately connected by the cis-[Mn(H20)4]*

cations through
coordination bonds (av. Mn—OOC = 2.08 A), forming a 2-fold helix along the crystallographic
a axis. Additionally, the two helices are intertwined and connected to each other through
OH;---O0C hydrogen bonds (av. O---O = 2.69 A), thus forming a right-handed double helix
structure (Figure II-19 and Figure 11-20). Each double helix makes hydrogen bonds to each
other through COOH:--OOC intermolecular hydrogen-bonding interactions (av. O---O = 2.88
A) via the protonated D-pen carboxyl groups to form a 2D sheet-like structure (Figure I1-21).
Finally, the 2D sheets are stacked through the NH>---OOC hydrogen bonds (av. N---O = 2.99
A), completing a 3D dense framework (Figure 1I-22). The crystal porosity of 4b without

including the water molecules of crystallization was estimated to be ca. 13%, based on the

calculation with PLATON. 12
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I1-3-3. Sorption behavior.

The gas and vapor adsorption behaviors were investigated for all obtained
metallosupramolecular frameworks (3a, 3b, 4a, and 4b) (Table II-3). As shown in Figure
I1-23, the CO> adsorption isotherm for 3a at 195 K displayed a type-I physical sorption
isotherm illustrating a gradual increase and reached the amounts of 17.1 cm® g™! at P/Py =
0.96 with a calculated BET surface area of 50 m? g~!. A similar CO; adsorption isotherm was
observed for 3b, but the adsorption amounts apparently decreased with the saturated amounts
of only 2.5 cm® g'! at P/Py = 0.97, corresponding to its lower porosity. The BET surface area
calculated from the CO; sorption isotherm was also significantly decreased to a small amount
of 5.4 m? g'!. Remarkably, the adsorption capacities of N> gas for 3a and 3b (Figure I11-24 and
Figure 11-25) are all poor at 77 K (<2.0 cm® g™!). In addition, the adsorption characteristics of
3a and 3b toward small molecules were also studied. The adsorption isotherms for H>O,
EtOH, and acetone vapors were measured at 298 K. As shown in Figure 1I-26, a high H.O
adsorption capacity was observed for 3a with a value of 34 mol mol! at P/Py = 0.92. A clear
hysteresis loop was observed in an adsorption—desorption cycle for 3a, indicative of the
strong host-guest interactions accompanied by a structural transformation during the
adsorption process.['*) The amount of adsorbed H,O significantly decreased (11 mol mol ! at
P/Py = 0.92) for 3b without a presence of a clear hysteresis loop because of its rigid
framework with a lower porosity compared with that of 3a. In contrast, both 3a and 3b
showed no appreciable adsorption capability toward EtOH and acetone vapors (Figure 1I-27
and Figure II-28). This is attributed to the superhydrophilic character of their opening

[14

channels,!'¥ which are surrounded by not only the amine and carboxylate groups of D-pen but

also the aqua groups in [Ni(H20)s]*" cations. A similar superhydrophilic behavior was also
observed in 2a, 2b, and 2c¢, previously demonstrated in Chapter I. In addition, it should be
noted that both isostructural pairs, 2b & 3a and 2¢ & 3b, displayed the similar adsorption
1sotherms together with the comparable adsorbed amounts for not only CO; gas adsorption
but also H>O vapor adsorption.

The adsorption characteristics of 4a and 4b were also examined. The adsorption
isotherms for CO> and N2 gases were measured at 195 K and 77 K, respectively. As shown in
Figure II-29, the CO; adsorption isotherm for 4a illustrated a type-I physical sorption
isotherm showing a gradual increase and reached a saturated amounts of 32.0 cm® g! at P/P,
= 0.96 with a calculated BET surface area of 77 m? g !. This observed value is remarkably

higher than those found in 2b (6.6 cm® g! at P/Py = 0.95) and 3a (17.1 cm® g'! at P/Py =
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0.96), even though all of them (2b, 3a, and 4a) are isostructures. At this point, the stability of
the frameworks after treated by heating under vacuum should be related. The PXRD results
clearly showed that the stability of 4a is different from those of 2b and 3a (Figure II-30).
Crystal 4a could retain its crystallinity after heating at 120°C for 2 h even though the
framework partially collapsed, as demonstrated by a retention of some peaks. On the other
hand, both 2b and 3a illustrated an amorphous phase, indicating that their frameworks
completely collapsed after heating. The observed results from PXRD measurements thus
support the higher stability of crystal 4a. Furthermore, it is apparent that the CO» adsorption
amount was much smaller for 4b (3.2 cm® g! at P/Py = 0.96) in parallel with the decrease in
its porosity. The calculated BET surface area was significantly decreased to a small amount of
42 m? g'. Similar to crystals 3a and 3b, both 4a and 4b showed the poor adsorption
capacities toward N> gas (Figure II-31 and Figure 1I-32). The adsorption characteristics of 4a
and 4b toward small molecules such as H>O, EtOH, and, acetone were also studied. As shown
in Figure 1I-33, an adsorption of H2O vapor was observed for 4a with the high amounts of 42
mol mol™! at P/Py = 0.95 with a presence of the hysteresis loop, indicating the strong
host-guest interactions during the adsorption—desorption process.!'*! On the contrary, the
adsorbed amount of H,O were further decreased (6 mol mol™! at P/Py = 0.94) for 4b with no
hysteresis loop obtained because of its rigid framework with a very low porosity. Furthermore,
both of them (4a and 4b) showed no preferential adsorption ability toward EtOH and acetone
vapors (Figure II-34 and Figure II-35), reflecting the superhydrophilic character of their

frameworks.!'4

I1-3-4. Influence of aqua metal ions.

As described previously, the combination of the rod-shaped Co™>Aul
pentanuclear-complex anion, [1]*", and aqua nickel(II) cation, [Ni(H20)a]*", firstly produced
the ionic crystal 3a, presenting the 1D channel structure with a porosity of ca. 60%. As shown
in Figure II-4c, crystal 3a was retained in its mother liquor for 6 days before a subsequent
conversion to crystal 3b, in which the 3D dense framework was formed together with the
decrease in a porosity to ca. 30%. This structural conversion is reminiscent of that for 2b,
demonstrated in Chapter 1. In addition to the similar structural conversion phenomena, the
isostructural pairs, 2b & 3a and 2¢ & 3b, also displayed the similar stabilities. This is simply
explained by the resemblance in their labilities and their electron configuration of 3d’ and 3d®

for Co?" and Ni?*, respectively.*!*! In addition, the ionic radii of Co?* (0.74 A) and Ni** (0.69
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A) ions are quite close to each other and thus form the chemical bondings with the
comparable bond strengths, in which their hydration enthalpies that are 2113 kJ mol™' and
2174 kJ mol™! for Co*" and Ni?*, respectively, do not have much difference.[**!5:16]

On the other hand, a different conversion was observed in the Mn complexes. Firstly, the
porous ionic crystal 4a, illustrating the isostructure with crystals 2b and 3a, could be
produced from a combination of [1]*~ anion and aqua manganese(Il) cation. After crystal 4a
was continuously stored in its mother liquor for 9 days counted from a presence of phase-pure
4a, a structural conversion to crystal 4b was observed which was evidenced by PXRD
investigation (Figure II-5¢). Interestingly, crystal 4b does not possess the similar framework
to those of 2¢ and 3b. The structural conversion thus yielded the different product in this case.
From the X-ray fluorescence and elemental analyses together with IR result, it was found that
4b contains a 1:1 adduct of Mn?" and [H1]?", in which one of six D-pen carboxyl groups was
protonated leading to a formation of the strong intermolecular COOH:--OOC hydrogen bonds
which made neighboring helices much closer. Therefore, a 3D dense framework with lower
porosity of ca. 13%, compared with those of 2¢ and 3b (ca. 30%), was constructed. From the
conversion, this type of dense framework was not observed in Co and Ni systems even though
the reaction conditions, such as pH, concentration, and temperature, were controlled to be
similar to those of Mn system. The different resulting frameworks obtained from the structural
conversion might arise from the differences in the nature of each metal ion. For a solvated
metal ion, the rate of solvent exchange is affected by the nature of solvent together with the
solvation shell of metal ion, in which the size, charge, and electron configuration are directly

315161 When only water was used as a solvent in the studied systems, the

characterized.!
manganese(Il) ion is prominent by its fast rate of water exchange together with its larger ionic
radius (0.83 A) compared with those of cobalt(I) and nickel(II) ions (0.74 A and 0.69 A,
respectively).**16 The flexible coordination sphere of Mn?" owing to its rate of water
exchange which is much faster than those of Co** and Ni** might not allow Mn?" to construct
and maintain the framework that shows the isostructure with crystals 2¢ and 3b. However,
Mn?* ion preferentially forms the more rigid framework with the fixed coordination sphere in
order to stabilize the whole structure. In general, the framework with lower porosity tends to
have higher rigidity rather than the framework with higher porosity. Consequently, crystal 4b
that illustrates the lower porosity was reasonably formed. It was revealed that each [H1]*
anion in 4b is surrounded by six [Mn(H20)s]*" cations which is the maximum for six

111

carboxylate arms of one Co';Au's pentanuclear-complex anion, via both coordination bonds
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and hydrogen bonds; whereas, only five [Ni(H20)4]*" cations were observed around [1]>
anion in 3b. The higher number of connectivity observed in 4b also supports the more rigidity
of its framework. In addition, the hydration enthalpy of Mn?* (1841 kJ mol™!) is significant
lower than those of Co*" (2113 kJ mol™) and Ni*" (2174 kJ mol™").['®) Thus, it is easier for
Mn?* to replace the water molecules by D-pen carboxyl groups through coordination bonds in

the structural conversion process.

I1-4. Conclusion.

In this chapter, four metallosupramolecular frameworks were successfully constructed
from the combination of [Co2Aus(D-pen-N,S)s]* ([1]>7) pentanuclear-complex anions and
aqua nickel(I) or aqua manganese(Il) cations. An isostructural pair of porous ionic crystals,
[Ni(H20)6]2[ {Ni(H20)4} {Co2Auz(D-pen-N,S)s } 2] (3a) and
[Mn(H20)s]2[ {Mn(H20)4} {Co2Aus(D-pen-N,S)s}2] (4a), were produced before the stepwise
structural conversion to the different frameworks. Crystal 3a illustrated a similar conversion
to that of [Co(H20)s]2[Co(H20)4{Co2Aus(D-pen-N,S)s}2] (2b), described in Chapter I, in
which the dense framework of [{Ni(H20)4}3{Co2Aus(D-pen-N,S)s}2] (3b) with a decreased
porosity to ca. 30% was formed. Interestingly, crystal 4a converted to the different framework
of [{Mn(H20)4} {Co2Aus(D-Hpen-N,S)(D-pen-N,S)s} | (4b), presenting a lower porosity of ca.
13%. The difference in the resulting frameworks after the structural conversion observed in
Ni'! and Mn" systems are related to the differences in the nature of metal ions. The flexible
coordination sphere of Mn** owing to the rapid rate of water exchange makes Mn?" to form a
more rigid framework in order to stabilize the whole structure. In addition, the selective
adsorptions of H>O and CO: were observed for all obtained metallosupramolecular

frameworks (3a, 3b, 4a, and 4b), reflecting their superhydrophilic characteristics.
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Scheme 11-1. Structural conversion from the porous framework of 3a to the dense framework

of 3b. Dashed lines indicate hydrogen bonds.
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Scheme 11-2. Structural conversion from the porous framework of 4a to the dense framework

of 4b. Dashed lines indicate hydrogen bonds.
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Figure 11-1. Diffuse reflection spectra of (a) 3a, (b) 3b, (c) 4a, and (d) 4b.
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Figure 11-2. Solid state CD spectra of (a) 3a, (b) 3b, (c) 4a, and (d) 4b.
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Figure 11-3. IR spectra of (a) 3a, (b) 3b, (c) 4a, and (d) 4b.
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Figure 11-4. Images of crystals (a) 3a and (b) 3b. (c) PXRD patterns showing structural
conversion of 3a in its mother liquor. Patterns observed at 7 and 8 days matched well with the

mixture of 3a and 3b.
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Figure 11-5. Images of crystals (a) 4a and (b) 4b. (c) PXRD patterns showing structural
conversion of 4a in its mother liquor. Patterns observed at 2 and 11 days matched with the

mixture of 4a* & 4a and unidentified phase & 4b, respectively.
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Figure 11-6. A perspective view of the expanded asymmetric unit in 3a. Color codes: Ni,
green; Co, purple; Au, gold; S, yellow; O, pink; N, blue; C, gray. Dashed lines indicate
hydrogen bonds.
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Figure 11-7. A perspective view of a 1D channel structure in 3a.
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Figure 11-8. A perspective view of two double helices (pink and light blue) connected by [1]*-

anions (gray) in 3a. Color codes: Ni, green; O, pink.
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Figure 11-9. A perspective view of the [Ni(H20)s]?* cation connecting three [1]*~ anions
through hydrogen bonds in 3a. Color codes: Ni, green; Co, purple; Au, gold; S, yellow; O,
pink; N, blue; C, gray. Dashed lines indicate hydrogen bonds.

Figure 11-10. A perspective view of the expanded asymmetric unit in 3b. Color codes: Ni,

green; Co, purple; Au, gold; S, yellow; O, pink; N, blue; C, gray.
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Figure 11-11. A perspective view of two double helices (pink and light blue) connected by
trans-[Ni(H20)4]?* (green) cations in 3b.

Figure 11-12. Top view of the two double helices (pink and light blue) connected by
trans-[Ni(H20)4]?* (green) cations in 3b.
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Figure 11-14. A perspective view of the expanded asymmetric unit in 4a. Color codes: Mn,
light purple; Co, purple; Au, gold; S, yellow; O, pink; N, blue; C, gray. Dashed lines indicate
hydrogen bonds.
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Figure 11-15. A perspective view of the 1D channel structure in 4a.
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Figure 11-16. A perspective view of two double helices (orange and gray) connected by [1]*

anions (light green) in 4a. Color codes: Mn, light purple; O, pink.
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Figure 11-17. A perspective view of the [Mn(H20)s]** cation connecting three [1]*~ anions
through hydrogen bonds in 4a. Color codes: Mn, light purple; Co, purple; Au, gold; S, yellow;
O, pink; N, blue; C, gray. Dashed lines indicate hydrogen bonds.

Figure 11-18. A perspective view of the expanded asymmetric unit in 4b. Color codes: Mn,

light purple; Co, purple; Au, gold; S, yellow; O, pink; N, blue; C, gray.
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Figure 11-19. A perspective view of two double helices (orange and gray) connected by

intermolecular hydrogen-bonding interactions in 4b. Dashed lines indicate hydrogen bonds.

Figure 11-20. Top view of the two double helices (orange and gray) connected by

intermolecular hydrogen-bonding interactions in 4b. Dashed lines indicate hydrogen bonds.
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Figure 11-21. The 2D sheet-
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Figure 11-22. A perspective view of the 3D dense structure with 1D coordination polymers in

4b.
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Figure 11-23. Comparison of CO- adsorption isotherms at 195 K for 3a (—@-) and 3b (-m-).
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Figure 11-24. Comparison of CO; at 195 K (—e-) and N at 77 K (—4—) adsorption isotherms
for 3a.
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Figure 11-25. Comparison of CO- at 195 K (—e-) and N at 77 K (——) adsorption isotherms
for 3b.
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Figure 11-26. Comparison of H>O adsorption (solid symbols) and desorption (open symbols)
isotherms at 298 K for 3a (—®-) and 3b (—m-).
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Figure 11-27. Vapor adsorption (solid symbols) and desorption (open symbols) isotherms of

3a for H2O (black), EtOH (blue), and acetone (red) vapors at 298 K.
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Figure 11-28. Vapor adsorption (solid symbols) and desorption (open symbols) isotherms of
3b for H20 (black), EtOH (blue), and acetone (red) vapors at 298 K.
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Figure 11-29. Comparison of CO- adsorption isotherms at 195 K for 4a (—e-) and 4b (-m-).
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Figure 11-30. Experimental PXRD patterns after heating at 120°C of (a) 2b, (b) 3a, and (c)
4a.
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Figure 11-31. Comparison of CO; at 195 K (—@-) and N at 77 K (—4-) adsorption isotherms
for 4a.
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Figure 11-32. Comparison of CO; at 195 K (—@-) and N at 77 K (—€-) adsorption isotherms

for 4b.
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Figure 11-33. Comparison of H2O adsorption (solid symbols) and desorption (open symbols)
isotherms at 298 K for 4a (—@-) and 4b (—m-).
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Figure 11-34. Vapor adsorption (solid symbols) and desorption (open symbols) isotherms of
4a for H20O (black), EtOH (blue), and acetone (red) vapors at 298 K.
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Figure 11-35. Vapor adsorption (solid symbols) and desorption (open symbols) isotherms of
4b for H20 (black), EtOH (blue), and acetone (red) vapors at 298 K.

86



Table II-1. Crystallographic data of 3a and 3b.

3a 3b
Formula Co0H172Au6C04N12056S12Ni3 CooH178Au6C04N12059S12Ni3
Color, form Purple, Purple,
hexagonal block needle
Formula weight 3936.48 3990.52
Crystal system Hexagonal Monoclinic
Space group P6122 P2,
alA 45.3534(11) 19.0474(11)
b/ A 45.3534(11) 21.1071(12)
c/A 30.0368(7) 32.6971(18)
al® 90 90
pl° 90 97.538(7)
y/° 120 90
viA 53506(3) 13031.8(13)
Z 6 4
T/K 100(2) 100(2)
F(000) 273312 63536
Pealed / g M > 17.614 16.841
(Mo Kao) / mm™! 75.058 74.973
Crystal size / mm® 0.18x0.13%0.08 0.05%0.02%0.01
Limiting indices —47 < h < 45, 25 < h <25,
—62 < k < 57, 29 < k < 28,
41 <1< 24 -35<71<43
26max / ° 58.25 58.25
Ri* (I>20(1)) 0.0765 0.1134
WR7" (all data) 0.2442 0.3086
GOF 1.502 1.105

“Ri = (Z(Fo| — c|Fe)D/(Z|Fo])
bWRy = [{Ew(Fs? — cF)HI(EWF )]

87



Table I1-2. Crystallographic data of 4a and 4b.

4a 4b
Formula CeoH168 AucC04N12054S512Mn3 C30H73Au3C02N6021S6¢Mn
Color, form Purple, Pul"ple,
hexagonal block stick
Formula weight 3889.18 1810.04
Crystal system Hexagonal Orthorhombic
Space group P6122 222
alA 45.3619(4) 10.2937(6)
b/ A 45.3619(4) 27.1982(10)
c/A 30.4028(2) 18.7136(18)
al® 90 90
p/° 90 90
y/° 120 90
viA 54178.4(10) 5239.2(6)
VA 6 4
T/K 100(2) 100(2)
F(000) 31739 3328
Pealed / g M > 2.225 2.210
(Mo Kao) / mm™! 15.580 8.738
Crystal size / mm® 0.20x0.10%x0.04 0.10%0.03x0.02
Limiting indices 0 < h <55, -17 < h <6,
47 < k <0, —46 < k < 44,
-32<71<32 25 <171<30
26max / ° 52.02 72.00
Ri* (I>20(1)) 0.0929 0.0607
WR7" (all data) 0.2791 0.1748
GOF 1.113 1.028

“Ri = (Z(Fo| — c|Fe)D/(Z|Fo])
bWRy = [{Ew(Fs? — cF)HI(EWF )]
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Table II-3. Summary of adsorbed amount for 2b, 3a, 3b, 4a, and 4b.

Adsorbed amount

Gas adsorptions (cm® g ') Vapor adsorptions (mol mol™)
CO2 N H2O EtOH Acetone
2b 6.6 1.7 38 0.35 0.03
3a 17.1 1.6 34 0.34 0.03
3b 2.5 1.0 11 0.27 0.04
4a 32.0 3.6 42 0.26 0.05
4b 3.2 2.1 6 0.04 0.01
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Chapter III. Combination of Co"™;Au's complex anions and aqua
zinc(II) cations.

III-1. Introduction.

) Au's pentanuclear-complex

In Chapter I and II, the combination of the rod-shaped Co
anions ([Co™>Au'3(D-pen-N,S)s]°"; D-Hapen = D-penicillamine), as a molecular building block,
and metal cations, such as Co?*, Ni**, and Mn?", were mainly investigated in water media.
However, it was found that solvent of water is not suitable for the reactions of
[Co"™hAuls(D-pen-N,S)]*>~ with Zn** due to a rapid precipitation, in which X-ray quality
crystals are not obtained. Therefore, an aqueous buffer system is examined in order to slow
down the rate of crystallization. Moreover, buffer solutions can provide different pH values of
reaction solutions precisely. Thus, it is interesting to study the influences of pH on the
resulting frameworks.

As described in general introduction, metallosupramolecular frameworks have received
much attention owing to their remarkable structures and properties which can lead to a wide
range of applications.!'] However, a practical synthesis frequently faces difficulties in the
control of interactions between metal ions and ligands because many external stimuli, such as
pH, temperature, and pressure, play an important role in the formation of chemical
bondings.[*® Therefore, a research on the creation of metallosupramolecular frameworks by
controlling these external stimuli has been still a challenge. As one of the external stimuli, pH
has a significant influence on the construction of metallosupramolecular frameworks. This is
because the alteration of pH can tremendously affects the protonation level of organic ligands,
which drastically changes coordination modes and conformations of ligands, geometries of
metal centers, and hydrogen bonding interactions.>® Several reports illustrated that pH of
reaction solutions plays a key role in the self-assembly process of supramolecular systems.
For example, Lehn et al. reported a pH-driven structural switching that possesses controllable
and reversible modulation between contraction (coiled helix) and extension (uncoiled linear)
of molecular motion in lead(I)/pyridine/pyrimidine supramolecular frameworks.[®®’ Although
several works have demonstrated the pH effects on coordination modes, structural

conformations, and dimensions of resulting structures,’>®

a systematic study on the
production of hydrogen-bonded framework or coordination polymer influenced by pH has

been less explored.
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In this chapter, a study on the pH-controlled construction of two metallosupramolecular
frameworks, [{Zn(H20)4} {Co2Auz(D-Hpen-N,S)(D-pen-N,S)s} | (5a) and
Nag[ {Zn(OAc)2} {Co2Aus(D-pen-N,S)s} 2 ][ Co2Auz(D-pen-N,S)s] (Sb), based on the rod-shaped
[Co™,Auls(D-pen-N,S)s]*~ ([1]°") anions and aqua zinc(II) cations is presented. This system
illustrated a drastic change of the resulting frameworks by slightly changing pH of reaction
solutions (Scheme III-1). The crystals obtained were fully characterized by single-crystal
X-ray diffraction analyses. In addition, the physical characterizations on the basis of
electronic absorption and CD in the solid state, along with IR, NMR, X-ray fluorescence, and
elemental analyses were performed. The effects of solution pH on the resulting frameworks as
well as the interconversion phenomena are discussed. Furthermore, the sorption behavior of

products toward small molecules are also reported.

I1I-2. Experimental section.

I11-2-1. Materials.
The starting complex, Naz[Co2Auz(D-pen-N,S)s] (Nas[1]), was prepared by the method
described in Chapter I. All other chemicals and solvents were commercially available and

used without further purification.

I1I-2-2. Crystallizations.

(a) [{Zn(H20)4}{Co2Au3(D-Hpen-N,S)(D-pen-N,S)s}| (5a).

To a purple solution containing Naz[1]-13H20 (50 mg, 0.0301 mmol) in a sodium acetate
buffer solution (2.5 mL, pH 4.5, [OAc] = 0.5 M), a colorless solution containing
Zn(OAc)2:2H20 (10 mg, 0.045 mmol) in a sodium acetate buffer solution (2.5 mL, pH 4.5,
[OAcT] = 0.5 M) was added. The mixture was stirred at room temperature for 5 min which
gave a clear dark purple solution. After the reaction solution was allowed to stand at room
temperature for 1 day, purple square block crystals (5a) appeared which were collected by
filtration and washed with acetone. Yield: 32 mg (58%). Anal. Calcd for
[{Zn(H20)4} {Co2Ausz(D-Hpen-N,S)(D-pen-N,S)s}]-:5SH20 = C30H73N6S6021C02Au3Zn:  C,
19.79; H, 4.04; N, 4.62%. Found: C, 19.75; H, 3.95; N, 4.60%. IR spectrum (cm™!, KBr disk):
1609 (vcoo), 1717 (veoon)™. The 2*Na NMR spectrum of 5a in DCI/D>O showed no signals

from Na™.
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(b) Nag[{Zn(OAc)2}{Co2Au3(D-pen-NV,S)s}2] [ CozAus(D-pen-N,S)s] (Sb).

To a purple solution containing Naz[1]-13H20 (50 mg, 0.0301 mmol) in a sodium acetate
buffer solution (2.5 mL, pH 5.5, [OAc] = 0.9 M), a colorless solution containing
Zn(OAc)2-2H20 (10 mg, 0.045 mmol) in a sodium acetate buffer solution (2.5 mL, pH 5.5,
[OAc] = 0.9 M) was added. The mixture was stirred at room temperature for 5 min which
gave a clear dark purple solution. After the reaction solution was allowed to stand at room
temperature for 2 weeks, purple hexagonal block crystals (Sb) appeared which were collected
by filtration and washed with acetone. Yield: 14 mg (23%). Anal. Calcd for
Nao[ {Zn(OAc)2} {Co2Auz(D-pen-N,S)s } 2][Co2Auz(D-pen-N,S)s]-36H2O =
CosH240N18S18076CosAuoNaoZn: C, 19.42; H, 4.16; N, 4.34%. Found: C, 19.44; H, 4.11; N,
4.18%. IR spectrum (cm !, KBr disk): 1611 (vcoo).

The 2*Na NMR spectrum of 5b in D>O showed an intense signal from hydrated Na* ion at
50.0 ppm (ppm from NaCl). The amount of Na* ion in Sb was evaluated to be 8.7 mol mol !
from the integration intensity of the *Na signal which matches well with the ideal value (9

mol mol ") for the chemical formula of 5b.

I11-2-3. Interconversion between Sa and Sb.

To a dark purple solution containing 12 mg (0.0066 mmol) of 5a-:5H>0O in 10 mL of 0.5
M HCI aqueous solution was gradually added 0.5 M NaOH aqueous solution until solution
pH reached 7. The obtained solution was evaporated to dryness by a rotary evaporator, and
then a sodium acetate buffer solution (5 mL, pH 5.5, [OAc] = 0.9 M) was added. After the
resulting dark purple solution was allowed to stand at room temperature for 3 weeks, purple
hexagonal block crystals appeared which were collected by filtration and washed with acetone.
Yield: 4 mg (31%). The powder X-ray diffraction (PXRD) result of the obtained purple
hexagonal block crystals is essentially similar to that of Sb.

The reverse conversion from Sb to Sa was also investigated by the following procedure.
The crystals of 5b-36H>0 in the amount of 15 mg (0.0026 mmol) was dissolved in a sodium
acetate buffer solution (5 mL, pH 4.5, [OAc™] = 0.9 M) and gave a dark purple solution. After
the resulting dark purple solution was allowed to stand at room temperature for 3 days, purple
square block crystals appeared which were collected by filtration and washed with acetone.
Yield: 3 mg (64%). The PXRD result of the obtained purple square block crystals is the same
as that of Sa.
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I1I-2-4. Physical measurements.

The diffuse reflection spectra were recorded with a JASCO V-570 UV/VIS/NIR
spectrometer at room temperature. The circular dichroism (CD) spectra in the solid state were
performed on a JASCO J-820 spectropolarimeter at room temperature. The IR spectra were
recorded with a JASCO FT/IR-4100 infrared spectrometer using KBr disks at room
temperature. Elemental analyses (C, H, N) were performed using a Yanaco CHN Corder MT-5.
The X-ray fluorescence analyses were conducted using a SHIMADZU Rayny EDX-720
spectrometer. The 'H NMR spectra were recorded with a JEOL ECAMX-500SP spectrometer
in D20. Sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) was used as the internal
reference. The 2Na NMR spectra were recorded with a JEOL INM-ECS400 spectrometer in
D>0. Sodium chloride was used as the external reference. All measurements were performed
at room temperature. The sorption isotherms of N> and CO> were measured with a
BELSORP-mini II volumetric adsorption instrument. N> and CO; gases of high purity
(99.9999%) were used. The sorption isotherms for H-O, EtOH, and acetone were performed
on a BELSORP-max volumetric adsorption instrument. High quality powder X-ray diffraction
patterns were recorded at room temperature, in transmission mode [synchrotron radiation A =
0.999139(2) A; 26 range = 0-78°; step width = 0.005°; data collection time = 1 min] on a
diffractometer equipped with a MYTHEN microstrip X-ray detectors (Dectris 1td.) at
SPring-8 BL02B2 beamline. The crystals were loaded into glass capillary tubes (diameter =
0.3 mm). The samples were rotated during the measurements. The diffraction patterns were
collected with a large Debye-Scherrer camera. The powder simulation patterns were generated

from the single-crystal X-ray structures using Mercury 3.8.

ITI-2-5. X-ray structural determinations.

Single-crystal X-ray diffraction data for Sa were recorded on a Rigaku Mercury 2 CCD
detector with a synchrotron radiation (A = 0.6997 A) at BL02B1 beamline in SPring-8 with
the approval of the Japan Synchrotron Radiation Research Institute (JASRI). The intensity
data were collected by the w-scan and were processed with a Rapid Auto software program.
The structure of 5a was solved by direct methods using SHELXS-2014.11 The structure
refinements were carried out using full-matrix least-squares (SHELXL-2014)." All
calculations were performed using the Yadokari-XG software package.l®! All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were included in the calculated positions

except those of water molecules.
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Single-crystal X-ray diffraction experiment for Sb was performed on an ADSC Q210
CCD area detector with a synchrotron radiation (A = 0.7000 A) at 2D beamline in Pohang
Accelerator Laboratory (PAL). The intensity data were collected by the w-scan technique and
the diffraction images were processed by using HKL3000.] Absorption correction was
performed by using HKL3000.”) The structure of 5b was solved by direct methods using
SHELXS-2014."] The structure refinements were carried out using full-matrix least-squares
(SHELXL-2014).7 All calculations were performed using the Yadokari-XG software
package.’®) All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
included in the calculated positions except those of water molecules. The crystal structure
possesses a large void space in a one dimensional structure composed of Na® cations,
[Co2Aus(p-pen-N,S)s]> anions, and {Zn(OAc):} moieties. The void space should be filled by
the solvated water molecules and a part of [Na(H20)a]" ions based on the elemental,
fluorescence X-ray, and thermogravimetric analyses. However, they are severely disordered
and only several solvated water molecules could be modeled in the void space. The
SQUEEZE report indicated a solvent-accessible volume of 29526 A® per cell,[”

corresponding to 61.2% of the unit-cell volume. Crystal data are summarized in Table III-1.

I11-3. Results and discussion.

I1I-3-1. Syntheses and characterizations.

(a) [{Zn(H20)4}{Co2Au3(D-Hpen-N,S)(D-pen-N,S)s}| (5a).

The reaction of Nas[1] and Zn(OAc)> in a sodium acetate buffer solution at pH 4.5
(HOAc/NaOAc=1:1) gave water-insoluble purple square block crystals (Sa). The
crystallization of 5a occurred within a day with the yield of ca. 60%. The diffuse reflection
and the solid state CD spectra of Sa were similar to those of Na3[1], indicating that the
S-bridged pentanuclear structure of [1]*~ retained in Sa (Figure III-1 and Figure I1I-2). In the
IR spectrum, 5a illustrates an intense C=O stretching band at 1609 cm™! with the shoulder at
1717 cm™!. The former and the latter correspond to the deprotonated COO™ and protonated
COOH groups, indicative of the partial protonation of carboxylate groups in Sa (Figure
I11-3)."1 From these results, together with the X-ray fluorescence analysis showing the
existence of Zn, Co, and Au, and the elemental analysis data, it is expected that Sa contains a

111

1:1 adduct of Zn** and the monoprotonated form of Co™,Au's pentanuclear-complex anion,
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[Co2Aus(D-Hpen-N,S)(D-pen-N,S)s]*~ ([H1]*"), in which one of six D-pen carboxyl groups is
protonated. The observed anion in the partially protonated form as [H1]*" is similar to that in
previous crystal, [{Mn(H20)4} {CoAus3(D-Hpen-N,S)(D-pen-N,S)s}] (4b), demonstrated in
Chapter II. The homogeneity of the bulk sample 5a was confirmed by PXRD measurement. It
was found that the experimental diffraction pattern matched well with the simulated pattern
based on the single-crystal X-ray data (Figure I11-4). In addition, it was revealed that a similar
reaction of Naz[1] and Zn(OAc)» in a sodium acetate buffer solution at pH 5.0

(HOAc/NaOAc=1:2) also yielded purple square block crystals of 5a.

(b) Nas[{Zn(OAc)2}{Co2Aus(D-pen-NN,S)s}2][CozAuz(D-pen-N,S)s| (5b).

The purple hexagonal block crystals of 5b that are soluble in water were obtained when
the pH of a sodium acetate buffer solution containing Nas[1] and Zn(OAc), was slightly
increased to 5.5 (HOAc/NaOAc=1:6). The crystallization of 5b occurred within 2 weeks with
a yield of ca. 25%. The diffuse reflection and solid state CD spectra of Sb are similar to those
of Naj3[1], indicating that the S-bridged pentanuclear structure of [1]*" anionic building blocks
retained in 5b (Figure III-1 and Figure III-2), and are essentially the same as those of 5a.
However, the IR spectrum displays only an intense C=O stretching band at 1611 cm™' (Figure
I11-3), indicating the existence of fully deprotonated carboxyl groups in 5b.l''l The results
from X-ray fluorescence and elemental analyses match well with the formula of the 3:1
adduct of [1]>~ and Zn?*. The **Na and '"H NMR spectra of 5b in D>O showed the presence of
Na" and OAc™ ions, respectively. The homogeneity of the bulk sample Sb was confirmed by
PXRD measurement. It was found that the experimental diffraction pattern matched well with
the simulated pattern based on the single-crystal X-ray data (Figure III-5). In addition, the
similar reactions of Na3[1] and Zn(OAc)> in a sodium acetate buffer solution at pH 6.0 and

6.5 also gave Sb.

III-3-2. Crystal structures.

(a) [{Zn(H20)4}{Co2Au3(D-Hpen-N,S)(D-pen-N,S)s}] (5a).

The crystal structure of Sa was studied by single-crystal X-ray diffraction analysis. In
addition to the water molecules of crystallization, crystal 5a contains cis configurational
[Zn(H20)4]*" cations that are directly bound to rod-shaped Co>Au's pentanuclear-complex

anions ([Co2Aus(D-Hpen-N,S)(D-pen-N,S)s]*~; [H1]*) (Figure 111-6). In this context, it should
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be noted that the partial protonation of D-pen carboxyl groups to form [H1]>~ observed in 5a

111

did not cause a change in the conformation of Co'>Au's pentanuclear-complex anion. In 5a,

[H1]>~ anions are alternately connected by the [Zn(H20)4]*" cations through coordination
bonds of deprotonated carboxylate groups (av. Zn—-OOC = 2.03 A), forming a 2-fold helix
along the crystallographic a axis. Additionally, the two helices are intertwined and connected
to each other through OH:--OOC hydrogen bonds (av. O---O = 2.72 A), forming a
right-handed double helix structure (Figure III-7 and Figure III-8). Each double helix is
hydrogen-bonded to each other through COOH:--OOC intermolecular hydrogen-bonding
interactions (av. O---O = 2.88 A) by using the protonated carboxylate group to form a 2D
sheet-like structure (Figure III-9). Finally, the 2D sheets are stacked through the NHz---OOC
hydrogen bonds (av. N---O = 2.98 A), completing a 3D dense framework (Figure I1I-10). The
crystal porosity of 5a without including the crystallization water molecules was estimated to

be ca. 13%, based on the calculation with PLATON program.!'?! In addition, it was shown that

the overall packing structure in 5a is reminiscent of that in 4b, demonstrated in Chapter II.

(b) Nas[{Zn(OAc)2}{Co2Aus(D-pen-NN,S)s}2][CozAuz(D-pen-N,S)s]| (5b).
Single-crystal X-ray analysis demonstrated that Sb consists of tetrahedral {Zn(OAc)»}

) Au's pentanuclear-complex anions ([Co™>Au's(D-pen-N,S)6]*"; [1]°),

units, rod-shaped Co
in addition to the aqua Na" cations and water molecules of crystallization (Figure III-11). In
5b, [1]*" are hydrogen-bonded (av. N---O = 2.89 A) to each other, thus constructing a six-fold
helix with right handedness along the ¢ axis. In addition, the two helices are bridged by the
{Zn(OAc),} moieties (av. Zn—OQoac = 1.99 A) through coordination bonds (av. Zn—Open = 1.97
A), resulting in a double helix structure with a large 1D pore with a diameter of ca. 20 A
(Figure I1I-12). The double helices are further connected by other [1]*~ anions via NH,---OOC
hydrogen bonds (av. N---O = 2.91 A), completing a 3D framework presenting 1D pore
channels (Figure I1I-13). The crystal porosity of Sb was evaluated to be ca. 61%, based on the
calculation with PLATON program.!'?! This 1D channel structure is supported by the aqua
sodium(I) cations, each of which makes OH,---OOC hydrogen bonds (av. O---O =2.82 A) to
the two [1]*~ anions and one {Zn(OAc),} unit in the double helix, and additional one [1]*
anion that links the double helix. The spatial arrangement of [1]*>~ anions in 5b is reminiscent
of that in previous porous ionic crystal, [Co(H20)e]2[Co(H20)4{Co2Aus(D-pen-N,S)s}2] (2b),
demonstrated in Chapter I.

The structural difference between Sb and 2b was the substitution of linking
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trans-[Co(H20)4]*" units and free [Co(H20)s]*" ions in 2b by {Zn(OAc).} units and
[Nax(H20)10]** ions in S5b. However, the stability of Sb and 2b were sharply different. The
powder X-ray diffraction study demonstrated that Sb keeps its crystallinity after heating at
120°C for 12 h, while 2b collapses immediately even at room temperature (Figure III-5 and
Figure I1I-14). As mentioned above, there exist multiple hydrogen bonds between acetate O
atoms from {Zn(OAc),} and aqua ligands in [Nax(H20)10]*" units in 5b (Figure I1I-11), while
no direct hydrogen bonding interaction was observed between trans-[Co(H20)4]*" units and
free [Co(H20)6]*" ions in 2b. This is the reason why 5b and 2b show large difference in
stability.

I11-3-3. Interconversion between 5a and Sb.

A structural conversion from Sa to Sb was investigated by dissolving crystal 5a in 0.5 M
HCI aqueous solution, followed by a neutralization with 0.5 M NaOH aqueous solution. After
the obtained solution was evaporated to dryness, a crystallization process was achieved in a
sodium acetate buffer solution with pH 5.5. The water-soluble purple hexagonal block crystals
were obtained after 3 weeks. The crystals were characterized as Sb based on X-ray
fluorescence and elemental analyses which match well with the formula of the 3:1 adduct of
[1]>" and Zn** in 5b. The IR spectrum displays only an intense C=O stretching band at 1611
cm!, indicating the existence of fully deprotonated carboxyl groups in the obtained
crystals.'!l The observed results are reasonable due to a prevention of the protonation at
D-pen carboxyl groups under the employed higher pH. The observed PXRD pattern is similar
to that of Sb. Thus, a conversion from a dense framework of 5a to a porous framework of 5b
could be accomplished.

A reverse conversion from Sb to 5a was also investigated. The water—soluble crystal Sb
was dissolved in a sodium acetate buffer solution with pH 4.5 which gave a dark purple
solution. The water-insoluble purple square block crystals were produced after 3 days. X-ray
fluorescence and elemental analyses of the obtained crystals are in agreement with the
formula of the 1:1 adduct of Zn?" and [H1]*> in Sa. The IR spectrum illustrates an intense
C=0 stretching band at 1609 cm™! with the shoulder at 1717 cm™!, indicative of the partial
protonation of carboxylate groups.!'!! The observed results show the protonation effect at the
lower pH value leading to a formation of strong intermolecular COOH:---OOC hydrogen
bonds through the protonated D-pen carboxyl groups, thus forming a dense framework of Sa.

In addition, the observed PXRD pattern is very similar to that of 5a. Thus, it is strongly
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confirmed that the reverse conversion from Sb to 5a successfully occurred.
Consequently, the structural interconversion between dense framework of 5a and porous
framework of Sb was successful which was evidenced by X-ray fluorescence and elemental

analyses together with IR and PXRD measurements.

I11-3-4. Sorption behavior.

The gas and vapor adsorption behaviors were investigated for both Sa and 5b. As shown
in Figure III-15, the CO; adsorption isotherm for 5a at 195 K displayed a type-I physical
sorption isotherm illustrating a gradual increase and reached the amount of 8.7 cm? g ™! at P/P,
= 0.99 with a low calculated BET surface area of 16 m*> g'!. A similar CO; adsorption
isotherm was observed for 5b, but the adsorption amount apparently increased with the
saturated amount of 29.3 cm® g'! at P/Py = 0.99, corresponding to its higher porosity. The
BET surface area calculated from the CO; sorption isotherm was also significantly increased
up to 66 m?> g In contrast, the adsorption capacities of N> gas for both compounds (Figure
II-16 and Figure 1II-17) are all poor at 77 K (<5.0 cm® g!). In addition, the adsorption
characteristics of 5a and 5b toward small molecules were also studied. As shown in Figure
I11-18, an adsorption of H>O vapor was observed for Sb with the impressively high amount of
134 mol mol ! (584 cm?® g ') at P/Py = 0.90. Although the adsorption amount is lower than the
champion record which has been reported on MOFs (PIZOF-2; 850 cm® g 1),!*! this porous
ionic framework interestingly showed high performance for water uptake comparable to that
of MOFs with high capacity.!*l A reproducibility via a dissolution—crystallization process
makes the ionic crystals have a substantial advantage over the MOFs that are commonly
insoluble in most solvents and thus are not reproducible. A large hysteresis loop was clearly
observed in an adsorption—desorption cycle which is common for nanoporous materials with

(141 On the other hand, the H>O adsorption amount was much smaller for 5a (5 mol

large pores.
mol ™! at P/Py = 0.94), consistent with its lower porosity. Remarkably, both of them showed no
preferential adsorption capacity toward EtOH and acetone vapors (Figure 11I-19 and Figure
I11-20), reflecting the superhydrophilic property of their frameworks.['”) A similar
superhydrophilic behavior was also observed in 2b, demonstrated previously in Chapter I.
However, the adsorption capacity of 5b is extremely higher than that of 2b (38 mol mol ' at

P/Po=0.99) due to the more stable framework of 5b.

I11-3-5. Influence of solution pH.
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The key factors that caused a drastic difference in the resulting metallosupramolecular
frameworks and their porosities between 5a and 5b are the protonation effect at the lower pH
values (4.0-5.0), as well as the copresence of an excess amount of Na" and OAc™ ions in the
reaction solution. In 5a, the protonated D-pen carboxyl groups form strong intermolecular
COOH---O0C hydrogen bonds that made neighboring helices much closer. Consequently, a
dense framework with low porosity of ca. 13% was reasonably constructed. In this case, the
copresence of the protonated and deprotonated carboxylate groups in the complex anion at the
pH region of 4.5-5.0 is reasonable, since the pH was similar to the pKa value of a relating
negatively charged complex with D-pen in [Cuis(D-pen-N,S)12C1]> (pKa = 4.5).1% On the
other hand, a comparatively higher pH value of 5.5 leads to a fully deprotonated form of
D-pen in 5b. Unlike in the case of 5a, Na" and OAc™ ions were incorporated in 5b which came
from the employed sodium acetate buffer solution. Both Na"and OAc ions are also
associated with the template-directed synthesis of 5b, resulting in a 1D channel structure with
significantly increased porosity up to ca. 61%. Therefore, at a glance, the formation of Sb was
accomplished with the aid of the stabilizing effect from a large amount of Na" and OAc™ ions
in a basic sodium acetate buffer solution. However, it was found that crystal 5a was
selectively produced under the controlled synthetic conditions having the same concentration
of Na* and OAc ions to that of 5b, but pH values were lower (4.0-5.0). The observed results
implied that pH that controls the protonation/deprotonation level of the carboxylate groups in
D-pen is the dominant factor for the control of the resulting frameworks and their porosities in

this system.

I11-4. Conclusion.

In this chapter, the production of two metallosupramolecular frameworks, consisting of
[CozAus(D-pen-N,S)s]>~ ([1]°7) anions and Zn** cations, with remarkably different porosities
was successfully controlled only by a slight pH change. The coordination polymer of
[{Zn(H20)4} {Co2Auz(D-Hpen-N,S)(D-pen-N,S)s}] (5a) was produced in a sodium acetate
buffer under the pH range of 4.0-5.0. When a slightly higher pH range (5.5-6.5) was applied,
the porous ionic framework of
Nag[ {Zn(OAc)2} {CoAus(D-pen-N,S)s}2][Co2Ausz(D-pen-N,S)s] (Sb) that illustrates a 1D
channel structure was obtained. The crystal porosity of 5a (ca. 13%) was drastically increased
in 5b (ca. 61%). The dense framework of 5a was stabilized by the protonation on the D-pen

carboxyl groups at lower pH. On the other hand, at a higher pH, the protonation effect was
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disappeared and the formation of the porous framework of Sb was promoted by the guest

templating effect of Na" and OAc™ ions. Such a systematic pH-controlled construction of

metallosupramolecular frameworks, in which a drastic increase of crystal porosities from a

dense coordination polymer to a porous ionic framework is accomplished, has never been

observed previously. Notably, the exclusively selective adsorption of H>O was observed for

5b, which is attributable to the superhydrophilic opening channels in its stable framework.
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Scheme I111-1. Two different metallosupramolecular frameworks constructed from the
combination of [1]*>~ anions and Zn?* cations under the varied pH values. Dashed lines

indicate hydrogen bonds.
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Figure 111-1. Diffuse reflection spectra of (a) 5a and (b) 5b.
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Figure 111-2. Solid state CD spectra of (a) 5a and (b) 5b.
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Figure 111-3. IR spectra of (a) 5a and (b) 5b.
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Figure 111-4. Experimental PXRD patterns (a) after and (b) before heating at 120°C, and (c)
simulated PXRD pattern of 5a.
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Figure 111-5. Experimental PXRD patterns (a) after and (b) before heating at 120°C, and (c)
simulated PXRD pattern of 5b.
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Figure 111-6. A perspective view of the expanded asymmetric unit in 5a. Color codes: Zn,

dark blue; Co, purple; Au, gold; S, yellow; O, pink; N, blue; C, gray.

Figure 111-7. A perspective view of two double helices (orange and gray) connected by

intermolecular hydrogen-bonding interactions in 5a. Dashed lines indicate hydrogen bonds.
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Figure 111-8. Top view of the two double helices (orange and gray) connected by

intermolecular hydrogen-bonding interactions in 5a. Dashed lines indicate hydrogen bonds.

Figure 111-9. A 2D sheet-like structure in 5a. Color codes: Zn, dark blue; Na, light purple; Co,
purple; Au, gold; S, yellow; O, pink; N, blue; C, gray. Blue circles indicate each 1D

coordination double helix.
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Figure 111-11. A perspective view of the expanded asymmetric unit in 5b. Color codes: Zn,
dark blue; Na, light purple; Co, purple; Au, gold; S, yellow; O, pink; N, blue; C, gray. Dashed

lines indicate hydrogen bonds.

Figure 111-12. A perspective view of two double helices (orange and gray) connected by [1]*
anions (green) in 5b. Color codes: Zn, dark blue; Na, light purple; O, pink. Dashed lines

indicate hydrogen bonds.
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Figure 111-13. A perspective view of the 1D channel structure in 5b.
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Figure 111-14. Experimental PXRD patterns (a) after and (b) before heating at 120°C, and (c)
simulated PXRD pattern of 2b.
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Figure 111-15. Comparison of CO- adsorption isotherms at 195 K for 5a (—m-) and 5b (-e-).
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Figure 111-16. Comparison of CO; at 195 K (-e@-) and N2 at 77 K (—4-) adsorption
isotherms for 5a.

504
40 -
o
'E 304
O Y &
B QOO'.'....
X _...-.
T 20- »
(o}
) /
[ ]
104q
0 cosesesr®®®?
00 02 04 06 08 1.0
PIP,

Figure 111-17. Comparison of CO; at 195 K (-e@-) and N2 at 77 K (—4-) adsorption

isotherms for 5b.
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Figure 111-18. Comparison of H2O adsorption (solid symbols) and desorption (open symbols)
isotherms at 298 K for 5a (—M-) and 5b (—e@-).
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Figure 111-19. Vapor adsorption (solid symbols) and desorption (open symbols) isotherms of

5a for H>O (black), EtOH (blue), and acetone (red) vapors at 298 K.
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Figure 111-20. Vapor adsorption (solid symbols) and desorption (open symbols) isotherms of
5b for H20 (black), EtOH (blue), and acetone (red) vapors at 298 K.
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Table III-1. Crystallographic data of Sa and Sb.

Sa 5b
Formula C30H52AuzC02N6O18586Zn  CosH240Au9C06N18Na20124S187Zn
Color, form Purple, Purple,
square block hexagonal block
Formula weight 1759.32 6421.84
Crystal system Orthorhombic Hexagonal
Space group 1222 P6122
al A 10.307(3) 44.24850(10)
b/ A 18.544(5) 44.24850(10)
c/A 27.144(7) 28.44460(10)
al® 90 90
pl° 90 90
y/° 90 120
vIA 5188(2) 48231.1(3)
Z 16 18
T/K 100(2) 100(2)
F(000) 21776 30024
Pealed / g M > 14.068 2.162
(Mo Kao) / mm™! 46.617 9.043
Crystal size / mm? 0.10x0.06%0.06 0.18x0.15%0.11
Limiting indices -13 < h < 12, —-64 < h < 56,
24 < k < 23, =56 < k < 60,
35 <1< 34 -37 <1< 37
20max / ° 54.08 66.79
R* (IP20(1)) 0.0378 0.0777
WR7" (all data) 0.0816 0.2320
GOF 0.954 1.073

“Ri = (Z(Fo| — c|Fe)D/(Z|Fo])
bWRy = [{Ew(Fs? — cF)HI(EWF )]
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Concluding Remarks.

The studies presented in this thesis focused on the construction of novel
metallosupramolecular frameworks, in which both coordination and hydrogen bonds are

111

utilized, by employing the rod-shaped Co'';Au's pentanuclear complex with D-penicillaminate,

[Co"™hAuls(D-pen-N,S)6]* ([1]*; D-Hapen = D-penicillamine), as a molecular building block.

1, Au's pentanuclear-complex anions that possess six carboxylate

The combinations of the Co
arms and the different kinds of simple aqua transition metal cations, [M(H20).]*" (M = Co**,
Ni**, Mn?**, Zn*"), were investigated under varied synthetic conditions. This research
expanded the methodology for the design and construction of metallosupramolecular
frameworks, in which a series of unique metallosupramolecular structures with different

porosities are created depending on not only the nature of metal ions but also the synthetic

parameters.

In Chapter I, the kinetic synthesis of the highly porous metallosupramolecular framework
of [Co(H20)s]3[Co2Aus(D-pen-N,S)s ]2 (2a) was accomplished by the combination of [1]*~ and
[Co(H20)s]*" under highly concentrated conditions. The ionic crystal 2a illustrated the
extremely high porosity of ca. 80%, in which the anionic [1]*~ and cationic [Co(H20)s]*"
species are alternately linked solely by COO---HO hydrogen bonds. This is owing to the
presence of terminal, non-coordinating carboxylate groups in the rod-shaped chiral [1]*~ anion
that can form screwed, 3-connected hydrogen bonds around the aqua groups in the octahedral
[Co(H20)s]*" cation. Impressively, this is the highest porosity so far reported for ionic crystals
consisting of cationic and anionic species without the formation of coordination bonds.
Moreover, it was found that crystal 2a was kinetically produced and stepwise structural
converted to the thermodynamically more stable products with denser frameworks,
[Co(H20)s]2[ {Co(H20)4} {Co2Auz(D-pen-N,S)s}2]  (2b;  porosity ca.  60%) and
[{Co(H20)4}3{Co2Aus(D-pen-N,S)s}2] (2¢; porosity ca. 30%), induced by the coordination of
the carboxylate groups toward the Co" centers. Such a unique stepwise conversion, in which
all three solid phases are crystallographically characterized, is quite rare. In addition, the
selective capture of H,O over EtOH or acetone, as well as that of CO; over Ny, was
recognized for 2a, which is ascribed to its highly porous framework with superhydrophilic

opening channels.
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In order to study about the effects of different metal ions on the construction of
metallosupramolecular frameworks, other metals were used as cationic species in Chapter I1.
The combinations of [1]*~ and [Ni(H20).]*" or [Mn(H20)]** successfully produced four
metallosupramolecular frameworks. An isostructural pair of porous ionic crystals,
[Ni(H20)s]2[ {Ni(H20)4} { Co2Aus(D-pen-N,S)s } 2] (3a) and
[Mn(H20)s]2[ {Mn(H20)4} {Co2Aus(D-pen-N,S)s } 2] (4a), was produced under similar synthetic
conditions, followed by the structural conversion to different frameworks. Crystal 3a showed
a similar conversion to that of [Co(H20)s]2[{Co(H20)4} {CorAusz(D-pen-N,S)s}2] (2b),
described in Chapter I, in which the dense framework of
[{Ni(H20)4}3{Co2Aus(D-pen-N,S)s}2] (3b) with a low porosity of ca. 30% was formed.
Notably, crystal 4a was converted to the different framework  of
[{Mn(H20)4} {Co2Au3(D-Hpen-N,S)(D-pen-N,S)s}] (4b), presenting a lower porosity of ca.
13%. The structural conversion occurred in the Mn!' complexes was different from that in Co™
or Ni"" complex, leading to the different frameworks with different porosities. This should be
ascribed to the differences in the nature of each metal ion. The flexible coordination sphere of
Mn?* ion owing to its larger ionic radius, together with its faster rate of water exchange than
those of Co®" and Ni** ions, allowed Mn** ion to form a more rigid framework in order to
stabilize the whole structure. Expressly, the selective adsorptions of H>O and CO; were
observed for all metallosupramolecular frameworks obtained (3a, 3b, 4a, and 4b), reflecting

their superhydrophilic characteristics.

In Chapter III, the effects of pH on the construction of metallosupramolecular
frameworks were investigated by means of the reactions of [1]*~ with [Zn(H20).]*" in sodium
acetate buffer solutions. This is due to the rapid crystallization in water system, in which
X-ray quality crystals could not be obtained. As a result, the production of two different
metallosupramolecular frameworks, [{Zn(H20)4}{Co2Au3(D-Hpen-N,S)(D-pen-N,S)s}] (5a)
and Nao[ {Zn(OAc).} {Co2Au3(D-pen-N,S)s}2][Co2Aus(D-pen-N,S)s] (Sb), with remarkably
different porosities was successfully controlled only by a slight pH change. Under the pH
range of 4.0-5.0, the coordination polymer of Sa that is isostructural with
[{Mn(H20)4} {Co2Au3(D-Hpen-N,S)(D-pen-N,S)s} ] (4b) described in Chapter II, with a low
porosity of ca. 13% was produced. The construction of the porous ionic framework of 5b with
a drastically increased porosity up to ca. 61% was achieved when a slightly higher pH range

of 5.5-6.5 was applied. The dense framework of 5a was stabilized by the protonation on the
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D-pen carboxyl groups at a lower pH. On the other hand, at a higher pH, the protonation effect
was disappeared and the formation of porous framework of Sb was promoted by the guest
templating effect of Na" and OAc™ ions. Moreover, the most notable result in this system is
the systematic pH-controlled construction of metallosupramolecular frameworks, in which a
drastic increase of crystal porosities from a dense coordination polymer to a porous ionic
framework was accomplished, has never been observed previously. Furthermore, 5b exhibited
the extremely high performance for water uptake, comparable to that of highly porous MOFs,
which is attributable to the superhydrophilic opening channels in its stable framework

sustained by the existence of multiple hydrogen bonds.

Finally, this study demonstrated the expanded methodology for the construction of novel
metallosupramolecular frameworks by the introduction of the rod-shaped heterometallic
multinuclear complex that offers the multiple carboxylate arms, as a molecular building block,
in the combinations with different kinds of aqua metal cation. Thanks to the feasible
utilization of both coordination and hydrogen bonds, a series of unique metallosupramolecular
frameworks illustrating a high flexibility and stability were created, in which the diversities
from a dense framework to a highly porous frameworks controlled by kinetics, metal types,
and solution pH were established. The successful production of various
metallosupramolecular frameworks earned the benefits from the well-designed heterometallic

) Au's pentanulear-complex anion. This is

multinuclear building block of the rod-shaped Co
owning to the presence of multiple carboxylate arms, good stability and retention of chirality,
and high solubility, together with the well-fixed conformation, which is proper to form a
variety of intermolecular interactions not only coordination bond but also hydrogen-bonding
interaction with the aqua metal cations. Moreover, the highly selective captures of H>O and
CO» were recognized for the resulting metallosupramolecular frameworks, especially for the
porous frameworks. This is attributable to the superhydrophilic property of the opening
channels, surrounded not only by the D-pen amine and carboxyl groups of the employed
Co',Au'; pentanulear-complex anion but also by the aqua groups in aqua metal cations. Such
a superhydrophilicity of the opening channels is highly applicable for the inclusion of
hydrophilic molecules. Ultimately, the methodology presented in this thesis would guide to a

great progress in the design and creation of new classes of metallosupramolecular frameworks

which may convey to functional expansions.
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