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Abstract

Porous coordination polymers (PCPs), also known as metal organic frameworks
(MOFs) recently have received great attention because of their diverse and fascinating
architectures with promising functional properties such as molecular adsorption and
separation processes, ion-exchange, catalyst, sensor technology, optoelectronics and
magnetism. Particularly, the guest removal and re-adsorption in flexible and dynamic
molecular solids are of interest for many potential applications especially in the areas of
gas storage and sensors. This research discusses functional properties toward catalysis,
anion-exchange and dynamic behaviors in Zn(11)-4,4’-bipyridine-carboxylato compounds
exhibiting 1D, 2D and 3D structural frameworks. More recently, we have synthesized the
flexible and dynamic non-coordination supramolecular Co(ll)/Fe(ll1)-2-aminopyrazine-
sulfate frameworks supported by weak molecular interactions such as hydrogen bonds
and =w-m stacking. These compounds exhibit water-induced reversible crystal-to-
amorphous transformations with chromotropism which is uncommon for the non-
coordination frameworks to maintain their structures. Contradictory, a related
coordination polymer is obtained for Cd(Il) which also shows water-induced reversible
structural phase transition. Furthermore, the azido Co(ll) complex system yielded four

coordination polymers with interesting molecular magnetic phenomena.
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Executive Summary

Metal-organic frameworks (MOFs) have attracted intensive attention for the past decade owing to
their diverse topologies and enormous potential applications for molecular adsorption and separation,
catalysis, ion exchange, optoelectronics and sensor technology. MOFs have advantages in that they provide
not only light materials with high porosity, but also desirable regular networks. One of the more prominent
applications pursued for these materials has been their possible use in high-density hydrogen storage. The
field of metal-organic frameworks has been extensively investigated with a focus on functional material
research and crystal engineering. In material research, the coordination networks with interesting properties
are constructed for fine-tuning the properties and creating new functional materials. On the other hand,
crystal engineering is attracting interest from both the synthetic routes and the art of structural design.

The present research deals with the systematic synthesis, structural characterization and magnetic
properties of novel metal-organic framework materials based on the coordination chemistry of
carboxylates, sulfate, azide and N,N’-ditopic organic spacers. The central aim is to generate new
compounds of this interesting family which is focused on the core features of crystal engineering and their
functions toward anion-exchange, catalysis, dynamic structural transformation with chromotropism and
molecular magnetism. An emphasis is therefore given to the analysis of the crystal structures and functional
properties of many product systems. This research can be separated into two parts:

Part | addresses the syntheses, structural characterization, anion exchange and catalytic properties
of a series of 4,4’-bpy-carboxylato metal-organic frameworks. The combination of framework-builder
coordination moiety (zinc(Il)-4,4’-bpy and copper(II)-4,4’-bpy) with respectively formato, acetato and
propionato ligands provides two series of novel metal organic frameworks. Eleven zinc(Il)-4,4’-bpy-
carboxylato coordination polymers, i.e. the 3D frameworks {[Zn3(4,4’-bpy);s(u-OOCH)4(H,0),]1(X)2}
when X = ClO4*H,O (1), PFs (2), BF4;*H,O (3), the 2D layer {[Zn(4,4’-bpy)(u-OOCH)(H,0),]
(CF5S0;5)(H20)}4 (4), the 2D zig zag layer {[Zn4(4,4’-bpy)s(n-OOCH)s(H,0)s](NO5)3(4,4°-bpy)>(H,0)3}n
(5), the 1D three-leg ladder {[Zn;(4,4’-bpy);(u-OOCCH;)4(H,0),](PF¢)2(H20),}, (6), the 2D layer
{[Zn5(4,4’-bpy)4(n-OOCCH,CHj;),4] (ClO4)5(4,4-bpy)2(H20)4}n (7), the double-stranded zig zag chain
{[Zn3(4,4’-bpy)4(u-OO0CC,Hs)a(H,0)](PF4)2(H20)2}n (8), the 2D layer {[Zny(4,4’-bpy),(n-OOCC,Hs),
(OH)(H,0)](BF,)(H20),2},  (9), the double ladders chain {[Zny(4,4’-bpy),(L-OOCC,Hs),(H,0),]



(CF3S03),}, (10) the double-stranded zig zag chain {[Zn;(4,4’-bpy)4(u-OOCC,Hs)4(H,0),](NO3),(H,0)3}
(11) and nine cooper(11)-4,4’-bpy-carboxylato coordination polymers, the triple-stranded layers {[Cu;(4,4’-
bpy)2(1-OOCH)4(H,0),](X)2(H20)6}, when X = ClO4 (12), PF¢ (13), BF4 (14), CF;SO5” (15), the zig zag
2D layer {[Cu(4,4’-bpy)(u-OOCH) (NOs)]}, (16), the quadruple-stranded layers {[Cuy(4,4’-bpy),(p-
OOCCH;);3]1(X) (H,0)}, when X = ClO4 (17), PFs (18), BE, (19), CF3SO5™ (20) are obtained and have
been crystallographically characterized. This study shows that the change from a formato ligand to an
acetato and a propionato ligand gives rise to the formation of drastically distinct metal organic frameworks,
as the result of the different steric bulk of the carboxylato unit involved.

The thermal and optical properties, ion-exchange with structure retention and catalytic reactivity,
as well as dynamic structural transformation have been investigated. Compounds 6-9 and 11 show a
crystalline-to-crystalline structural transformation up on removal/reintroduction of water guest molecules.
The anion exchange among zinc(Il) and copper(Il) compounds is found to be highly selective while anion-
sensing properties in an aqueous solution is found only in 1. Interestingly, these zinc(II) compounds are
effective heterogeneous catalysts for the high-yielding cyanosilylation of acetaldehyde in dichloromethane
with size-selective. Contradictory, all copper(Il) compounds are less active and less selective catalysts for
cyanosilylation of aldehydes.

Part Il addresses the syntheses, structural characterization and their functional properties toward
dynamic structural transformation with chromotropism and magnetism. Novel fifteen metal(II) polymeric
complexes were successfully synthesized and structurally characterized, as following: firstly, five Cu"
coordination networks containing 2-aminopyrazine and various carboxylate anions, 2D wavy sheet
[Cu(ampyz)(O,CH),], (111-1), 1D chains [Cuy(ampyz)(O,C,H3)4]n (111-2) and [Cuy(ampyz)(O,C3Hs)4]n
(111-3), 2D layer [Cuy(ampyz)(OsC4Hy)2]n(H,0), (111-4) and 2D stairlike layer [Cu(ampyz)(OC;Hy)]n
(H,0),,  (I11-5), secondly, three isostructural flexible metal-supramolecular architectures
[M(H,0)4(ampyz),][M(H,0)6](SO4)>(H,0), (M are Co" (1V-1), Fe" (1V-2) and Co"/Fe" (IV-3)) and a
flexible 2D Cd" coordination network [Cd(ampyz)(H,0),(SO4)]n(H-0), (IV-4), thirdly, two flexible metal-
organic frameworks [Co(pydc)(H,O),], (IV-5) and [Co(pydc)(H,0)4].(H,0), (IV-6), (pydec = 3,5-
pyridinedicarboxylate) and lastly, four azido Co" magnetic hybrid frameworks, i.e. 1D chain of
[Co3(N3)6(OH,),(2,2'-bpe),]n(2,2"-bpe),  (V-1), 2D layer [Co(N3)2(2,2"-bpe)], (V-2) and 2D sheet
[Co(N3),(ampyz)], (V-3) and 3D framework [Co(N;),(ampyz)], (V-4) of [Co(N3),(ampyz)]n.

Compound I11-1 reveals a 2D wavy sheet structure. Both I11-2 and 111-3 consist of polymeric
chains constructed from paddle-wheel (CuNOy), chromophores. The structure of I11-4 consists of a 2D
layer built from double-stranded chain of paddle-wheel units connecting ampyz spacers. Compound 111-5
exhibits a 2D stairlike layer built from malonate anions and p,—ampyz. Beside the various coordinative
modes of carboxylates, the ampyz spacer has an influence on the molecular structures via either the ditopic

bridging mode, or by other weaker interactions, such as hydrogen bonding and n—n stacking, which mainly
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contribute to the stabilization of the overall supramolecular structures. All compounds emphasize the effect
of the ampyz spacer in building the copper(Il) networks and are compared with the same carboxylate
coligands in the p,—pyz Cu' systems. Magnetic properties of 111-1 and 111-5 reveal weak ferromagnetic and
weak antiferromagnetic spin exchange interactions between adjacent Cu" ions via p,-syn-anti carboxylates
and py-ampyz with the spin exchange parameters of Jiye/k = +6.9 K and Jip/k = —2.3 K, for 111-1 and
Jiner/k = +7.4 K and J;po/k = =2.2 K for 111-5, respectively. Magnetic behaviors of I11-2-4 exhibit very
strong antiferromagnetic interactions via four p1,-syn-syn carboxylates bridging between Cu" ions which is
well-known for the classical paddle-wheel Cu" complexes.

Compounds 1V-1-3 are isomorphous series. Monomeric complex units [M(H,0),(ampyz),]*" are
assembled by intermolecular hydrogen bonding and n-n stacking via ampyz moieties to build 2D sheets.
These layers are linked by intermolecular hydrogen bonding via ampyz ligand, [M(H,0)s]*" unit, sulfate
anion and lattice and coordinated water molecules to stabilize 3D supramolecular structure. Whereas 1V-4
shows a 2D coordination network where the sulfato connector and the bridging ampyz link Cd" ions.
Lattice water molecules are filled in between the layers via the hydrogen bonds stabilizing 3D
supramolecular network of 1V-4. Interestingly, compounds 1V-1-3 exhibit water-induced reversible crystal-
to-amorphous transformations with chromotropism and compound I1V-4 also shows water-induced
reversible structural phase transformation confirmed by spectroscopic techniques, elemental analyses,
TGA, and XRPD. These results demonstrate the significant role between coordination bridges and weaker
intermolecular interactions for the structural conversion even though IV-1-3 are lack of coordination
bridges for maintenance of their structures, however, the weak intermolecular interactions, especially
hydrogen bonding, play a key role to the recovery of the crystalline phase. Moreover, the selective
methanol accommodation with chromotropism in dehydrated 1V-1A is observed which could be attributed
to the proper size of methanol and weak host-guest interactions causing the changes of the d-orbital energy
in distorted octahedral geometry. However the 1V-1A-MeOH is unstable in air. The original crystalline
phase 1V-1"" is easily recovered after the evaporation of methanol at room temperature which is indication
of high selective recognition of IV-1A to water molecules. This work is beneficial to expand the field of the
crystal engineering by controlling the weak interaction of coordination moieties.

By utilizing a flexible coligand 1,2-bis(2-pyridyl)ethylene (2,2'-bpe), two new azido-bridged
cobalt(Il) coordination networks V-1 and V-2 have been obtained. Compound V-1 shows uncommon 1D
chain comprised of double EO azido bridged five- and six-coordinated Co" geometries in a unique
(-5-5-6-), sequence of the coordination number. The 2,2-bpe acts as terminal co-ligand and
uncoordination molecule in the crystal lattice. Moreover the adjacent 1D chain is assembled by C-H---%
interactions and the intermolecular hydrogen bonding between uncoordination 2,2’-bpe and coordination
water molecules building 2D layer. Whereas compound V-2 is 2D coordination network containing the

alternating double EO and double EE bridging modes of azides and ditopic 2,2'-bpe bridges. The magnetic



investigation of V-1 reveals dominant intrachain ferromagnetic interactions with double EO azide-bridge
and weak interchain antiferromagnetic interactions with overall metamagnetic behavior having magnetic
ordering at 6 K. The magnetic behavior of V-2 shows spin-canted antiferromagnetism below Ty of 12 K. In
case of the versatile ampyz spacer, two high dimensional cobalt(Il) azido inorganic-organic hybrid
frameworks, which contain similarly alternating double EO and double EE azido-bridged Co" chain were
obtained from the different preparative methods. The high symmetric square-grid structure of V-3 from
layer diffusion method which consists of trans-ampyz bridging between octahedral Co" centers in axial
positions, presents the coexistence of a big spin canting angle and metamagnetism below 10 K. The canting
angle is estimated to be 7.7° and the critical field for metamagnetic phase transition is ~ 600 Oe at 2 K. The
interlayer hydrogen bonding between amino group of ampyz spacer and symmetric double EE azido
bridges plays an important role on the field-induce metamagnetic phase transition. The spin canting of V-3
could be attributed to the significant antisymmetric exchange arising from the structure phase transition at
low temperature and the great role of magnetic anisotropy of Co'" ion. Whereas 3D framework containing
cis-ampyz bridging among Co" centers of V-4 was synthesized from hydrothermal technique. It was
crystallized in lower space group and exhibited only small spin-canted antiferromagnetism below 16 K. It
is suggests that the large magnetic anisotropy in V-4 might contribute a spin canting together with small
antisymmetric coupling between Co" ions, arising from a distortion in the crystal net at low temperature,
which is frequently found in the related complexes containing the same bridging mode of azide. These
results will provide the merit for future investigations and demonstrate the importance of the crystal

engineering of inorganic-organic hybrid framework in the field of molecular-based magnetic materials.
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Metal-Organic Frameworks and Their Functions
Toward Dynamic Structural Transformation
with Chromotropism and Magnetism

1. Introduction

A great interest of transition metal complex-assemblies in inorganic-organic hybrid framework
materials has recently been devoted to the development of rational synthetic routes to novel one-, two- and
three-dimensional crystal frameworks, due to their potential applications in many areas. The molecule-
based crystal is a characteristic of the assemblage which is dissimilar to inorganic assemblage. This is
ascribed to a variety of coordination geometries of building blocks and the coordination numbers.
Furthermore, the functionality of organic and inorganic ligands as a connector is essential for the formation
of coordination network structures and the intermolecular interactions involving hydrogen bonding and n-nt
stacking which all are necessary to rational design of crystal frameworks together with the fine tuning their
functional properties.

The work described in this topic was started with the intention of developing in a field of crystal
engineering of inorganic-organic hybrid framework materials as well as expanding and learning the insights
of fundamental molecule-based magnetic materials. The three main purposes of this work are described in
the terms of “structural diversity”, “structural dynamic” and “magnetic ordering”. In the diversity of
structural frameworks the influences of flexibility, functional group and versatile coordination modes of
bridging ligands on the structural architectures are demonstrated in all compounds. In addition, the effects
of metal ions and reaction temperature are also observed. In the feature of structural dynamic behaviors, by
employing the versatile aminopyrazine spacer with sulfate anion, the reversible structural phase
transformations with chromotropism in the characteristic 3" generation flexible metal-supramolecular
frameworks and coordination polymer are demonstrated, in which all compounds are supported by weak
intermolecular interactions, such as hydrogen bonds, n—n stacking, and electrostatic forces. It is interesting
that these phenomena are not common in non-coordination supramolecular systems. Furthermore, this
behavior with the color change is also found in the 1D and 2D coordination polymers of the Co(II)-3,5-
pyridinedicarboxylate system. Lastly, the crystal engineering of molecular magnetism which aims to
control the spins in molecules and molecular assemblies has been developed. The final part mainly deals
with the investigation of long-range magnetic orders in extended inorganic hybrids of cobalt(Il) azido
complexes. This part various interesting molecule-based magnetic phenomena (ferromagnetism, canted
antiferromagnetism and metamagnetism) in highly anisotropic Co" complexes along with their diversity of

structural dimensions and coordination geometries are studied.
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First part, the structural characterization and magnetic measurement in series of Cu" coordination
polymers containing 2-aminopyrazine (ampyz) and different carboxylato ligands are presented. It has been
known that crystal engineering is attracting much interest from both the synthetic routes and the state of art
in structural design. This chapter focuses on the structural diversity of Cu" coordination polymers caused
by the effect of functional group (amine) in ampyz spacer and versatile coordination modes of carboxylate
bridges. No compounds in this system have been reported as yet. Thus five new Cu" coordination networks
containing both p,-ampyz and the bridging carboxylate anion, i.e. 2D layer [Cu(ampyz)(O,CH),], (111-1),
ID chains [Cuy(ampyz)(O,C,H3)4],  (111-2) and [Cuy(ampyz)(O,CsHs)4], (111-3), 2D layer
[Cuy(ampyz)(04C4Hy),],(H,0),, (111-4), 2D layer [Cu(ampyz)(O4Cs;H,)],(HyO),, (111-5) were reported
(when HCO, = formate, CH;CO, = acetate, C,HsCO, = propionate, CH,C,0,> = malonate and
C,H,4C,04* = succinate anions). The structures of all compounds are compared with compounds containing
the same carboxylate ligands in the p,-pyrazine Cu" systems. The EPR and magnetic measurements at low
temperature of all the compounds have also been investigated and briefly discussed.

The second deals with the structural dynamics with chromotropism in metal supramolecular
frameworks and coordination polymer. Since the role of many interaction sites of ampyz spacer was
observed from previous chapter and the structural diversity in metal sulfate chemistry was known,
therefore, series of metal(II) supramolecular structures and Cd" coordination polymer containing ampyz
and sulfate anions, which exhibit significant chromotropism associated with reversible water-induced
structural phase transformations, have been studied. The effect of 3d- and 4d- transition metal centers on
the molecular assembles were observed, leading to the differences in structural dynamics behaviors. Many
techniques (thermal analysis, X-ray powder diffraction, elemental analysis, IR and UV-vis spectroscopic
techniques) have been employed to study the reversible structural phase transformations. In this series three
new supramolecular metal-coordination architectures [M(H,O)4(ampyz),][M(H,0)](SO4), (H,O), (M = Co
(IV-1), Fe (IV-2), and mixed Co/Fe (IV-3) and a Cd" coordination polymer
[Cd(ampyz)(H,0),(S0,)],(H,0), (1V-4) are demonstrated. In addition this behavior with the color change
is also found in the 1D and 2D coordination polymers of the Co(Il)-3,5-pyridinedicarboxylate system. The
3,5-pyridinedicarboxylate (pydc) is chosen as an organic spacer since this molecule has proven to be able to
establish a  bridge Dbetween metal centers. Therefore [Co(pydc)(H,0),], (IV-5) and
[Co(pydc)(H20)4]0(H,0), (1V-6), (pyde = 3,5-pyridinedicarboxylate) are reported, which exhibit significant
chromotropism associated with water-induced crystal-to-amorphous phase transformations.

Last part demonstrates the importance of the crystal engineering of inorganic-organic hybrid framework
in the field of molecular-based magnetic materials. The structural diversity and the comprehensive study of
long-range magnetic orders of four new azido cobalt(Il) extended inorganic hybrids are described, which
show various structural dimensionalities from 1D chain, 2D layer to 3D framework structures. In this

chapter, two compound systems are divided according to the organic coligands. The former shows two

BRG5280012 68 nsngAY 2555



azido Co" complexes with 1,2-bis(2-pyridyl)ethylene (2,2"-bpe), i.e. 1D chain [Cos(N3)s(OH,),(2,2'-
bpe),],(2,2"-bpe), (V-1) and 2D layer [Co(N3)»(2,2"-bpe)], (V-2). This work is the first report of azido
complexes containing 2,2"-bpe flexible coligand. The last part presents two azido Co' complexes with
ampyz spacer, i.e. 2D sheet [Co(N3),(ampyz)], (V-3) and 3D framework [Co(N;),(ampyz)], (V-4). It is
interesting that they were obtained from the different preparative methods and similarly contain alternating
double EO and double EE azido-bridged Co" chain. The magnetic properties of V-1-4 are discussed and

compared with the related azido complex systems.

2. Experimental
2.1 Series of copper(Il) coordination polymers containing ampyz and different carboxylato

ligands

[Cu(ampyz)(O,CH),], (111-1). An ethanolic solution (5 mL) of ampyz (0.5 mmol, 48 mg) was
carefully layered on an aqueous solution (5 mL) of Cu(HCO,), (0.5 mmol, 76 mg) with 0.1 mL (2.6 mmol)
of formic acid in 20 mL of glass vial. This vial was sealed and allowed to stand undisturbed at room
temperature. After four days, blue-green rod-shaped crystals of 111-1 were obtained. Yield 84 mg (68%)
based on copper salt. Anal. Caled for CuC¢H;N;0,: C, 28.98; H, 2.82; N, 16.90 %.Found: C, 28.81; H,
2.91; N, 16.89 %. IR (KBr, cm™"): 3364w, 3127w, 1639m, 1587s, 1329m, 1236w, 1076w, 1030w, 811w,
572w. UV-vis (diffuse reflectance, cm™'): 15670.

[Cu,(ampyz)(0,C,H3)4], (111-2) was synthesized similarly to compound I11-1 using Cu(CH;CO,),
(0.5 mmol, 91 mg) instead of Cu(HCO,), with 0.1 mL (1.7 mmol) of acetic acid. After three days, green
rod-shaped crystals of 111-2 were obtained. Yield 190 mg (83%) based on copper salt. Anal. Calcd for
Cu,CpH17N3Og: C, 31.45; H, 3.71; N, 9.17 %. Found: C, 31.33; H, 3.77; N, 9.18 %. IR (KBr, cm‘l):
3387w, 3342w, 3224w, 1655m, 1608s, 1435m, 1349w, 1219w, 1017w, 685w, 628w. UV-vis (diffuse
reflectance, cm™): 14270.

[Cu,(ampyz)(O,C3Hs)4]n (111-3). An ethanolic solution (5 mL) of ampyz (0.5 mmol, 48 mg) was
added to a stirring 5 mL of aqueous solution containing Cu(OH), (0.5 mmol, 49 mg) and propionic acid (1
mL, 13 mmol). The resulted solution was stirred at 50 °C for an hour and then a small amount of
precipitates was filtered off. The green filtrate was allowed to stand for four days at room temperature to
yield green rod-shaped crystals of I11-3. Yield 132 mg (51%) based on copper salt. Anal. Calcd for
Cu,Ci¢HasN;05: C, 37.36; H, 4.86; N, 8.17 %. Found: C, 37.13; H, 4.96; N, 8.17 %. IR (KBr, cm™):
3427w, 3229w, 1645m, 1602s, 1541w, 1427m, 1381w, 1301w, 1217w, 1070w, 1018w, 813w. UV-vis
(diffuse reflectance, cm™): 14280.

[Cuz(@ampyz)(04C4H4)2]n(H20), (111-4). An ethanolic solution (3 mL) of ampyz (0.5 mmol, 48 mg)
was carefully layered on a solution containing Cu(NO;),-:3H,0O (0.5 mmol, 121 mg) and succinic acid (0.5

mmol, 59 mg) in a mixture of water (4 mL) and ethanol (1 mL). The vial was sealed and allowed to stand
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undisturbed at room temperature. After four days, blue-green rod-shaped crystals of 111-4 were obtained.
Yield 79 mg (34%) based on copper salt. Anal. Calcd for Cu,C;,H;5N;0: C, 30.52; H, 3.18; N, 8.90 %.
Found: C, 30.68; H, 3.32; N, 8.85 %. IR (KBr, cm'): 3368br, 3172w, 1624s, 1544w, 1428s, 1403w,
1301w, 1219w, 1070w, 1021w, 577w. UV-vis (diffuse reflectance, cm’l): 14450.

[Cu(ampyz)(0O,C3H,)]n(H20)2n (I11-5) was synthesized similarly to compound I11-4 using
disodium malonate monohydrate (0.5 mmol, 83 mg) instead of succinic acid. After four days, green rod-
shaped crystals of I11-5 were obtained. Yield 44 mg (15%) based on copper salt. Anal. Calcd for
Cu,C14H»uNGO 5: C, 28.34; H, 3.74; N, 14.16 %. Found: C, 29.06; H, 3.02; N, 14.45 %. The microanalysis
is slightly deviated. Presumably this is from the loss of solvent. IR (KBr, cm’l): 3342br, 3220w, 1665m,
1578s, 1547m, 1421m, 1362m, 1270w, 1229w, 1081w, 1031w, 810w, 744w. UV-vis (diffuse reflectance,
em™'): 15675.

2.2 Series of metal(Il) supramolecular frameworks containing ampyz and sulfate anions

[Co(H,0)4(ampyz),][Co(H20)6](SO4)2(H20), (IV-1). An ethanolic solution (5 mL) of ampyz (1.0
mmol, 96 mg) was carefully layered on an aqueous solution (5 mL) of CoSO,-7H,0 (0.5 mmol, 141 mg) in
a glass vial (20 mL). This vial was sealed and allowed to stand undisturbed at room temperature. After four
days, orange crystals of 1V-1 were obtained. Yield 92 mg (26%) based on metal salt. Anal. Calcd for
Co,CgH34N¢02S5: C, 13.41; H, 4.78; N, 11.73%. Found: C,13.48; H, 4.39; N, 11.79%. IR (KBr, cm’l):
3450s, 3335s, 3257s, 1644m, 1603w, 1540m, 1444m, 1216w, 1108s, 1074s, 1022m, 983w, 825w, 642m.
UV-vis (diffuse reflectance, cm"l): 31000, 22300, 19800, less than 9000.

[Fe(H,0)4(ampyz),][Fe(H20)6](SO4),(H,0), (I\V-2) was synthesized in a similar manner to that of
compound V-1 by using FeSO,-7H,0 (0.5 mmol, 139 mg) instead. After four days, yellow crystals of 1V-
2 were obtained. Yield 80 mg (23%) based on metal salt. Anal. Calcd for Fe,CsH34N¢O,0S,: C, 13.53; H,
4.83; N, 11.83%. Found: C,13.49; H, 4.41; N, 11.84%. IR (KBr, cm"): 3451s, 3335s, 3255s, 1645m,
1602w, 1540m, 1444m, 1216w, 1107s, 1074s, 1021m, 982w, 825w, 655m. UV—vis (diffuse reflectance,
em™'): 29000, 24500sh, 11700.

[Co(H,0)4(ampyz),][Fe(H,0)6](SO4)2(H,0), (1V-3) was synthesized in a similar manner to that of
compound V-1 by using CoSO,-7H,0 (0.25 mmol, 70 mg) and FeSO4-7H,0 (0.25 mmol, 70 mg) instead.
After four days, yellowish orange crystals of 1V-3 were obtained. Yield 72 mg (20%) based on metal salt.
Anal. Calcd for CoFeCgH34NgO50S,: C, 13.47; H, 4.80; N, 11.78%. Found: C, 13.48: H, 4.28; N, 11.80%.
IR (KBr, cm™"): 3450s, 3337s, 3257s, 1644m, 1540m, 1444w, 1216w, 1109s, 1075s, 1022m, 982w, 824w,
655m. UV—vis (diffuse reflectance, cm™"): 31600, 24300sh, 19200sh, 11100br.

[Cd(ampyz)(H20),(SO4)]n(H20), (1V-4) was synthesized in a similar manner to that of compound
IV-1 by using CdSO,4-8/3H,0 (0.5 mmol, 385 mg) instead. After four days, colorless crystals of 1V-4 were
obtained. Yield 90 mg (53%) based on metal salt. Anal. Caled for CdC4H(N3O¢S: C, 14.10; H, 2.96; N,
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12.34%. Found: C, 14.09; H, 2.34; N, 12.33%. IR (KBr, cm™'): 3426m, 3328m, 3223m, 1634m, 1542m,
1474w, 1444m, 1360w, 1327w, 1218m, 1114s, 1075m, 1017m, 814w, 617s. UV-vis (diffuse reflectance,
cm™'): 27700.

2.3 Co(ll) 3,5-Pyridinedicarboxylate Frameworks

[Co(pydc)(Hz0).]n (I1V-5)

A methanol solution (1 mL) of Co(NO;)-6H,0 (0.2 mmol, 58 mg) was carefully layered on a mixed
DMF/H,0 solution (2 mL) of Hypydc (0.1 mmol, 17 mg) and KOH (0.4 mmol, 23 mg) in a glass tube. This
tube was sealed and allowed to stand undisturbed at room temperature. After three weeks, deep pink rod-
shaped crystals of 1 were obtained. Yield: 76 mg (77%) based on cobalt salt. Anal. Calcd for CoC;H;NOg:
C, 32.33; H, 2.71 ; N, 5.39%. Found: C, 32.24; H, 2.42; N, 5.78 %. IR (KBr, cm’l): 3316m, 3110m, 1615m,
1557s, 1456m, 1439m, 1401w, 1128w, 1034w, 852w, 763m. 753m, 589m. UV-vis (diffuse reflectance, cm’
1:34 100, 19 220, 16 610sh, 11 780, less than 9 000.

[Co(pydc)(H20)4]n(H20)n (1V-6)

An aqueous solution (5 mL) of Co(NO;)-6H,O (1 mmol, 291 mg) was carefully layered on a DMF
solution (5 mL) of H,pydc (0.5 mmol, 84 mg) in a glass vial (15 mL). This vial was sealed and allowed to
stand undisturbed at room temperature. After two weeks, orange crystals of 2 were obtained. Yield: 318 mg
(85%) based on cobalt salt. Anal. Calcd for CoC;H3NOy: C, 26.77; H, 4.17; N, 4.46%. Found: C, 26.78; H,
4.01; N, 4.52%. IR (KBr, cm™): 3346m, 3203m, 1606s, 1557s, 1445w, 1403m, 1381m, 1125w, 832w,
772m. 737m, 619w. UV-vis (diffuse reflectance, cm™): 33 910, 20 270, less than 9 000.

2.3. Series of azido cobalt(I1) hybrid frameworks (CompoundsV-1-4)

[Co3(N3)s(OH2)2(2,2'-bpe),]n(2,2"-bpe),  (V-1) and [Co(N3)2(2,2"-bpe)]n (V-2). A solution
containing CoCl,-6H,0 (0.5 mmol, 119 mg) and 2,2’-bpe (0.5 mmol, 91mg) in a mixture of water (2 mL)
and ethanol (2 mL) was carefully layered on an aqueous solution (2 mL) of NaN; (1 mmol, 65 mg) in 18
mL of glass vial. The vial was sealed and allowed to stand undisturbed at room temperature. After five
days, long blue rod-shaped crystals of V-1 and small pink square-shaped crystals of V-2 were obtained.
These crystals were manually separated, washed with water, and dried in air. Yield for V-1: 26 mg (5%)
based on metal salt. Anal. Calcd for Co3CscH3uN»40,: C, 42.74; H, 3.39; N, 33.23%. Found: C, 42.49; H,
3.10; N, 32.98%. IR (KBr, cm™): 3200br, 2089vs, 2050m, 1592m, 1479m, 1296m, 1158w, 974m, 780m.
UV-vis (diffuse reflectance, cm™"): 18500sh, 16500, 12500sh, 9800. Yield for V-2: 56 mg (34%) based on
metal salt. Anal. Calcd for CoC,H(Ng: C, 44.32; H, 3.10; N, 34.46%. Found: C, 44.04; H, 2.98; N,
34.51%. IR (KBr, cm™"): 3397w, 3091w, 2097vs, 2072vs, 1599m, 1480m, 1298w, 1160m, 970m, 779m,
743m, 542w. UV-vis (diffuse reflectance, cm’l): 18000, 16500, less than 9000. The single-crystals of V-2
were prepared in a U-shaped tube. An aqueous solution (2 mL) of NaN; (I mmol) was filled into the one

branch of U-tube that contains distilled water 1 mL. Another branch was filled with a solution containing
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CoCl,-6H,0 (0.5 mmol) and 2,2"-bpe (0.5 mmol) in a mixture of water (1 mL) and ethanol (2 mL). After
one week, the suitable single-crystals of V-2 for X-ray diffraction study were obtained.

2D layer of [Co(N3),(@ampyz)]n (V-3). A mixture solution of water (1 mL) and ethanol (2 mL) of
Co(NO;),-6H,O (0.5 mmol, 145 mg) was carefully layered on an aqueous solution (3 mL) of NaN; (1
mmol, 65 mg) in a glass vial (20 mL). Then an ethanolic solution (3 mL) of ampyz (1 mmol, 95 mg) was
layered on this mixture. The vial was sealed and allowed to stand undisturbed at room temperature. After
one week, orange rectangular crystals of V-3 were obtained and then washed with water and filtered. Yield
36 mg (30%) based on metal salt. Anal. Calcd for CoC,HsNy: C, 20.18; H, 2.12; N, 52.95%. Found:
C,20.62; H, 2.05; N, 53.27%. IR (KBr, cm™"): 3407m, 3326m, 2100vs, 2080vs, 1629m, 1541m, 1443m,
1354w, 1298w, 1220m, 1079w, 1025m, 804m. UV—vis (diffuse reflectance, cm’l): 18400, less than 9000.
The single-crystals of V-3 were prepared in a U-shaped tube. An ethanolic solution (1 mL) of ampyz (1
mmol) was filled into the one branch of U-tube that contains distilled water (1 mL). Another branch was
filled with an aqueous solution (1 mL) containing Co(NOs),-6H,O (0.5 mmol) and NaN; (1 mmol). After
one week, the suitable single-crystals of V-3 for X-ray diffraction study were obtained.

3D framework of [Co(N3).(ampyz)]n (V-4). A mixture of Co(NOs),-6H,0O (0.5 mmol, 145 mg),
NaNj (1 mmol, 65 mg) and ampyz (1 mmol, 95 mg) in water (2 mL) and ethanol (2 mL) was sealed in a
Pyrex tube (7 mL), then heated to 90 °C (temperature increase rate of 18°C/min), allowed to stay for 24 h,
and cooled to 30°C (temperature decrease rate of 0.04°C/min). The red-orange polygonal crystals of V-4
were obtained in a major phase together with unidentified purple powder phase. The crystals were washed
with water and filtered to give pure crystals of V-4. Yield 53 mg (45%) based on metal salt. Anal. Calcd for
CoC4HsNo: C, 20.18; H, 2.12; N, 52.95%. Found: C,19.80; H, 2.15; N, 52.00%. IR (KBr, cm"l): 3415m,
3307m, 2105vs, 2068vs, 1624m, 1540m, 1438m, 1322w, 1298w, 1218m, 1026w, 821w. UV-vis (diffuse
reflectance, cm"l): 18400, 9300.

3. Results and Discussion

3.1 Structural diversity and magnetic properties of copper(l1) coordination polymers containing
aminopyrazine and different carboxylato bridges

The field of coordination polymers has been extensively investigated over the past few decades with a
focus on functional material research and crystal engineering. In material research, the coordination
networks with interesting properties in areas such as molecular adsorption, catalysis, photoluminescence,
magnetism and so on, are constructed for fine-tuning the properties and creating new functional materials.!"”
I On the other hand, crystal engineering is attracting interest from both the synthetic routes and the art of
structural design.®* One of the challenges in this field is to forecast the crystal structure from the building
units. It is well-known that the chemistry of metal carboxylates shows various structural diversities

beginning from a simple mononuclear complex to 3D frameworks with functional properties.!'>"™® This

BRG5280012 72 nsnIAY 2555



diversity results from the fact that the carboxylate groups can coordinate metal centers in various ways,
such as monodentate, chelate, monatomic bridge, bridging bi- and tridentate, and also less common
multiple bridges.!"**"! Therefore, the combination of metal carboxylates and other coligands, either
bridging or terminal coligands, has a large potential to construct novel coordination networks.
Consequently, this field has become a popular research area in recent decades.!'> *>**!

The short rigid rodlike spacer pyrazine (pyz) is a N,N'-ditopic diimine which is widely used for
constructing many metal-organic frameworks.™ *>*"! It is well known that the pyz spacer is a good electron
transfer agent in the superexchange pathways between connected metal centers showing antiferromagnetic
routes. Several compounds with mixed pyz spacer ligands and metal carboxylates exhibiting various
structural topologies together with interesting magnetic phenomena have been extensively investigated.**
31 'With Cu" ion, both pyz and carboxylates play a key role for building Cu" coordination polymers, and
interesting compounds have been observed. For instance, the 2D layered structure of
[Cu(HCO,)(NO;)(pyz)], presents a long-range magnetic ordering below 3.7 K  while
[Cuy(pyz)(04C3H,),],(H20),, (in which H2C3O42_ is the malonate anion) shows a unique 3D framework
displaying metamagnetism.***%

The ligand 2-aminopyrazine (ampyz) is a substituted pyz containing an electron withdrawing amine
group attached at the pyz ring and it also effectively acts as an organic spacer in many metal-organic
frameworks.”**”! However, no compounds containing both the ampyz spacer and bridging carboxylate
groups have been reported as yet. Consequently, the present work demonstrates the use of ampyz as a rigid
ditopic spacer in combination with either mono- or dicarboxylate anions. Formate (HCO, ), acetate
(CH5COy"), propionate (C,HsCO,"), malonate (CH2C2042_), and succinate (C2H4C2042") anions have been
used to construct a variety of Cu" coordination polymers.

3.1.1 General observations and spectroscopic characterizations

In the present work, reaction of copper(Il) and carboxylate anion with ampyz in a mixture of
ethanol and aqueous media gives various copper(Il) coordination polymers containing ampyz spacer
together with carboxylato bridges. The different types of carboxylates can lead to structural diversities due
to their coordination modes, steric effect, and flexibility. For the simplest carboxylate with the smallest
steric effect, formate anion gives a 2D wavy sheet structure, whereas the larger sterically crowded
carboxylates, acetate and propionate anions, give a polymeric chain, constructed from paddle-wheel CuNO,
chromophores. On the other hand, the dicarboxylates can provide more opportunity to bind with metal
centers in particular the flexible dicarboxylates, such as malonate and succinate anions mostly constructing
unpredictable crystal frameworks."” ***! For this study, a 2D layer which contains the double-stranded

chain of paddle-wheel units is built from succinate anions as well as 2D stairlike layer built from malonate

anions. The description of the structures 111-1-5 is discussed in the following topics, together with the
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comparison with the bridging pyrazine spacer in the similar Cu' systems with their spectroscopic and
magnetic properties.

The solid-state IR spectra of I11-1-5 in the region 4000-450 cm™' exhibit characteristic bands for
carboxylates and ampyz ligand (Figure 1). Compounds 111-1-3 show two narrow weak bands in the region
3400-3300 cm ™' and 3100-3200 cm™', which can be assigned to asymmetric and symmetric stretching of
the primary amine in the ampyz ligand. Compounds 111-4 and 111-5 show broadbands in the region 3100-
3400 cm™' due to the bands overlapping of the v(O—H) of water molecule. The NH, scissoring mode shows
medium bands around 1640-1660 cm™ which overlap with the v,((OCO) of carboxylate appearing strong
bands in the range of 1620-1570 cm™'. The v{(OCO) shows medium bands in the region 1320-1430 cm ™.
The weak, sharp band around 1070-1080 cm™' can be assigned to the v(C—N) of ampyz. The solid-state
UV-visible diffuse reflectance spectra (Figure 2) show a single broadband around 14,270-14,450 cm™" for
compounds 111-2-4, which are in agreement with those of common Cu" paddle-wheel complexes with a

square-pyramidal geometry (dyy, dx,.dy,, d,» —> dyo—y, transition ).[42]

111-5
111-4
111-3
111-2

-1
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Figure 1 Infrared spectra for compounds 111-1-5.
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Figure 2 Solid-state UV-visible diffuse reflectance spectra for compounds 111-1-5.
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Compounds 111-1 and 111-5 show a single broadband at a higher energy, i.e. around 15,670 cm ',
corresponding to the further structural distortion toward an elongated octahedral geometry with the sixth
off-the-axis weakly interacting to Cu" center. In fact these values of the transition energy (14,270 to 15,670
cm') are all in the range usually found for the distorted square-pyramidal geometry of Cu" centers (dyy,

dy,dy,, dp —> dyo_y transition ).[43]

3.1.2 Description of crystal structures
[Cu(ampyz)(O,CH).], (I11-1)

The coordination environment of the Cu" center is shown in Figure 3. Each Cu" ion is five-
coordinated showing a distorted square-pyramidal CuN,O3; chromophore with a 7 value of 0.011 (t = 0 for
square pyramid and © = 1 for trigonal bipyramid).**) The equatorial plane around the copper atom is
composed of two formate oxygen atoms (O1 and O3A) with the average Cu—O distance of 1.965(5) A and
two ampyz-nitrogen atoms with the Cu-N distances of 2.039(4) A. The apical position is occupied by an
oxygen from a formato bridge (Cu—02' = 2.300(5) A). The CuN,O, square base is not perfectly planar with
tetrahedral twists between the O1-Cu—N1 and O3A—-Cu—-N1’ planes of 13.57°. The copper atoms are
slightly shifted by 0.007 A from the mean basal plane toward the apical position. This value is too small for
the typically found square-pyramidal geometry which is attributed to the semicoordinated O2 atom of
formate group weakly interacting to Cu center in off-the-axis position of an elongated octahedral geometry
with the longest Cu—02 distance of 2.718(5) A.

The formato bridges exhibit a syn,anti-n':n":n, coordinative mode bridging between adjacent
Cu" centers along the a axis with Cu---Cu separations of 4.7807(10) A resulting a wavy polymeric chain
structure as shown in Figure 4(a). The ditopic ampyz spacers link the Cu—HCO,—Cu wavy chains parallel

to the b axis with Cu---Cu separation of 6.8558(6) A via ampyz.

NI ex

04A

Figure 3~ Asymmetric unit and atom labeling scheme of I11-1. The ellipsoids are shown at 35%
probability level, and the disordered O3B, C4B, O4B and hydrogen atoms are omitted for clarity. Both
disordered positions of N2 are shown. The dashed line represents weak interaction in the off-the-axis

position.
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The N1-Cu—N1" angle slightly deviates from linearity (9.5°). Consequently, the wavy 2D network is
constructed from p,-HCO,™ and p,-ampyz with the square grid dimension of ca. 4.781x6.856 A in the ab
plane (Figure 4(b)). In addition, the layer of Ill-1 is stabilized by hydrogen bonding and n-m stacking
interactions within the layer. The intralayer hydrogen bonds are built from the amine hydrogen of ampyz
and two formate oxygen atoms forming a rhomboid hydrogen bonding array throughout the layer
[N2H--O4A' = 225 A (124°), N2--O4A! = 2.824(9) A, (i) = x, 3/2—y, z; N2H--O3A" = 2.32 A (134°),
N2--03A' =2.979(9) A, (i) = —1+x, y, z]. The lattice is further stabilized by n-7 stacking between adjacent
ampyz ligands merely overlayering at the edges of the rings with the separation of 3.632(3) A.[*")

Figure 4 Segment of a wavy polymeric chain in 111-1 constructed from syn-anti formato bridges
along a axis. Ampyz rings are omitted for the sake of clarity (a). Two-dimensional sheet structure of 111-1
in the ab plane; the inset presents the intralayered hydrogen bonds. Both disordered positions of amino

group are shown. Cu atoms are represented in green, N in blue, O in red, and C in gray (b).

Interestingly, the crystal packing of these wavy sheets reveals the alternated ampyz arrangement
in the bc plane (Figure 5), because of the 2,-fold screw axis lined between the layers and the steric nature of
ampyz ligands. Moreover, the interlayer hydrogen bonding between the hydrogen atoms of ampyz and the
terminal formate oxygen atoms of the adjacent layer [N2H---O4A' = 2.06 A (152°), N2---O4A' = 2.848(10)
A, (i) = —x, 1-y, —z] stabilizes the double sheet of 111-1 with the closest interlayer Cu---Cu separation of
6.7695(9) A (inset of Figure 5).
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]

c
Figure 5 Packing diagram of the sheets in I11-1 showing the alternating ampyz ring arrangements in

the bc plane. The inset shows hydrogen bonds stabilizing the double sheets of 111-1. Both disordered

positions of amino group are shown.

In comparison with mixed bridging pyrazine and formate in Cu" complexes, the structure of
compound I11-1 is close to the 2D sheet of [Cu(HCO,)(NO;)(pyz)],.1** which crystallizes in the
orthorhombic space group (Pnma) with the coordinated nitrate (Figure 6), whereas 111-1 crystallizes in the
monoclinic space group (P2,/m) with a monodentate formate instead of a nitrate group. In contrast
[Cu(HCO,)1(pyz)],*" reveals a 3D framework which consists of tetragonally elongated CuN,O, octahedra

made up of four bridging formate anions and two neutral pyz ligands (Figure 7).

Figure 6 Crystal structure (a) and 2D corrugated layer of [Cu(HCO,)(NOs)(pyz)], (b).1**)
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Figure 7 Crystal structure (a) and 3D scaffold structure of [Cu(HCO,)»(pyz)], (b).*"

[Cuz(ampyz)(0,C;Hs)al, (111-2) and [Cu,(ampyz)(0;CsHs)al, (11-3)

Both compounds 111-2 and 111-3 consist of a polymeric chain structure built up from bridging
ampyz spacers connecting the paddle-wheel units of [Cu,(u,—0,C,H3)4] or [Cuy(u,—0,C3Hs),] for 111-2 and
I11-3, respectively. Their structures with atom numbering scheme are shown in Figure 8. Each Cu" ion is
five-coordinate showing a distorted square pyramidal CuNO, chromophore with 7= 0.002 (for 111-2) and
0.004 (for 111-3). The basal position of the square pyramid is occupied by four oxygen atoms from four
different carboxylate groups with mean distance of 1.967(2) and 1.966(3) A for 111-2 and I1I-3,
respectively. The apical position is occupied by a nitrogen atom from ampyz with Cu—N = 2.229(2) and
2.230(2) A for 111-2 and 111-3, respectively. The basal plane is nonplanar with tetrahedral twist of 16.59°
for 111-2 and 16.89° for 111-3. The copper atom lies 0.202 A (for 111-2) and 0.207 A (for 111-3) above the

mean basal plane toward the axial site.

Figure 8 Part of a 1D chain structure of I11-2 (a) and Il1-3 (b) with used atom labeling. The
ellipsoids are shown at 35% probability level, and hydrogen atoms are omitted for clarity. Both disordered

positions of N2 are shown.
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Both acetate and propionate anion acts as a bidentate bridge in syn,syn—n'm':1, coordinative
mode bridging between Cu" centers forming a paddle-wheel secondary building unit (SBU). The Cu--Cu
separation in each dinuclear unit is 2.6286(4) A for 111-2 and 2.6322(7) A for 111-3, which indicates a
metal-metal interaction, and it agrees well with those reported for Cu" paddle-wheel complexes of acetate
and propionate.l*> ** *’! The paddle-wheel SBUs are connected by p,-ampyz giving rise to the polymeric
chain structure with Cu--Cu separation via ampyz of 7.2377(3) and 7.2498(5) A for 111-2 and 111-3,
respectively. In the packing motif (Figure 9), both 1D chains of 111-2 and 111-3 are assembled alternatively
via hydrogen bonding between amine hydrogen of ampyz and a carboxylato oxygen [for 111-2: N2H.--O4 =
1.96 A (159°), N2--04 = 2.774(4) A; N2H--O1' = 2.13 A (166°), N2--O1' = 2.973(5) A, (i) = —x, 2 -y, |
—z; for 111-3: N2H--04 = 2.12 A (146°), N2.--O4 = 2.875(6) A; N2H--02' = 2.46 A (160°), N2--02' =
3.285(7) A, (i) = x, y, —1+z] to construct the 2D sheets with the closest Cu--Cu interchain distance of
6.3693(4) A for 111-2 and 6.9001(7) A for 111-3 corresponding to the steric size of carboxylate groups.
These assembled sheets of 111-2 or 111-3 are alternately arranged in a zigzag jigsaw-like motif to complete

the overall solid-state structure, as shown in Figure 10.

Figure 9 The 2D sheet formed by hydrogen bonding between the chains of 111-3.

The copper paddle-wheel complexes have been investigated for a long time. The first 1D chain
for the present system with a paddle-wheel SBU is [Cuz(pyz)(02C2H3)4],,[46] and was reported in 2006.47
The polymeric chain of 111-2 is almost the same as the previously reported structure (Figure 11). However,
their crystal systems, space groups and packing motifs are dissimilar due to the amine groups appending on
pyz moieties leading to the different arrangement in the solid-state structure. Contrary to I11-3, the first

mixed pyz and propionate in [Cuy(pro)s(CH;0)4(pyz)], **

gives rise to a 2D network as depicted in Figure
12. The distinctive structure is probably due to the higher steric effect of ampyz as compared to pyz.

Therefore the paddle-wheel unit is possibly dominant leading to the 1D chain of I11-3.
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Figure 10 Packing diagram of the 2D sheets in I11-3 showing zigzag arrangement of layers in ab
plane. The hydrogen bonding between H-donors and H-acceptors are shown in red broken lines, and the

blue pyramids represent CuNO,4 chromophores. Both disordered positions of amino group are shown.

Figure 12 Crystal structure (a) and 2D layer of [Cuy(pro)s(CH;0)4(pyz)], (b).**
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[Cuz(ampyz)(04C4Ha)2]n(H20)n (111-4)

The structure of 111-4 with its atom labeling scheme is shown in Figure 13. Each Cu" ion is five-
coordinate showing distorted square pyramidal CuNO, chromophore with 7= 0.003. The basal position of
the square pyramid is occupied by four oxygen atoms from four different bridging succinate groups with
average distance of 1.964(3) A. The nitrogen of ampyz occupies the axial position of the square pyramid
with a Cu—N distance of 2.206(3) A. The basal plane is nonplanar with tetrahedral twist of 17.40°. The
copper atom lies 0.212 A above the mean basal plane toward the apical position. Four succinate anions are
bridging between the Cu" centers in a syn,syn—n'm':, coordinative mode of carboxylate forming a Cu"
paddle-wheel SBU. The Cu--Cu separation in each dinuclear unit is 2.6457(10) A showing metal-metal
bonding which is in good agreement with those reported for Cu" paddle-wheel complexes of succinate.*”!
The succinate anion is a dicarboxylate containing two aliphatic carbons in the backbone. For I11-4, the
succinate acts as a tetradentate ligand connecting four adjacent Cu centers of the paddle-wheel SBU to
form a double-stranded chain of a paddle-wheel unit, which reveals the repeating 14-membered ring of
{Cu,(C,0,),} with the cavity’s dimension of ca. 6.594 x 5.880 A. The closest Cu---Cu separation among
the paddle wheel SBUs is 6.5942(9) A. The conformation

Figure 13 The double-stranded array of a paddle-wheel unit formed by four syn-syn succinate
bridges of I11-4 with atom labels. The ellipsoids are shown at 35% probability level. The uncoordinated
water molecule and the hydrogen atoms are omitted for clarity.

of the succinate group in I11-4 exhibits the syn-anti mode!*?

with a torsion angle of 69.88°, and the
orientation of carboxylate moiety with respect to the carbon aliphatic backbone line generates angles of ca.
67.50° and 62.25°. Furthermore, these double-stranded chains are connected by ampz spacers on an apical
site of each paddle-wheel SBU with a Cu--Cu separation of 7.1951(6) A via ampyz, giving rise to the 2D
network together with uncoordinated water molecules filling on the upper and lower sites of the cavities

(Figure 14(a)). The dimension of this cavity is about 6.594 x 7.195 A.
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Figure 14 2D layer with uncoordinated water molecules filling up the windows of the sheet of 111-4. (a)
3D packing structure of 111-4 formed by weak hydrogen bonding (blue dotted lines) between layers. The
inset shows water molecules stabilizing the supramolecular network via hydrogen bonds. The blue

pyramids are the CuNO,4 chromophores. Both disordered positions of amino group are shown (b).

In the molecular packing motif, each 2D layer of 111-4 is assembled via intermolecular weak
hydrogen bonding between an aliphatic hydrogen of succinate and a bridging succinato oxygen of the
adjacent layer [C3H---03' = 2.57 A (147°), C3--O3' = 3.431(6) A, (i) = —x, —1—y, —z.] as shown in Figure
14(b). Moreover, the uncoordinated water molecules play an important role to stabilize the whole packing
structure via hydrogen bonding between amine hydrogen of ampyz and water oxygen [N2H--O5w' = 1.94
A (150°), N2.-O5w' = 2.715(15) A, (i) = 1+x, y, z] and supposing via hydrogen bonding between succinato
oxygen and water hydrogen with the O1--O5w and O3---O5w distances of 2.854(9) A and 2.974(12) A,
respectively. The neighboring O5w---O5w' distances are 2.972(16) A indicative of normal hydrogen bonds.
The closest Cu---Cu interlayer distance is 7.9690(8) A.

The comparison was made with known mixed bridging succinate-pyz complexes, like
[Cdy(04C4H,)(pyz)(H,0)], B which reveals a 2D infinite grid sheet containing a pentagonal bipyramidal
chromophore. For the cut system, the compound [Cu,(04C4H,),(H,0),],(H,0),, was obtained, being the
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first example of double-stranded chain motif (Figure 15).”! The pyz only acts as the molecular template
which is uncoordinated with Cu centers. In contrast, ampyz can corporate in the network of 111-4 due to the
maintenance of interlayer hydrogen bonding as well as the intralayer hydrogen bonding [N2H---03' = 2.00
A (144°), N2--03'=2.741(10) A, (i) = 1—x, —y, —z] stabilizing the 2D network of I11-4.

Figure 15 Infinite double-stranded chain structure of [Cu,(04C4H,)>(H,0)s], (HzO)z,l.W] Hydrogen
atoms have been omitted for clarity.

[Cu(ampyz)(04C3H2)]n(H20)2n (111-5)

The coordination environment of the Cu'' center is shown in Figure 16. Each Cu" ion is five-
coordinated, showing a distorted square pyramidal CuN,O; chromophore with 7 = 0.1058. Two oxygen
(02 and 0O3) atoms from two different malonate groups and two ampyz nitrogen atoms occupy the
equatorial plane of the square pyramidal geometry with average Cu—O and Cu—N distances of 1.945(3) and
2.049(2) A, respectively. The axial position is occupied by a malonate oxygen atom with Cu—O1 distance
of 2.179(2) A. The copper atom is shifted by 0.130 A from the mean basal plane toward the apical position.
Each malonate anion acts as tridentate ligand bridging two adjacent Cu" centers by use of a bidentate
chelating mode through O2 and O1 toward Cu, forming a six-membered ring with the subtended angle at
the copper atom being 92.08°. The bidentate triatomic bridge through O1 and O3’ toward the adjacent Cu’
resulting in a 1D zigzag chain along crystallographic a axis in syn-anti coordinative mode of malonate
yields a Cu---Cu separation of 4.9881(6) A. The dihedral angle between the basal planes of two adjacent
copper atoms is 24.32°. The values of the bond lengths and angles of malonate ligand are comparable to

those previously reported for malonate bridged Cu" complexes.”®
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Figure 16 Asymmetric unit and the atom labeling scheme of 111-5 with 35% probability level. The
two uncoordinated water molecules and the hydrogen atoms are omitted for clarity. Both disordered

positions of N2 are shown. The dashed line represents weak interaction in the off-the-axis position.

Furthermore, these 1D zigzag chains are connected by ditopic ampyz spacer along the b axis
leading to 2D layered structure with the unbound water molecules filling up the windows (Figure 17(a)).
The Cu---Cu separation via ampyz is 6.8579(3) A. Interestingly, the layers of 111-5 contain two sets of guest
water molecules, as shown in Figure 17(b). The former set is filled in the cavities of the layer in zigzag
fashion spreading along the ab plane where the hydrogen bonding stabilizes this water set via
uncoordinated malonate oxygen of adjacent layer with O4'--O6w separations of 2.913(11) A. The
dimension of the grid cavity is about 6.858%x4.988 A. Another set of water molecules is filled among the
layers which is stabilized by hydrogen bonding between the amine hydrogen of ampyz spacer and the water
oxygen atom [N2H,--O5w = 1.98 A (137°), N2---O5w = 2.671(6) A] and also by a hydrogen bond from the
bridging malonate oxygen of the adjacent layer with O3'---O5w separations of 2.850(6) A.  The filling of

the different positions of water
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Figure 17 View of the 2D layer of 111-5 containing nearly perpendicular orientation of ampyz spacers and
uncoordinated water molecules filling up the windows (a). Another view in the ac plane of a 2D stairlike
layer showing the arrangement of two different groups of uncoordinated water molecules (b). The two sets
of water molecules are represented in different colors in the space-filling model. Both disordered positions

of amino group are shown.

molecules causes the arrangement of ampyz rings in the layers of Il11-5 that are twisted nearly
perpendicular one another with the dihedral angle between adjacent ampyz aromatic rings being 73.52°
(Figure 17(a)). This structural feature contributes to the stairlike layered structure (Figure 18). In the
packing motif, each 2D stairlike layer of I11-5 is assembled via hydrogen bonding between amine hydrogen
and malonate oxygen atom [N2H,-02" = 2.45 A (160°), N2.--02' = 3.274(5) A, (i) = 1-x, —1/2+y, —z and
N2H,-04' =2.11 A (135°), N2---04' = 2.783(7) A, (i) = —x, -y, 1—z] together with the uncoordinated water
molecules stabilizing the layers which completely results to the overall 3D structure of 111-5 as shown in

the inset of Figure 3.18.
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Figure 18 The 3D packing structure of 111-5 viewed along the b axis formed by the hydrogen bonding
between stairlike layers. The inset presents the hydrogen bonds from uncoordinated water molecules

stabilizing the supramolecular assembly.

A comparison was made with the mixed bridging malonate-pyz Cu' complexes, like
[Cuy(pyz)(04C3H,),],(H20),, ** which was reported to exhibit a unique 3D network constructed from
bridging tetradentate malonate groups and p,-pyz (Figure 19). Compound I11-5 reveals a 2D stairlike
network that may be attributed from the higher steric effect of ampyz spacer which causes malonate only

acting as a tridentate connector with a terminal oxygen atom.

Figure 19 Asymmetric unit and 3D network of [Cuy(pyz)(04C3H,),],(H,0),,.*”!
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3.1.3 EPR and magnetic measurements

EPR spectra

The X-band EPR was measured on polycrystalline samples at room temperature (RT) and
77 K for all five compounds. Compounds 111-2 and 111-4 showed in principle the same spectrum at 77 K,
while at RT the intensities of particular features differed somewhat between them (Figure 20-22). In
particular, at 77 K, where the triplet (S = 1) state is the only significantly populated excited state, two peaks
are visible at around 250 and 4700 G, which are assigned to the turning points in the triplet powder pattern
with A, and H |, respectively. Other expected parallel turning points (H),) are either outside the available
magnetic field range (>6000 G), or not observable in X-band because the value of D approaches that of the
microwave quantum. The recorded spectra are indeed typical for a triplet state with a sizable zero-field
splitting, such as that well-known for the classical paddle-wheel type dicopper tetracarboxylates.”***! In
compound I11-3, an additional feature is the hyperfine structure appearing on the parallel turning point of
the spectrum at 77 K, due to hyperfine interaction of the unpaired electron with two equivalent Cu" nuclei
(I = 3/2) within the dinuclear unit. The occurrence of the several additional peaks in the 700-4000 G range
in the RT-EPR spectra of compounds I11-2-4 are in all likelihood caused by higher excited states (S = 2)
being populated at elevated temperatures.”” The peak at around 3200 G is an S = 1/2 signal of a
mononuclear Cu' impurity and is ignored in the analysis. The EPR spectra of the classical paddle-wheel
type dicopper tetracarboxylates may be described by the spin Hamiltonian:"**!

H = DS’.+ B(S’~S")g.H.S. + ¢ HS, + g,H,S, (1)

D and E values are the tetragonal and rhombic zero-field splitting parameters and S = 1. The x, y and z are
the principal coordinate axes, where z-axis is taken parallel to the Cu—Cu direction inside the dimer. The
other symbols have their usual meaning. The spin Hamiltonian parameters optimized to simulate the
experimental triplet EPR spectra at 77 K are S = 1, g, =g,= 2.00, g, = (g,+g,)/2=2.05,E=0 cm 'and |D] =
0.336 cm ' for 111-2 and I11-4. Compound I11-3 is characterized by an almost identical set of parameters,
with the addition of two copper (/ = 3/2) nuclei interacting with the S = 1 electron spin, with the 4,
component of the hyperfine tensor equal to 4 x 10~ cm™' (120 MHz), and 4, unresolved. The appearance
of triplet EPR spectra in compounds 111-2-4 is in accordance with the magnetic susceptibility observations
and the fact that these three compounds all have very short Cu---Cu distances. Compounds I11-1 and I11-5,
which have different structures and both have a very long Cu---Cu distance, only show a broad isotropic S =
1/2 signal with g = 2.12 both at 77 K and RT (Figure 23), giving no information regarding the electronic

ground state.
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Figure 20 EPR spectra of 111-2 at RT and 77 K and the simulation for dinuclear Cu' at 77 K.
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Figure 21 EPR spectra of 111-3 at RT and 77 K showing Cu hyperfine splitting at 77K around 200 G

and the simulation for dinuclear Cu" at 77 K.
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Figure 22 EPR spectra of I11-4 at RT and 77 K and the simulation for dinuclear Cu" at 77 K.
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Figure 23 EPR spectra of 111-1 (a) and 111-5 (b) at RT and 77 K.

Magnetic measurements

The magnetic susceptibility of powdered sample of all five compounds was measured from 2-
300 K under a constant magnetic field of 0.1 T. The magnetic properties of I11-1 and I11-5 are mutually the
same because they are 2D layers that contain the similar p,-syn-anti carboxylato in axial-equatorial
configuration and p,-ampyz spacer bridging between Cu"' centers. The magnetic susceptibilities of 111-1
and 111-5 are depicted in Figures 24 and 25. The z,T value of ca. 0.40 cm® K mol™ at 300 K is slightly
larger than value expected for uncorrelated Cu" ion (0.375 em® K mol™ for g = 2), owing to the g-tensor
anisotropy. Upon cooling from 300 K, y,,7 slowly increases, reaching a broad maximum around 50 K (0.45
cm’ K mol™ for 111-1 and 0.46 cm® K mol™ for I11-5), which indicates the dominance of ferromagnetic
interactions via orthogonally p,-syn-anti-formato in 111-1 and p,-syn-anti-malonato in I11-5 bridging
between Cu" ions.”*** Below this, y,7 decreases rapidly to 0.15 cm® K mol™ for 111-1 and 0.17 cm® K
mol™ for 111-5, due to the build-up of significant antiferromagnetic interactions via p,-ampyz spacer. There
is no evidence for a transition to long-range ordering. The y," values above 100 K were fitted with the
Curie-Weiss law y = C/T-6) with a Curie constant C = 0.43 cm® K mol™ for 111-1 and 0.45 cm® K mol
for I11-5, yielding g = 2.14 for 111-1 and 2.19 for I11-5. Weiss constants & are +17.4 K for I11-1 and +19.1
K for I11-5 indicating dominant ferromagnetic coupling via p,-syn-anti-carboxylate bridges above 100 K.
Both g and @ values agree very well to those values of [Cu(HCO,)(NO;)(py2)],,** (g =2.17 and 8= +17.4
K) which contains the same p,-syn-anti formato and p,-pyz spacer bridging between Cu" centers (Figure

6).
As discussed previously, the adjacent Cu" ions of 111-1 and 111-5 are linked by ferromagnetically
Wo-syn-anti carboxylato and antiferromagtically p,-ampyz which are the same as the reported rectangular
2D spin lattice of [Cu(HCO,)(NOs)(pyz)],. The analysis of the magnetic susceptibility for I11-1 and I11-5,

therefore 2D spin lattice is treated as chains, in which the intrachain spin exchange, J;,., is negative and
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the interchain spin exchange, Ji., 1S positive. The effective susceptibility, y.; given by Hamiltonian H =

-2, JS;S;, is expressed in terms of the intrachain susceptibility, ¥ and the interchain susceptibility, iner,
ast?®
1 1
— = — +
Xt Zinter Xintra 2)

1

The interchain susceptibility is given by

2
P Ng* B

inter — 0=

Jinter (3)
The intrachain susceptibility is given by

NS 025+ 0.14995x + 0.30094x>

Zintra = 2 3
kT 1 +1.9862x + 0.68854x" + 0.68854x 4)
when
|Jintra|
X =
kT

%, 7/ cm® mol " K

T T T T 0
0 50 100 150 200 250 300

TIK

Figure 24 Temperature dependence of y,,7 and ,, ' of I11-1 from 2 to 300 K. Inset: plot of yy vs. T
for 111-1. The solid lines correspond to the best fit (see the text).

The least-square fitting analysis (inset of Figures 24 and 25) leads to the values of g = 2.17,
Jinterlk =+6.9 K and Jpgo/k = -2.3 K, R=2.2 x10 7 for 111-1 and g = 2.18, Jye/k = +7.4 K and Jyyo/k = —2.2
K, R=2.4x10" for 111-5 (R is the agreement factor defined as R = X[ y, cate —Zim» exp]2/( Jms exp) 2. These g
values practically close to the g values obtained from the Curie-Weiss law in the high temperature range
and EPR spectra. The values of Jiy and Ji, show the same magnitude as those reported (Jiye/k = +8.2 K
and Jiw/k = —5.4 K) for [Cu(HCOz)(N03)(pyz)],,[28]. However, it should be mentioned that both Ji,., are
lower than that found for [Cu(HCO,)(NO;)(pyz)], which could be attributed to the less electron transfer in
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the superexchange pathways for ampyz, due to an electron withdrawing amine group attached at the pyz

ring.
05
L 600
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g 03 '4°°mE
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Figure 25 Temperature dependence of y,7 and , ' of I11-5 from 2 to 300 K. Inset: plot of yy, vs. T
for I111-5. The solid lines correspond to the best fit (see the text).

The magnetic properties of compounds Il1-2-4 are in accordance with the earlier EPR
observations. The y,, T vs. T plots for one Cu" ion of 111-2-4 are shown in Figures 26 and 27. For I11-2, The
2T value per one Cu" ion of ca. 0.18 cm® K mol™” at 300 K is much smaller than value expected for
uncorrelated Cu" ion (0.375 cm® K mol™" for g = 2), owing to the very strong antiferromagnetic coupling
via four p,-syn-syn acetate bridging between Cu' ions. Upon cooling from 300 K, z,7 value smoothly
decreases to 0.00 cm® K mol™ at around 95 K, staying constant until 20 K. This magnetic behavior agrees
with a very strong antiferromagnetic interaction which is well-known for the classical paddle-wheel type

dicopper(Il) tetracarboxylates (J ~ —300 to —400 cm’").[#7- 434
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Figure 26 Temperature dependence of y,, T of 111-2 from 20-300 K.
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For 111-3 and 111-4, At 300 K the 7,7 value per one Cu" ion is almost diamagnetic and has a
value at around 0.04 cm® K mol™ for 111-3 and 0.02 cm® K mol™ for 111-4, which is much lower than the
value expected for one uncorrelated Cu" ion (0.375 cm’® K mol™), owing to the very strong
antiferromagnetic coupling. Upon cooling the y,,7 products gradually decrease and reach a plateau giving
the minimum of —0.02 ¢cm® K mol™" for 111-3 and —0.03 cm® K mol™" for 111-4 at around 100 K, then finally
increase to 0.00 cm® K mol ™" at 2 K. This magnetic behavior agrees with a very strong antiferromagnetic
interaction. It should be noted that the very much small y,,7 values of 111-3 and 111-4 should be attributed
from an error in the SQUID system during the measurement which was not well working. The increase of
mT again at low temperature is due to the presence of a noncoupled Cu" impurity which was clearly

observed in EPR spectra at 77 K.*”)
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Figure 27 Temperature dependence of y,,T of 111-3 (a) and 111-4 (b) from 2-300 K.

3.2 Reversible structural transformation with chromotropism in metal supramolecular
frameworks containing aminopyrazine and sulfate anions
Flexible and dynamic molecular solids recently have received great attention because of their
fascinating architectures with promising functional properties. Particularly, the guest removal and re-
adsorption in metal-organic frameworks are of interest for many potential applications especially in the
areas of gas storage and sensors.®®*! The guest-induced crystalline-to-amorphous transformation and the
guest-induced backward transformation are characteristic of the 3" generation compounds (Figure 1.16)
which are typically found in the flexible coordination frameworks supported by weak molecular
interactions, such as hydrogen bonds, n—mn stacking, van der Waals forces and others.[®" 1 Whereas, such
reversible structural transformations in non-coordination supramolecular systems are not common'® !
since the structural destruction accompanying with the guest removal is too severe to recover the

crystallinity after re-adsorption process, contrastive to the cases of the flexible coordination polymers

which contain the bridging spacers maintaining the skeleton of whole structures. Within the field of
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inorganic-organic supramolecular chemistry, the utilization of transition metal ions and organic spacers can
form a number of extended frameworks through either coordination or weak intermolecular interactions.!'
147981 It is known that the metal sulfate is a good candidate for constructing the open-framework materials
along with other organic spacers, especially N,N'-ditopic spacers, yielding various supramolecular
architectures because sulfate anion (SO4*) can behave as a versatile connector playing the role of

(84901 For  examples,

monodentate  ligand, bridging ligand, and good hydrogen acceptor.
[Cox(bipy)s(SO4)2(H,0),](bipy)(CH;OH)™ and [Co(SO4)(H0)s(bipy)] (H,0),* (bipy = 4.4"-bipyridine)
show distinctive structures supported by sulfate ions. Likewise, the structural diversity were also observed
in Cu" pyrazine complexes containing sulfato ligand.!" %
3.2.1 General observations and spectroscopic characterizations

The layering diffusion reaction of metal(I) sulfate with ampyz in 1:2 molar ratio in a mixture of
ethanolic and aqueous media yielded high purity single-crystals of IV-1-4. The IR spectra of four
compounds (Figure 28) show strong bands in the region 3400-3100 cm™' which can be assigned to the
stretching V(N—H) of the primary amine in the ampyz ligand overlapping with v(O—H) of water molecule.

o1

The NH, scissoring mode!”! shows medium bands around 1660-1640 cm™" and the strongest bands due to

SO~ stretching vibrations are observed around 1100 cm 1P

V-4

V-3

V-2

%T

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm-?

Figure 28 Infrared spectra for compounds 1V-1-4.

The solid-state UV-vis diffuse reflectance spectra of 1V-1-4 are depicted in Figure 29. The spectrum of
IV-1 agrees with the typical d-d transition of high-spin Co" in octahedral geometry with two observed
bands at 22,000-19,500 and less than 9,000 cm™', which are assigned to the 4T1g > 4T1g(P) and 4T1g > 4T2g
transitions, respectively. For compound V-2, the broad band around 11,700 cm™ is attributed to the Sng
> 5Eg transition for high-spin Fe" in octahedral geometry.'”*! The bands which appear at higher than 24,000

em™' due to charge transfer transition and internal transition within ampyz. Whereas compound 1V-3 is a
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heterometallic complex, so the spectrum of 1V-3 shows the overlaying transitions between Co" and Fe" in
octahedral geometries, resulting yellowish orange in the color which is between orange crystal of 1V-1 and
yellow crystal of IV-2. Besides the crystallographic data, the positions of Co" and Fe" chromophores in 1V-
3 were further verified by far-IR spectra (500-50 cm™") which yield the information of M~O and M—-N

vibrations in compounds 1V-1-3 as shown in Figure 30.
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Figure 29 Solid-state UV-visible diffuse reflectance spectra for 1V-1-5.

— V-1
—_ V-2
— V-3

5(N-Fe-N)

G E W M @ 6 6 E 6 6
Wavenumber / cm-1

Figure 30 Far-IR spectra (500-50 cm ™) of 1V-1-3.

The far-IR spectrum of V-3 almost shows close resemblance to the spectrum of 1V-1, especially in the
range of 160—250 cm™, where the deformations of N-M-N and the asymmetric stretching vibrations of
M-N . These low-frequency modes are sensitive to metal-ion mass and provide a clue to metal-site
preference. This result strongly suggests that the Co" ion in 1V-3 is accommodated in [M(H,O)4(ampyz),]**
unit  rather  than [M(H,0)s]*"  unit, and  supports the  X-ray  structure  of
[Co(H,0)4(ampyz),][Fe(H,0)5](SO4)2(H,0), for 1V-3.
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3.2.2 Description of crystal structures
[Co(H:0)4(ampyz),][Co(H20)6](SO4).(H20), (1V-1)
[Fe(H20)4(ampyz)][Fe(H20)6](SO4)2(H20). (1V-2)
and [Co(H;0)4(ampyz).][Fe(H20)6](SO.)2(H20). (1V-3)
Single-crystal X-ray diffraction analyses revealed that compounds 1V-1-3 are not only
isostructural frameworks, but also form a beautiful isomorphous series and the structure of V-1 is only

described in detail here. Crystal structure of 1V-1 is shown in Figure 31.

048

Figure 31 Crystal structure and atom labeling scheme of 1V-1. The ellipsoids are shown at 50%
probability level. Atoms labeled with the notation ““A’’ and “B” are symmetry-generated equivalents, (A)

-x, 1-y, 1-z; (B) —x, 2—-y, —z.

Compound 1V-1 contains two crystallographically independent Co" ions (Col and Co2) in
[Co(H,0)4(ampyz),]*" and [Co(H,O)s]*" cationic units. Both Co" ions are 6-coordinated and lie on
independent inversion centers. Col shows elongated octahedral geometry comprised of four oxygen atoms
from water molecules at equatorial positions with the average Col—O distance of 2.0702(13) A, and two
nitrogen atoms from ampyz ligands at axial sites with Col-N1 distance of 2.2071(16) A. Co2 shows
slightly compressed octahedron, surrounded by six water molecules with the average Co2—O bond length at
equatorial plane of 2.1072(15) A and the Co2—03 distance at apical position of 2.0691(14) A. The bond
angles around octahedron are in the range of 87.33—-180°, which are close to ideal octahedral geometry.

[Co(H,0)4(ampyz),]*" units are assembled by intermolecular hydrogen bonding between pyrazine
nitrogen and hydrogen of coordination water along b axis [09—H--N2' = 1.86 A(173°), 09--N2' = 2.792(2)
A, (i) = x, 14y, z.] and n-r stacking interaction among adjacent ampyz moieties along a axis with the
separation of 3.417-3.557 A, giving rise to 2D layer substructure in ab plane with the closest
intermolecular Co---Co separation of 6.5697(4) A (Figure 32). Moreover, these layers are supported by

electrostatic forces and the intermolecular hydrogen bonds involving sulfate anions (O5-08), amine
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moieties on ampyz (N3), coordination waters in [Co(H,0)s]*" unit (02—04), and lattice water molecules
(010), to provide an entire 3D supramolecular structure of 1V-1 as shown in Figure 33.

The crystal structures of isostructures 1V-2-3 are depicted in Figure 34.

Figure 32 2D sheet structure of 1V-1 in the ab plane, assembled via the intermolecular n—n stacking

and hydrogen bonding interaction which are represented in yellow and red broken lines, respectively.

7 7 T
X { ;f{ X {
Figure 33 3D packing structure of 1V-1 in bc plane formed by intermolecular hydrogen bonding (blue

dotted lines) among layers through ampyz, [Co(H,0)]*" unit, SO4*, lattice and coordination water

molecules.

028

(a) (b)
Figure 34 Crystal structure and atom labeling scheme of 1V-2 (a) and V-3 (b). The ellipsoids are shown
at 50% probability level. Atoms labeled with the notation ‘“A’> and “B” are symmetry-generated

equivalents, (A) —x, 1=y, 1-z; (B) —x, 2-y, —=.
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[Cd(ampyz)(H20)2(SO4)].(H20)n (1V-4)

The coordination environment of the Cd" center is shown in Figure 35. The Cdl atom, sulfate
atoms S1, 01, 02 and the water oxygen O4 all lie on a mirror plane in this structure. Each Cd" ion is five-
coordinated showing a distorted square-pyramidal CdN,O5 chromophore with 7= 0.04."" The basal plane
around the cadmium atom is comprised of one oxygen atom from coordination water (O4) and one oxygen
atom from a p,-sulfato bridge (O2A) with the Cd—O distance of 2.303(6) and 2.297(5) A, respectively and
two ampyz-nitrogen atoms with the Cd-N distances of 2.315(4) A. The apical position is occupied by a p,-
sulfato oxygen (02) with Cd-02 length of 2.587(5) A. The bond angles between axial shared with a
neighbouring square pyramid and square corners are remarkably deviated from 90° and rather distorted
from regular square pyramidal geometry of Cd".”* > It is possibly attributed to three sulfato oxygen atoms
excluded from p,-bridges, weakly interacting with adjacent Cd" centers with Cd--O3 and Cd--Ol
distances of 2.754(6) and 2.765(6) A, respectively, forming the semi-eight coordination. The weak
secondary bonds of Cd--O are also reported in other Cd" complexes.”*""

The sulfato ligand acting as a monoatomic bridge connects Cd" centers in ac plane, yielding the
Cd" dimer with the separation of 4.0359(5) A. These Cd" dimers are linked by the ditopic ampyz spacers
along b axis leading to 1D ladder chain structure with Cd---Cd separation via ampyz of 7.3913(4) A (see
Figure 36). Moreover, when above-mentioned weak coordination bonds are considered, the inorganic

double-stranded chain of metal sufate!™¥

is observed, which is comprised by CdN,O¢ polyhedra and SO,
tetrahedral units, as shown in Figure 36(a). The monoatomic sulfato bridge connects Cd" ions, leading to
edge-sharing CdN,Oq polyhedra that further share edges with tetradentate bridges of SO, tetrahedra to form
a four-member ring ladder along c-axis. In addition this chain is linked by the ampyz spacers along b axis,
giving rise to the 2D layer structure of V-4 as shown in Figure 36(b). The lattice water molecules (O5) are
filled in between 2D sheets, which effectively provide the intermolecular hydrogen bonds with amine

nitrogen of ampyz (N2), sulfato oxygen (Ol, O3) and coordination water (O4), contributing to the

stabilization of the overall 3D supramolecular structure as shown in Figure 37.

Figure 35 Expanded asymmetric unit and atom labeling scheme of 1V-4.
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Figure 36 Double-stranded chain of [Cd(ampyz)(H,0),(SO,)], (a).View of the 2D layer of 1\V-4 in bc
plane. The red broken lines represent the weak coordinative bonds between sulfate oxygen atoms and
Cd(II) ions (b).

a 2D ‘ 2D ‘ 2D

Figure 37 3D packing structure of V-4 in ab plane formed by intermolecular hydrogen bonding
between layers and lattice water molecules. The blue and orange dotted lines represent the N2—H---O(1,5)

and O5---0(4,3) intermolecular hydrogen bonds, respectively.

3.2.3 Reversible structural phase transformation with chromotropism
Thermogravimetric analyses
To examine the thermal stabilities of compounds 1V-1-4, the TGA were performed in the

temperature range 25-500°C, as shown in Figure 38.
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Figure 38 TGA curves of compounds 1V-1-4.

The TGA profiles of 1V-1-3 indicate that the releases of all twelve water molecules including
coordinated and lattice water molecules occur at the first step of weight loss in the temperature range
55-180°C (found, 31.46%; Anal. Calcd, 30.15% for 1V-1; found, 29.44%; Anal. Calcd, 30.41% for 1V-2;
found, 31.48%; Anal. Calcd, 30.28% for 1V-3), resulting to the dehydrated forms of [M,(ampyz),(SO,)]
(IV-1A-3A), which are stable up to = 240°C and then the structures gradually decompose to the
unidentified products. The TGA profile of 1V-4 shows two steps of weight loss. The first step (75-180°C)
corresponds to the loss of all three water molecules (found, 15.20%; Anal. Calcd, 15.86% ), resulting to the
dehydrated forms of [Cd(ampyz)(SO,4)] (IV-4A), which are stable up to = 250°C. The second step (250-
420°C) gives a mixture of the CdO and CdS as main products.

3.2.4 Water-induced reversible structural phase transformation with chromotropism
Aforementioned all compounds contain both lattice and coordination water molecules and
weak intermolecular interactions stabilize entire 3D molecular frameworks. In addition the stable
dehydrated forms of 1V-1A-4A were clarified by TGA profiles. The dynamic structural behaviors of 1V-1-
4 relating to their dehydration and rehydration processes are thus studied by elemental analyses, XRPD,
and spectroscopic techniques.

When the single-crystals of 1V-1-4 were heated to 220°C in air for 30 minutes (Figure 39), these
crystals suddenly lose the crystallinity and the colors changed from orange to purple for 1V-1; yellow to
orange for 1V-2; yellowish orange to brown for 1V-3; and no color changes was observed in colorless
compound IV-4. Then these non-crystalline solids were exposed to the laboratory air for 8 hours and the
colors of solids 1V-1A-3A returned to their original crystalline ones. Consequently, the bulk samples of 1V-
1-4 were used to study in the detail. The dehydrated forms of 1V-1A-4A were obtained by heating the bulk
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samples at 220°C in air for 4 hours and the rehydrated forms of 1VV-1'-4" were obtained by exposing the

dehydrated samples to water vapor for 2 days at room temperature without condensation.

\s?‘ \“ f, -

V-1 IV-1A V-1’

oy B

V-2 1V-2A 1\V-2'
AT T
V-3 1V-3A 1V-3

Figure 39 The colors of the single-crystals of 1V-1-4, dehydrated forms of 1V-1A-4A and
rehydrated forms of 1V-1'-4'.

The XRPD pattern of 1V-1 is shown in Figure 40. The TGA, elemental analysis of IV-1A (Anal.
Calcd: C, 19.21; H, 2.02; N, 16.80%. Found: C,18.51; H, 2.10; N, 16.18%.) and XRPD results indicate that
the dehydrated [Co,(ampyz),(SO4),] (IV-1A) is in an amorphous phase which is formed by the collapse of
supramolecular structure of V-1 accompanied with the destruction of hydrogen bonding networks when all
water molecules are removed. The original crystalline phase [Co(H,0)s(ampyz),][Co(H,0)6](SO4)2(H,0),
(IV-1") can be restored from the amorphous phase of 1V-1A after rehydration process which confirmed by
the elemental analysis (Anal. Calcd: C, 13.41; H, 4.78; N, 11.73%. Found: C,13.39; H, 4.29; N, 11.72%.)
and the XRPD pattern. These results suggest the crystalline-to-amorphous and amorphous-to-crystalline
transformations in supramolecular network of V-1 triggered by the hydration control. Furthermore, this
structural change of bulk sample is accompanied with a remarkable color change as confirmed by the solid-
state UV-vis diffuse reflectance spectra in Figure 41 for 1V-1. The UV-vis spectra clearly show that the
bands observed in V-1 and V-1’ correspond very well to the identical transitions causing the same color

of bulk products, and evidence that V-1 and IV-1’ have the same Co" environments.
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Figure 40 XRPD patterns: simulated from single-crystal X-ray data (a); as-synthesize 1V-1 (b); the
dehydrated form IV-1A (c); the rehydrated form 1V-1'(d).
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Figure 41 The UV-vis diffuse reflectance spectra of as-synthesize 1\V-1 (red line), the dehydrated form
IV-1A (blue line), and the rehydrated form IV-1’ (black line), representing together with the chromatic
changes in bulk samples.

Whereas the amorphous phase 1V-1A shows the different d-d transition with a lower-energy
broad band centered around 550 nm, giving the distinctive purple color. The chromotropic behaviors of V-
1 are principally ascribed to the changes of the d-orbital energy level, induced by the drastic change in the
coordination environments around metal center during dehydration and rehydration processes.® **'°l In
addition, these results agree with the reversible change of the sulfate vibrational band in IR spectra (Figure
42) where the different splitting peaks at ~1100 (vs) and ~630 cm™" (v4) are observed for the amorphous
phase, indicating that site symmetry at sulfate ions is lowered.” Reversely, these splits are removed in the
IR spectra of the rehydrated form, which are identical to those of as-synthesized one. All of results confirm
the water-induced reversible crystalline-to-amorphous phase transformation with chromotropism in
supramolecular network of 1V-1. This phenomenon is also observed in the isostructural V-2 and 1V-3. The

XRPD patterns, IR and UV-vis spectra of 1V-2-3 are given in Figure 43-48. The spectrum of IV-3A shows
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the overlap bands between IV-1A and IV-2A indicating that 1V-3A is also a hetero-metallic compound
(Figure 47).

V-1’

IV-1A

%T

V-1

1200 1000 800 600

Wavenumber/ cm-t

Figure 42 IR spectra (1300-550 cm™) for as-synthesize 1V-1, the dehydrated form 1V-1A and the

rehydrated form 1V-1".
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Figure 43 XRPD patterns: simulated from single-crystal X-ray data (a); as-synthesize 1V-2 (b); the

dehydrated form 1V-2A (c); the rehydrated form 1V-2'(d).
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Figure 44 The UV-vis diffuse reflectance spectra of as-synthesize 1V-2 (red line), the dehydrated form
IV-2A (blue line), and the rehydrated form 1V-2' (black line), representing together with the chromatic

changes in bulk samples.
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Figure 45 XRPD patterns: simulated from single-crystal X-ray data (a); as-synthesize V-3 (b); the
dehydrated form 1V-3A (c); the rehydrated form 1V-3'(d).
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Figure 46 The UV-vis diffuse reflectance spectra of as-synthesize 1V-3 (red line), the dehydrated
form 1V-3A (blue line), and the rehydrated form 1V-3’ (black line), representing together with the

chromatic changes in bulk samples.
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Figure 47 UV-vis diffuse reflectance spectra of the dehydrated compounds 1V-1A-3A, represented
together with the colors of their dehydrated samples. The spectrum of 1V-3A shows the overlap bands
between 1V-1A and IV-2A indicating that IV-3A is also a hetero-metallic compound.
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Figure 48 IR spectra (1300-450 cm™) for as-synthesize 1V-2(a), IV-3(b), the dehydrated form 1V-2A (a),
IV-3A (b) and the rehydrated form 1V-2' (a), IV-3'(b).

On the other hand, the coordination network V-4 exhibits the structural phase change in the
dehydrated phase, [Cd(ampyz)(SO,)] (IV-4A) which reveals the different XRPD pattern comparing with
as-synthesized V-4 (Figure 49). Interestingly, this crystalline phase is converted to the same structure of
original one (IV-4") by rehydration process, which can be confirmed by the XRPD, IR-spectra (Figure 50),

and elemental analysis. These results confirm the water-induced structural phase transformation in

coordination network 1V-4.
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Figure 49 XRPD patterns: simulated from single-crystal X-ray data (a); as-synthesize 1V-4 (b); the
dehydrated form 1V-4A (c); the rehydrated form 1V-4'(d).
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Figure 50 IR spectra (1300-550 cm™) for as-synthesize 1V-4, the dehydrated form 1V-4A and the
rehydrated form 1V-4'.

When the lattice and coordination water molecules are removed, the supramolecular networks
1V-1-3 collapse due to the destruction of the hydrogen bonding networks while the coordination polymer
IV-4 does not collapse but exhibits another crystalline phase. This result indicates that the coordination
bridges via ampyz spacer and sulfato ligand play an important role for supporting the structural skeleton in
IV-4. Remarkably, all compounds recover original crystalline phases after the exposure to water vapor,
indicating that the significant role of hydrogen bonding through water molecules can trigger the
reformation of other weak intermolecular interactions such as n—n stacking among ampyz moieties in 1V-1-

3 and other hydrogen bonds through sulfate ions in 1V-1-4.

3.25 Selective guest accommodation with chromotropism

One of the interesting aspects of cobalt in contrast to nickel, iron and manganese is the range
of stable geometries, such as octahedral, tetrahedral, square pyramidal, trigonal bipyramid and square-
planar together with a wide range of colors.'”” Consequently, in order to investigation of the guest-induced
structural transformation phenomena, the dehydrated [Co,(ampyz),(SO4),] (1V-1A) was used to study with
various solvents, i.e. methanol, ethanol, propanol, butanol, acetone, acetonitrile, tetrahydrofuran and
dichloromethane. The dehydrated 1V-1A was exposed to solvent vapor for 2 days at room temperature in a
closed vial. Remarkably the chromotropism is observed only in IV-1A which was exposed to methanol
vapor (IV-1A-MeOH) and the colors change from purple (IV-1A) to red (IV-1A-MeOH). For other ones,
the purple solids (IV-1A) still remain. IR spectra of all compounds including 1V-1A-MeOH show the

vibrational bands as same as those of dehydrated 1VV-1A (Figure 51) indicating the similar environments of
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functional groups that are observed in amorphous phase IV-1A. The dynamic structural behaviors of IV-1A
relating to the accommodation of methanol are studied in details by TGA, XRPD and spectroscopic
techniques. The red solid I1V-1A-MeOH which was obtained by exposing the purple dehydrated 1V-1A to
methanol vapor shows the amorphous phase as confirmed by XRPD patterns (Figure 52). However, the V-
1A-MeOH easily loses methanol molecules after exposing in laboratory air within 2 hrs and the colors
change from red (IV-1A-MeOH) to the original orange crystalline sample (1V-1"), as depicted in Figure
53. Furthermore after heating IV-1A-MeOH at =200°C for 10 min the color changes from red (IV-
1A-MeOH) to the previous purple sample (IV-1A) which denotes the reversible process of methanol
accommodation in IV-1A with chromotropism. These results agree with the thermal analysis of IV-
1A-MeOH in the temperature range 25-500°C as depited in Figure 54. The TGA profile indicates that the
release of four methanol molecules from [Co,(ampyz),(SO4),](MeOH), (IV-1A-MeOH) occurs at room
temperature to ~220°C (found, 80.85%; Anal. Calcd, 80.15%) resulting to the dehydrated forms of
[Cor(ampyz)»(SO4),] (1V-1A), which are stable up to =240°C and then the structures gradually decompose
to the unidentified products. The XRPD and IR spectrum of 1V-1" which was obtained by the evaporation
of methanol from 1V-1A-MeOH in laboratory air, reveal the identical XRPD positions and IR bands to the
original crystalline V-1 (Figures 51 and 52). These results are indication of high selective recognition of
IV-1A to water molecules. The selective methanol accommodation with chromotropism in dehydrated 1V-
1A when comparing with many solvents excluding water could be attributed to proper size of methanol
molecule and weak host-guest interactions. The remarkable color change was also confirmed by the solid-
state UV-vis diffuse reflectance spectrum in Figure 55. The spectrum of 1V-1A-MeOH agrees with the
typical d-d transition of high-spin Co" in octahedral geometry with two observed bands at 21,200-19,300
and less than 9,000 cm"l, which are assigned to the 4T1g > 4T1 «(P) and 4T1g > 4T2g transitions, respectively.
These bands are slightly shifted to a lower energy when evaluating with the bands of 1V-1, resulting the
distinctive red color. As found in nature, cobalt-containing MOFs can have a wide range of colors which
makes it easy, in many cases, to identify different phases. The most common colors are a very light pink for
octahedral coordinated ones and an intense blue for tetrahedral coordination. For distorted octahedra, the
pink color can intensify to orange, dark red, purple and violet depending on the ligand and the type of
distortions."® The selective guest accommodation with chromotropism of 1V-1 is summarized in Figure

56.
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Figure 51 IR spectra for the dehydrated form IV-1A, the methanolic form IV-1A-MeOH, the
rehydrated form 1V-1"" and as-synthesize 1V-1.

V-1
(as-synthesize)

IV-1A-MeOH

Intensity/ a.u.

5 10 15 20 25 30 35 40
26 degree

Figure 52 XRPD patterns for the dehydrated form IV-1A, the methanolic form IV-1A-MeOH, the
rehydrated form I1V-1"" and as-synthesize 1V-1.
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Figure 53 The chromatic changes in bulk samples.
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Figure 54 TGA curve of IV-1A-MeOH.
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Figure 55 UV-vis diffuse reflectance spectra of as-synthesize 1VV-1 (black line) and 1V-1A-MeOH
(red line).
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Figure 56 Selective guest accommodation with chromotropism of V-1,
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3.3 2D-1D Structural Phase Transformation of Co(l1) 3,5-Pyridinedicarboxylate Frameworks
with Chromotropism
3.3.1 Syntheses

Compound [Co(pydc)(H,0),], (1V-5) as well-shaped, high purity, and high quality single
crystals suitable for X-ray diffraction was obtained by the direct reaction of the cobalt(Il) nitrate
hexahydrate with 3,5-pyridinedicaboxylic acid (H,pydc) and potassium hydroxide in mixture of methanol,
N,N’-dimethylformamide and aqueous media. Whereas the layering diffusion of aqueous solution of
cobalt(Il) nitrate hexahydrate into a N,N’-dimethylformamide solution of 3,5-pyridinedicaboxylic acid
resulted in the single crystal formation of compound [Co(pydc)(H,0)4].(H20), (IV-6). These crystalline
solids are stable in air and insoluble in water or common organic solvents such as methanol and ethanol.
The 2D and 1D cobalt(Il) coordination polymers containing two different coordination modes of 3,5-
pyridinedicaboxylate bridges were obtained. The structures of V-5 and V-6 are described in the details
here.

3.3.2 Description of crystal structures

[Co(pydc)(Hz0).]. (1V-5)

The coordination environment of the Co(II) center is shown in Figure 57a. The Co®" ions,
with a CoONO, chromophore, have an intermediate geometry with a 7 value of 0.57. The Co*" ions is five-
coordinated with a basal plane consisting of two oxygen atoms from coordination water molecule (O3 and
03A) with the Co-O distance of 2.075(1) A and two oxygen atom from pydc bridges (02 and O2A) with
the Co—O distance of 2.149(1) A. The apical position is occupied by nitrogen atom from pydc bridge (N1B)
with the Co—O length of 2.188(2) A. In addition, weak interactions are formed by two pydc-oxygen atoms
(O1 and O1A) with the Co--O distance of 2.431(2) A, forming seven-coordination. These secondary Co--O
bonds are also reported in other Co complexes, for example, [Co(4,4 -bipy); s(NOs),], [Co(1,2-bis(4-
pyridyl)ethane), s(NO3),],, [Co(1,2-bis(4-pyridyl) ethyne), s(NO;),]J(MeOH) and [Co(1,4-bis(3-pyridyl)-
2,3-diaza-1,3—bu‘[adiene)1A5(NO3)2(H20)],,.22 However, the Co'"O bond distances that found in compound
V-5 are significantly longer than those in the reported compounds; therefore, it can be considered as semi-
coordination.

The pydc” anion is not planar since the dihedral angles between the carboxylate group
and the pyridyl ring is 13.62°. Each pydc act as tridentate ligand bridging three adjacent Co(Il) centers.
Two carboxylate groups are all deprotonate and coordinate to two cobalt atoms in a monodentate fashion,
and pydc-nitrogen atom coordinates to the third cobalt atom, forming an infinite 2D layer structure in ab
plane as shown in Figure 57b.The three metal centers are in an isosceles triangle with the edge lengths
(Co---Co separations) of 9.887(1) and 7.759(1) A. Such unit repeats along the ab plane to generate an

infinite 2D honeycomb network, which contains edge-sharing hexagons, with the metal ion and the
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geometrical center of the pyridyl ring of pydc ligand being the vertex alternately and each arm of pydc
ligand being the edge (Figure 58a). The layers are stacked together in an ABAB-sequence with the distance

between layers of 3.566 A, resulting in novel layer structures, eschewing interpenetration.

Figure 57 (a) Expanded asymmetric unit and atom labeling scheme of 1V-5. The ellipsoids are shown at
50% probability level. Atoms labeled with the notation A, B, Cand D are symmetry-generated

equivalents, (A) -x,y,1/2-z; (B) -1/2+x,1/2+y,z; (C) 1/2+x,-1/2+y,z; (D) 1/2-x,-1/2+y,1/2-z. The dash lines
present the weak coordinative bonds between pydc oxygen atoms and Co(II) ions and hydrogen atoms are

omitted for the clarity. (b) 2D layer structure of V-5 in the ab plane.

These adjacent 2D sheets are mutually interlinked via the m-m interactions between the pyridyl rings of
pydc in adjacent layers with a distance of 3.813 A. (Figure 58a) an the 3D supramolecular architecture is
further reinforced by strong interlayer hydrogen bonding among the carboxylate groups of pydc® ligands
and coordinated water molecules (O(3)-H(1)---O(2) and O(3)-H(2)---O(1)) with O--O distances of 2.795(1)
and 2.771(1) A as shown in Figure 59.

Layer A

Layer B

Figure 58 (a) Perspective view of the 2D layer with the honeycomb structure (blue line). (b) Schematic

view of the two layers showing the honeycomb structure stacking viewed along c-axis.
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Figure59 (a) The 3D framework formed by the intermolecular n-n interactions between the layers of
IV-5. (b) Packing diagram of 3D network showing zig-zag arrangement of layers viewed along a-axis. The
hydrogen bonding between the layers are shown in blue broken lines. The inset presents the hydrogen

bonds from coordinated water molecules and carboxylate oxygen of pydc ligands.

[Co(pydc)(H20)4]n(H20)n (1V-6)

Asymmetric unit of compound IV-6 consists of two crystallographically independent
Co” ions which are sited at the crystallographic symmetry center with half site occupancy, one pydc”
anion, four coordinated and one uncoordinated water molecules as shown in Figure 60. Col shows
elongated octahedral geometry comprised of four oxygen atoms from water molecules at equatorial
positions with the average Col—O distance of 2.0850(10) A, and two nitrogen atoms from pydc ligands at
axial sites with Col-N1 distance of 2.1698(12) A. Co2 also shows an elongated octahedral geometry,
surrounded by four water molecules at equatorial plane with the average Co2—O bond length of 2.0840(11)
A and two pydc-oxygen atoms at apical positions with the Co2-06 distance of 2.0980(9) A. The
O/N-M-O/N bond angles are in the range of 84.63(5)—180.00(7)°, which are close to the ideal octahedral
geometry.

The pydc acts as a didentate ligand connecting two Co, leading to a 1D zig-zag chain running
along c¢ axis with the Co--Co separation of 7.372(1) A as shown in Figure 61a. These adjacent 1D chains
are mutually interlinked via the hydrogen bonds between the carboxylate groups of pydc” ligands,
uncoordinated and coordinated water molecules, forming a 2D hydrogen-bonded layer as shown in Figure
61b. Additionally, these 2D layers are arrayed orderly in a staggered ABAB... packing pattern viewing
along the crystallographic b-axis with a distance of 3.675 A between the pyridyl rings of the adjacent layers
and then extended to a 3D network, via the 7—n interactions between the pyridyl rings of pydc® ligands as
shown in Figure 62a, forming 1D channels along the crystallographic b axis with guest water molecules

inside as shown in Figure 62b. The 3D supramolecular architecture is further reinforced by the O—H--O

BRG5280012 111 nsngIAY 2555



hydrogen bonding among the coordinated water molecules and pydc® ligands with the O-O distances in

the range of 2.651(1)-2.831(1) A.

Figure 60 Asymmetric unit and atom labeling scheme of 1V-6. The ellipsoids are shown at 50%

probability level. All hydrogen atoms are omitted for the clarity.

™ uncoordinated
H,0

Figure 61 (a) 1D zig-zag chain of V-6 in the ac plane formed by the Co(Il) and pydc” ligand. Water
molecule filled in the cavity between chains. (b) The 2D hydrogen-bonded layered network via hydrogen
bonds between pydc” ligands, coordinated- and uncoordinated water molecules among the 1D zig-zag

chains (blue dash lines). All hydrogen atoms are omitted for the clarity.
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Figure 62 (a) Formation of the 3D framework in V-6 by face-to-face 77 interactions between staggered
ABAB sheets (black dash lines). Uncoordinated H,O are omitted for the clarity. (b) Packing diagram of 2

viewed along b-axis, showing 1D channels with guest water molecule inside.

3.3.3 Thermogravimetric Analysis

To assess the thermal stability, the thermal gravimetric (TGA) was recorded for the
single-phase polycrystalline samples in the temperature range 30-800 °C. During the heating process, the
TGA profile of 1V-5 (indicates that the releases of two coordinated water molecules occur at the first step
of weight loss in the temperature range 80-190 °C (found, 13.71%; Anal. Calcd, 13.84%), resulting to the
dehydrated form of [Co(pydc)] (IV-5A), which are stable up to =340 °C and then the structure rapidly
decomposes at higher temperatures. For compound IV-6, TGA curve revealed that compound V-6
underwent a two-step weight loss. One solvated and four coordinated water molecules were loss below 190
°C with the weight loss of 26.19% (calcd. 28.68%), resulting to the dehydrated form of [Co(pydc)] (IV-
6A). This dehydrated form IV-6A is stable up to ~340 °C and then rapidly decomposes to the unidentified

products.

3.3.4 Structural Phase Transformation by Thermal De/Rehydration Processes.
To verify the dynamic structural behavior of compounds V-5 and I1V-6, the
ad/desorption of coordinated and uncoordinated water molecules in both compounds have been studied
relating to their dehydration and rehydration processes by elemental analyses, TGA, XRPD and

spectroscopic techniques. Interestingly, the water molecules can be adsorbed fully by exposing the
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evacuated samples to water vapor at room temperature. The heating and exposing procedures were repeated
for four times to demonstrate the reversibility of the de- and rehydration processes.

The most promising feature of the crystals of 1V-5 is that it undergoes the water induced
irreversible crystal-to-amorphous transformation with chromotropism driven by thermal dehydration and
rehydration. When the single crystals of 1V-5 was heated to 200 °C in air for 30 min, these crystals
suddenly lose the crystallinity and the colors changed from deep pink (1V-5) to purple (IV-5A). Then this
non-crystalline solid was exposed to the water vapor for 12 h and the color of solid IV-5A was not return to
that of the original crystalline one but change to pale orange (1VV-5B). Therefore, the bulk sample of 1 was
used to study in detail. The dehydrated form IV-5A was obtained by heating the bulk samples at 200 °C in
air for 2 h and the rehydrated form 1V-5B was obtained by exposing the dehydrated sample to water vapor
for 24 h at room temperature without condensation. The XRPD pattern and TGA curve of 1V-5 are shown
in Figures 63 and 64. The elemental analysis of 1V-5A for [Co(pydc)] (Anal. Caled: C, 37.53; H, 1.35; N,
6.25%. Found: C, 37.37; H, 1.41; N, 6.28%), and XRPD results indicate that the dehydrated form IVV-5A is
in an amorphous phase which is formed by the collapse of framework structure of 1V-5 accompanied with
the destruction of hydrogen bonding networks when all water molecules are removed. The original
crystalline phase 1V-5 cannot be restored from the amorphous phase of 1V-5A after rehydration process but
it is readily converted into the second crystalline phase IV-5B with the chemical composition of
[Co(pydc)(H,0)4](H,0) (Anal. Caled: C, 26.77; H, 4.17; N, 4.46%. Found: C, 26.73; H, 3.76; N, 4.54%)
and the XRPD pattern as shown in Figure 63 and the de/rehydrated processes between 1V-5A and 1V-5B
take place reversibly. These results suggest the crystalline-to-amorphous and reversible amorphous-to-
crystalline transformations in the framework of 1V-5 induced by the hydration control. However, XRPD
pattern of 1V-5B shows broad and low intensities diffraction peaks indicating that the crystallinity was
incompletely recovered after rehydration processes.
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Figure 63  XRPD patterns of compounds 1V-5 (1) and 1V-6 (2).
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Figure 64  TGA curves of as-synthesized V-5 (pink line), the rehydrated form 1V-5B (orange line),
as-synthesized V-6 (green line) and the rehydrated form 1V-6" (blue line).

For compound V-6, after the as-synthesized compound IV-6 was heated with the same
condition to that of IV-5, a purple powder (IV-6A) was obtained. The elemental analysis and XRPD
pattern results indicate that the chemical composition of the powder is [Co(pydc)] (IV-6A) in an
amorphous phase (Anal. Caled: C, 37.53; H, 1.35; N, 6.25%. Found: C, 37.25; H, 1.42; N, 6.31%).
Interestingly, this amorphous phase 1V-6 A can be restored to the original crystalline phase of 1V-6" in
which the color returns to that of the original one after being soaked in water vapor for 24 h, as indicated by
the elemental analysis with the chemical composition of [Co(pydc)(H,0),](H,O) (Anal. Calcd: C, 26.77; H,
4.17; N, 4.46%. Found: C, 26.77; H, 3.98; N, 4.65) and the XRPD measurement results. The restored solid
has the same XRPD pattern as the simulated one from single-crystal X-ray diffraction data of 1V-6 as
shown in Figure 4.37, indicating that 1V-6" and 1V-6 are the same compound. Therefore, 1V-6 could be a
new absorbing agent for water molecules. In fact, I\V-6 has a dynamic structure resulting from the water
adsorption behavior of its evacuated solid which is typical for a first-generation porous solid following the
Kitagawa classification with the “guest-induced crystal-to-amorphous transformation (CAT)” framework.
When the water molecules (guest and coordinated) are removed, the framework collapses due to the
destruction of the hydrogen bond system. The framework of 1V-6 is restored with the reintroduction of
water molecules between chains and the reformation of the hydrogen-binding system. The analogous
situation was reported on the 1D linear chains of [ {Cu(BF4),(4,4'-bipy)(H,0),}4,4'-bipy],, which are linked
by hydrogen bonds between metal-free 4,4-bipy molecules and coordinated H,O molecules to form 2D
non-interpenetrated sheets.

Furthermore, the IR spectra were present to confirmthe structural phase transformation behavior
in V-5 and V-6 where the decreasing intensity peak at ~1560 (vq COO_) and the different splitting peaks
at ~1440 cm™ (v, COOi) are observed for the amorphous phase (Figure 65). These indicate that the
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coordination mode of carboxylate bridging ligand was lost of symmetry. In contrast, these features are
removed in the IR spectra of the rehydrated form, which are unidentical to those of the as-synthesized one
for 1V-5 but being identical to those of the fresh one for IV-6. All of these results confirm the water-
induced crystalline-to-amorphous phase transformation with chromotropism in the supramolecular network
of IV-5 and 1V-6 with irreversible and reversible processes, respectively. In addition, the reversibility of
the water adsorption and the change in the coordination environment can be visualized by the change in
color of the compounds. This change of color can be attributed to the change of the crystal field splitting of
the central Co”" ions during the adsorption and removal of molecules. The change of the color of the Co
compounds prompted us to study the changes in the electronic transitions in the samples. For this, the solid-
state UV-vis diffuse reflectance spectra as shown in Figure 66 clearly show that the bands observed in 1V-6
and IV-6" correspond very well to the identical transitions causing the same color of bulk products, and
evidence that 1V-6 and 1V-6" have the same Co’" environments. While 1V-5 and 1V-5B exhibit the
different spectra indicating that the geometry of Co®" center rearranged when the water molecules are
adsorbed. In addition, the spectrum of 1V-5B is found to be identical to that of 1V-6 and V-6, indicating
the same Co”" environments and the same orange color. Whereas the amorphous phases 1V-5A and 1V-6A
show the identical spectra with a lower-energy broad band centered around 550 nm, but different from
those of other samples, giving the distinctive purple color. The chromotropic behaviors of both compounds
are principally ascribed to the changes of the d-orbital energy level, induced by the drastic change in the co-
ordination environments around metal center during dehydration and rehydration processes. All of these

results confirm the water-induced structural phase transformation in coordination networks 1V-5 and 1V-6.
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Figure 65 IR spectra of compounds 1V-5 and 1V-6.
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Figure 66 (a) Change in color during de- and rehydration in bulk samples of V-5 and 1V-6. (b) The
UV-vis diffuse reflectance spectra of as-synthesized 1V-5 (pink line), the dehydrated form 1V-5A (black
line), the rehydrated form 1V-5B (orange line), as-synthesized V-6 (deep green line), the dehydrated form
IV-6A (pale green line) and the rehydrated form 1V-6" (blue line).

However, the rehydrated form IV-5B and 1V-6" were heated and cooled for four times to repeat the
reversibility of the de- and rehydration processes. The results exhibit the color shuttle change between pale
orange (IV-5B and 1V-6") and purple (IV-5A and 1V-6A), suggesting the water induced reversible crystal-
to-amorphous transformation phenomenon. The IR spectra, UV-vis diffuse reflectance spectra, XRPD
spectra, elemental analysis and TGA curve of 1V-5B and 1V-6" correspond very well to the identical
results, these indicate that the structure of 1V-5 completely transforms to the structure of 1VV-6 through the
dehydration and rehydration processes as the schematic representation of this structural phase

transformation shown in Figure 67.
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Figure 67  Schematic diagram illustrates the structural conversion of 2D layer to 1D chain structures by

thermal dehydration and rehydration processes.

In order to elucidate the important role of the crystal structure (via the intermolecular
interactions) on the dynamic behavior of the frameworks we have compiled our previously published data
of the mononuclear compounds [M(H,0)4(ampyz),][M(H,0)s] (SO4)2(H,0), and the present data of 2D
and 1D frameworks. Both compound systems exhibit crystal-to-amorphous phase transformation with
chromotropism but with different dynamic behaviors. The previous compounds contain numerous
hydrogen donors and hydrogen acceptors from coordinated and uncoordinated water molecules, amino and
sulfate groups to generate the intermolecular hydrogen bond interactions as well as n-r stacking. Thus, they
have more accessible intermolecular hydrogen bonding that able to trigger the reversible crystal-to-
amorphous phase transformation after de/readsoption processes. While in the present compound V-5 after
the water readsoption process, the 2D framework of IV-5 was not recovered but change to another
crystalline phase of 1D framework (compound 2). This new phase is more stable and responsible for the
reversible crystal-to-amorphous phase transformation with chromotophism. This may be due to the less
intermolecular interactions which are not enough to trigger the phase transformation to the original 2D

framework as compared to that of 1V-6.

3.4 Structural diversity and magnetic studies in 1D, 2D and 3D azido-bridged cobalt(ll) hybrid
frameworks
3.4.1 Structural diversity and magnetic properties in 1D and 2D azido-bridged cobalt(I1)
complexes with 1,2-bis(2-pyridyl)ethylene
Molecule-based magnetic materials involving azido bridges have incessantly attracted
much attention because of their diverse architectures with interesting physical properties, such as single
molecule magnet, single chain magnet and long-range magnetic ordering behaviours.” '%*'%! The crystal
engineering of molecular magnetism aims to control the spins in molecules and molecular assemblies.”*®

191 As an excellent ligand, containing several pairs of electrons, azido can readily bridge two or more spin
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carriers (Figure 5.1) and effectively mediate either ferromagnetic or antiferromagnetic coupling, normally
through EO and EE modes, respectively. "%l It is known that one of the interesting structural aspects
of working with the cobalt ion is the wide range of stable geometries.!'”” Consequently, when the azide ion
and coligands are coupled with cobalt(Il) ions, which accommodate four-, five- and six-coordination
depending on the situation, various low-dimensional structures are expected along with interesting
magnetism."""'? The versatile N,N'-ditopic bridging spacer 1,2-bis(4-pyridyl)ethylene and its derivatives
have been used as coligands widely in organic-inorganic hybrid materials including azido complexes and
they usually give unexpected structures with interesting magnetic orders.'"*"''®! However, the trans-1,2-
bis(2-pyridyl)ethylene (2,2'-bpe) (Figure 68) has not yet been reported in any azido complexes. Herein this
chapter shows that 2,2-bpe can act as both terminal (endo) and bridging (exo) co-ligands in a Co" azido
system, which effectively support either blocking the metal’s coordination sites or extending the structural

dimensions.

Figure 68 trans-1,2-bis(2-pyridyl)ethylene (2,2'-bpe)

3.4.1.1 General observations and spectroscopic characterizations

The layered diffusion reaction of CoCl,-6H,0, 2,2"-bpe and NaNj in a 1:1:2
molar ratio in water and ethanol media yielded the mixture of blue rod-shaped crystals of V-1 and pink
square-shaped crystals of V-2. The crystals were manually separated because of their visible differences in
colors and shapes of the crystals. Then the physical purities of crystalline phase of bulk products were
confirmed by XRPD technique comparing with their simulated XRD patterns from the single-crystal data
(Figure A6, Appendix A). An attempt has been made to find the optimal condition for preparing a single
phase of V-1 or V-2, based on molar ratios and solvents without success. The IR spectrum (Figure 69) of
V-1 with end-on mode of azide shows a very strong band at 2089 cm™ 1,4(N5") with a shoulder peak and
medium band at 1296 cm™ 1(N3"). Compound V-2 containing both p,-1,l1and p,-1,3 bridging azides
shows two very strong bands due to 1,((N5”) mode at 2097 and 2072 cm™' and medium band at 1296 cm™
(N3"). The electronic spectra show the overlapped bands of the d-d transitions arising from penta-
coordination and octahedral geometries of high-spin Co' ions for V-1 and exhibit the typical d-d transitions

of octahedral geometry for V-2 (Figure 70).
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Figure 69 Infrared spectra of V-1 and V-2.
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Figure 70 UV-Vis diffuse reflectance spectra of V-1 and V-2 with the d-d transitions labeled."””)

3.4.1.2 Description of crystal structures
[Co3(N3)s(OH2)2(2,2"-bpe),]n(2,2"-bpe)n (V-1)
X-ray analysis revealed that compound V-1 contains two crystallographic
independent Col and Co2 ions bridged by three independent EO azido ligands as shown in Figure 71(a).
Col is placed in an intermediate 5-coordination geometry, slightly distorted toward trigonal bipyramid with

a 7 value!*¥

of 0.55, where the metal atom is coordinated by four N atoms from four EO azide anions and a
N atom from a monodentate 2,2'-bpe. Co2 has a CoN,O, compressed octahedral geometry, which is located
on the crystallographic inversion centre and it is coordinated by four N atoms from EO azido ligands in the

equatorial positions and two water molecules in the axial sites.
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Figure 71 Crystal structure and atom labeling scheme of V-1. The ellipsoids are shown at 50%
probability level (a). Atoms labeled with the notation ““A’’ and “B” are symmetry-generated equivalents,
(A) 1—x, =y, 1-z; (B) —x, =y, 1—z. The 1D chain of V-1 is running along a axis with octahedra and
hexahedra of Co" ions (b). The free 2,2'-bpe and H atoms are omitted for clarity.

The adjacent Co" centres are connected by an azide in the double-EO mode
along the a axis associated with the inversion centre, to build a 1D zigzag chain with the rare [-5-5-6-],
sequence of cobalt(IT) coordination numbers (Figure 71(b)). The bond angles of Co-N—Co are in the range
between 97.09(12)° and 100.37(12)° and the intrachain Co---Co separations through double EO azido
bridges are 3.174(1) A for Col---Col’ (i = 1—x, =y, 1—2), and 3.207(1) A for Col---Co2, as usually observed
for this kind of bridging in cobalt(I) azido compounds.[m] The coordination 2,2'-bpe acts as terminal
coligand because the intrachain hydrogen bonding between N atom on terminal pyridine of coordination
2,2"-bpe and H atom of coordination water [O1H--N11 = 1.89 A (172°), O1--N11 =2.811(4) A] causes the
arrangement of 2,2"-bpe in cis position with the dihedral angle between two pyridine rings of 55.65(1)°. In
addition, the chains are assembled via C—H---w interactions and the intermolecular hydrogen bonds between
uncoordinated 2,2"-bpe and coordination water along b axis [O1H--N12 = 1.80 A (172°), O1--N12' =
2.750(4) A}, yielding 2D structure of V-1 as shown in Figure 72. The interchain C—H---n interactions
involve C4—H interacting to the centroid of terminal pyridine ring of adjacent coordination 2,2'-bpe with

the distance of 2.876(4) A and a C4—H---w angle of 133°.
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Figure 72 Formation of 2D sheet of V-1 in ab plane formed by C—H---7 interactions and hydrogen
bonds between the neighbouring chains. The dotted lines represent the intramolecular O1-H---N11

hydrogen bond and the intermolecular O1-H:--N12 hydrogen bond and C—H---& interaction.

[Co(N3)2(2,2"-bpe)]s (V-2)

The crystal structure of V-2 is depicted in Figure 73. Compound V-2 has a 2D
wavy layer structure which consists of an azido-Co" neutral chain with alternating double EE and double
EO azido bridges along a axis and ditopic 2,2'-bpe bridging Co" ions along b axis. There is only one
crystallographically independent Co" ion, which has elongated octahedron comprised of two N atoms from
bridging 2,2"-bpe in the axial sites and four N atoms from two EE and two EO azide ions located in the
equatorial positions. The adjacent Co" ions in a chain are related by inversion centers and linked alternately
by double EE and double EO azido bridges with the Co--Co distances of 5.052(2) A and 3.314(1) A,
respectively. These bridging modes of azide are widely found in the polymeric chain complexes containing

additional chelating ligands.!'' 7123

Figure 73 Expanded asymmetric unit and atom labeling scheme of V-2. The ellipsoids are shown at 50%
probability level. Atoms labeled with the notation *“A”’, “B” and “C” are symmetry-generated equivalents,

(A) 1-x, 1=y, 1-z; (B) —x, 1=y, 1—z; (C) x, 1+, z.
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In double EO bridged Co(N;),Co moiety, the Col-N3—ColA-N3A ring is
strictly planar due to the existence of the inversion center with the Col-N3—ColA angle of 102.25(14)°.
For double EE mode, the EE bridges adopt a chair conformation for the Co—(N;),—Co unit with the dihedral
angle between N7N6NSBN8N6BN7B plane and CoN8N7 plane of 33.8(1)°. The 2,2"-bpe acts as ditopic
connector in frans position bridging the cobalt(Il) azido neutral chains along b axis, building 2D wavy

sheet of V-2 (Figure 74). The Co---Co separation via 2,2'-bpe spacer is 8.322(2) A.

Figure 74 2D wavy coordination network of V-2.

3.4.1.3 Long-range magnetic ordering behaviors

The magnetic susceptibility of a polycrystalline sample of V-1 at 2-310 K is
shown in Figure 75. At 310 K, the y,7 value is 11.16 cm® K mol™ per Cos unit, which is significantly
higher than the spin-only value of 5.62 cm’K mol™ expected for uncoupled three S = 3/2 ions, owing to
ferromagnetic interactions and the significant orbital contribution of high-spin Co" in an octahedral
surrounding. y,7T value increases gradually upon cooling to ca. 50 K. Below this temperature, 3,7
increases abruptly to a maximum value of 48.75 cm’ K mol” at 15 K because of rapidly increasing
ferromagnetic coupling between adjacent spin carriers. Upon cooling to 2 K, 7,7 decreases quickly to 8.32
cm’® K mol™ because of magnetization saturation and possible interchain antiferromagnetic interactions. The
similar behavior has been observed in other related complexes containing 1D double EO azido bridge such
as [Co(2,2"-bithiazoline)(N3),],"""", [Mn(N3)2(pyz)].'** (pyz = pyrazine) and [Ni(en)(Ns)], "> (en =
ethylenediamine). The ., values above 100 K were fitted with the Curie-Weiss law y = CAT-6) with a
Curie constant C = 9.59(3) cm® K mol" and a Weiss constant & = +43.7(5) K indicating dominant
ferromagnetic coupling between Co" ions via double EO azido bridges. Owing to lack of theoretical model
for the complicated chain composed by octahedral Co" and non-octahedral Co" ions, the exchange

parameters could not be estimated.
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Figure 75 Temperature dependence of y,7 and z,, ' of V-1 at H = 10 kOe from 2 to 310 K. The

solid line represents the best fit to the Curie-Weiss law.

In addition, the dominant ferromagnetic coupling was confirmed by
magnetization measurements performed at 1.8 K in an external field 0-5 T, as shown in Figure 76. The
molar magnetization curve exhibits a rapid increase, reaching about 80% of M, at 1 kOe which appears to
be a soft ferromagnet because coercivity was not observed. At higher field, the saturation magnetization, M;
= 8.81 NJ agrees with three ferromagnetically coupled Co" ions with an expectation value of M, = 6-9
N6 1271 A comparison with the Brillouin function for three isolated S = 3/2 spins stresses the remarkable

cooperativity in this system, consistent with the ferromagnetic interaction.
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Figure 76 Field dependence of magnetization of V-1 at 1.8 K. The continuous line corresponds to the

Brillouin function for three Co' ions § = 3/2 with g = 2.0.

All evidence points to the long-range magnetic ordering, likely due to interchain
coupling through the extensive hydrogen bonds and C—H---n contacts. The field-cooled (FC) and zero-field-
cooled (ZFC) magnetization plot under a field of 50 Oe (Figure 77, inset) showed a disagreement below 6

K and presented a swell at around 6 K, suggesting the onset of long-range antiferromagnetic ordering
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among the ferromagnetic chains. However, the ZFC-FC plot under a field of 1000 Oe shows no maximum
and trends to saturate at lower temperature and does not show the irreversibility, thus indicating that the
weak interchain antiferromagnetic interaction is overcome by the external field. These features are
indicative of a metamagnet built of ferromagnetic chains. The temperature dependence of ac susceptibility
was also measured at zero dc field (Figure 78). The y' signal shows a peak at 6 K confirming the
occurrence of phase transition, and the nonzero y” signal below 6 K is consistent with the ferromagnetic
order. No frequency dependence of the ac signals was observed among 25-997 Hz. The metamagnetic
behavior was further confirmed by the hysteresis loop measurements, as given in Figure 77, which revealed
that V-1 is a metamagnet with a typical crossover magnetic hysteresis in the slightly sigmoid shape of the
M(H) curve.'*3% The critical field H, is = 70 Oe, estimated as the field at which a maximum oM/6H

value is reached.
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Figure 77 Hysteresis curve for V-1 at 1.8 K. The insets show the initial plot in a low field (right) and
the ZFC-FC plots of V-1 at 50 Oe and 1 kOe (left).
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This metamagnetic-like transition results from the presence of weak interchain
antiferromagnetic interactions among the strong ferromagnetic chains. At low temperature, the
antiferromagnetic coupling of the ferromagnetic chains leads to an antiferromagnetic ground state. With an
increase in the external magnetic field (H, > 70 Oe), the ferromagnetic chains tend to parallel align,
resulting in ferromagnetic ordering. This behavior is characteristic of a metamagnet built of ferromagnetic

[26. 125, 1281331 However, because of the strong spin-orbit coupling of Co' ions, the magnetic

chains.
interaction might be more complicated.!"* '**! This similar metamagnetic-like transition was also observed
in other polymeric chain systems containing ferromagnetically 1D double EO azido bridge with weak

interchain antiferromagnetic interactions.*® 2% 128 130

For instance, the previous related compound
[Mn(tptz)(N3),],"*" (tptz=2,4,6-tris(2-pyridyl)-1,3,5-triazine) (Figure 79) which contains similar double
EO azide-bridged 1D chains assembling by face-to-face m-m and C—H---m interactions, revealed overall
metamagnetic behavior below 2.7 K with very small H, of approximately 80 Oe. This reported value of H,

is very close to that of this work.
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Figure 79 Formation of a 2D sheet of [Mn(tptz)(N3),], (a) and the hysteresis curve with inset of oM/0H
at low field (b)."*"

The magnetic susceptibility of V-2 is depicted in Figure 80. The y,,T value of ca.
3.01 em® K mol™ at 310 K is much higher than the spin-only value of high-spin ¢’ ion (1.87 cm’Kmol™),
owing to ferromagnetic interactions via ,-1,1 N3~ bridges and the significant orbital contributions of the
octahedral Co" ions. Upon cooling, the y,7 decreases gradually down to 0.04 cm® K mol” at 2 K,
indicating dominant antiferromagnetic coupling via W,-1,3 N3~ bridges. The plot of y,, versus T (Figure
5.16, inset) exhibits an abrupt increase below about 17 K to a maximum value of 0.02 cm® mol! at 2 K,
which is probably attributed to paramagnetic impurity or possible spin canting. The data above 150 K obey
the Curie-Weiss law with a Curie constant C = 3.58(3) cm® K mol™ and a Weiss constant 8= —58(2) K. The
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negative @ suggests the antiferromagnetic coupling between Co' ions and spin-orbital coupling of Co" ions

in an octahedral field.

1,,7/ cm’ mol™" K

TK

Figure 80 Temperature dependence of y, T and z,, ' of V-2 from 2 to 310 K. The solid lines

correspond to the best fit (see the text). Inset: plot of y,, vs. T for V-2.

Because of the spin-orbit coupling contribution of Co" ions, it is difficult to find
an accurate analytical expression to describe the temperature dependence of the magnetic susceptibility for
the polymeric chains of the Co" ions. However, Rueff et al.,!**'*| have proposed a very successful
phenomenological approach for a low-dimensional antiferromagnetic Co" system that allows an estimation
of the strength of the antiferromagnetic exchange interactions and also the effects of spin-orbit coupling.
They postulate the phenomenological equation:

ImT = A exp(—E\/kT) + B exp(—E,/kT) 5)
A + B equals the Curie constant (= 2.8-3.4 cm® K mol™ for octahedral Co™) and E; and E, represent the
activation energies corresponding to the spin-orbit coupling parameter and the antiferromagnetic exchange
interaction, respectively where £, is related to the magnetic coupling constant J according to the Ising chain
approximation, y,T oc exp(+J/2kT). This equation adequately describes the spin-orbit coupling, which
results in a splitting between discrete levels and the exponential low-temperature divergence of the
susceptibility. The reasonable values for magnetic coupling and spin-orbit interaction have been reported in

(361411 The fitted parameters are 4 + B = 3.58 cm® K mol”,

several studies of 1D and 2D Co" networks.
equivalent to the Curie constant obtained from the Curie-Weiss law in the high temperature range; E/k =
+61(2) K which is consistent with those reported for 1D and 2D cobalt(Il) systems. > 136 137 140 Eor the
value found for the antiferromagnetic exchange interaction, E,/k equals to +4.1(2) K, corresponding to J =
—8.2 K, according to the Ising chain approximation, y,7 oc exp(+J/2kT).

It can be seen from the abrupt increase of the plot of y,, vs. T below about 17 K
and from the other reported complexes containing chains of alternating double £O and double EE bridging

modes of azides that these complexes frequently exhibit weak ferromagnetism due to spin canting,!''” '*-
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1221 thus the magnetic behaviors of V-2 were further clarified. The temperature dependencies of the ZFC
and the FC magnetization were measured at a low field of 20 Oe, as shown in Figure 81(inset). The obvious
divergence of the ZFC and FC plots below 12 K indicates hysteretic long-range magnetic order, which is
compatible with the maxima in y' and the nonzero y” signal around 12 K in ac susceptibility at 997 Hz
(Figure 82). The isothermal magnetization with a field up to 5 T at 1.8 K is depicted in Figure 81. The
initial increase of magnetization shows a slight positive curvature and is not linear with the field up to 7
kOe, and then it becomes almost linear up to to 0.146 NS at 5 T, far from the theoretical saturation
magnetization of Co" ion, suggesting the overall antiferromagnetic coupling between Co" ions. A
hysteresis loop of V-2 is clearly observed when the field is less than 10 kOe, giving a coercive field of =
300 Oe and remanent magnetization () of = 0.002 NS. These results indicate that the spin-canting effect
between overall antiferromagnetically coupled Co" ions leads to residual spins. The canting angle () is
estimated to be about 0.05° based on the equation 1.17, o = sin”'M,/M, (theoretical saturation

magnetization (M) = g'S'NS=2.16 N, S'=1/2, g’ = 4.33 for octahedral Co" at 1.8 K).[>* 1%
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Figure 81 The hysteresis loop of V-2 at 1.8 K. The insets show the ZFC and FC magnetization at H
=20 Oe from 2 to 30 K. (left) and the field dependence of magnetization at 1.8 K (right).

Compound V-2 exhibits hard ferromagnetism whereas V-1 is soft
ferromagnetism, which may be attributed to the difference between parallel anisotropy axes in V-2 and
almost orthogonal trigonal bipyramidal and octahedral axes in V-1. It is well known that two mechanisms
lead to spin canting (equation 1.16): (i) magnetic anisotropy and (ii) antisymmetric exchange.’* %!
However, the spin canted structure is not compatible with the crystal structure of V-2 because of the
presence of an inversion center between the bridged Co' sites, which forbids the occurrence of
antisymmetric interactions. The observation of the spin canting in V-2 should be attributed to the great
single-ion anisotropy of octahedral cobalt(Il) ions or a possible structure phase transition at low
temperature.!''” ""91?* The weak ferromagnetism due to spin canting in the presence of an inversion center

between metal sites were also observed in other complexes containing the same bridging mode of azide,
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such as [Co(dpa)(N3),],l'*" (dpa = 2,2'-dipyridylamime), [Mn(dpq)(N3)],l"*” (dpq = dipyrido-(3,2-d:2',3'-
f)quinoxaline) and [Mn(TaiEt)(N3),],/"'"! (TaiEt = 1-ethy-2-(p-tolyazo) imidazole). The spin canting of V-2

will be discussed and compared with compounds V-3, V-4 and the related azido complex systems next

topic.
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Figure 82 Temperature dependence of the ac susceptibility for V-2 at Hy. = 0 Oe, H,. = 3 Oe, with
frequency of 997 Hz.

3.4.2 Spin canting and metamagnetism in 2D and 3D cobalt(l1) coordination networks

with alternating double end-on and double end-to-end azido bridges

The crystal engineering and magnetism of molecule-based coordination frameworks with
low- or high dimensional structures have been of great interest in recent years with the intention of
understanding the fundamental magneto-structural correlations within the structure and controlling the
spins in molecules and molecular assemblies for conceiving practical functional molecule-based
materials.®” 9% #2141 Tg rational design of magnetic molecular assemblies, it is important to select the
appropriate bridging ligands that effectively transmit the exchange interactions between the spin carriers
together with the aspects of diverse topologies. An excellent azido ligand is the one of the extensively used
bridging ligands in the construction of magnetic molecular materials because it can provide a short bridge
with the extremely versatile coordination modes and effectively mediates either ferromagnetic or
antiferromagnetic coupling generally through p,-1,1 (end-on, EO) and p,-1,3 (end-to-end, EE) modes,
respectively. In addition the different combinations of EO and EE azido bridging modes may exist in the
same structure, leading to several topologies as well as competing magnetic interactions in sign according
to a certain EO and EE azido bridging sequence.!'* "% 122 1451881 Congequently, the fascinating magnetic
phenomena have been recognized in many azido-bridged coordination polymers which have been an active
research area so far.> 1% 195 %91 | jkewise, the organic coligands are very significant to the formation of
some particular architecture and to the structural modification. It is well-known that the N,N'-ditopic

diimine spacer, pyrazine (pyz) is a long bridge for magnetic systems and effectively transfers electron in
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the antiferromagnetic superexchange pathways between metal centers. With pyz and derivative of pyz

ligands, the azido complexes usually exhibit various structural topologies together with interesting

[26, 124, 150-152]

magnetic properties. For instances, 2D layer of [Fe(N3),(pyz)], (Figure 83) showed

metamagnetism arising from the competition of ferromagnetically coupled EO azido chain and 2D

[26]

antiferromagnetically coupling via pyz. In contrast with the lack of local anisotropic ions, this

metamagnetic feature for the Mn" and Cu" analogues was not observed.!'** '

-
e

o 1 2 3
(a) (b) "
Figure 83 2D layer structure of [Fe(N3)x(pyz)], (a) and isothermal magnetization plot at 1.8 K.1*%)

This topic focused on the versatile 2-aminopyrazine (ampyz) spacer as organic coligand in
magnetic azido complex system. Ampyz spacer contains many interaction sites; coordination sites at N
atoms on pyrazine ring, hydrogen donor site at amino group, and the intermolecular m—m stacking site
through aromatic moieties, which has been used for constructing many coordination polymers.!** 3¢ 37- 15
134 Without the spin carriers, the structural diversity of zinc(Il) azido complexes with ampyz has been
recently obtained depending on the molar ratio of the starting components.*® With this in mind, herein this
topic shows that ampyz spacer well accommodates in the magnetic anisotropic Co" azido system.
Remarkably, new 2D layer [Co(N;),(ampyz)], (V-3) and 3D framework [Co(N3),(ampyz)], (V-4) of azido-
bridged Co" coordination networks with the identical molar ratio were well prepared in different
preparative techniques and characterized structurally and magnetically. In addition both compounds
similarly contain the 1D chain of alternately double EO and double EE azido-bridged Co" ions, whereas the
ampyz spacers in V-3 and V-4 are in dissimilar arrangements, trans- and cis-positions in octahedral Co"
ions for V-3 and V-4, respectively. As it is known, only two azido Co" chains with alternating double EE
and double EO bridges have been reported in the literature.'*" '**! Although V-3 and V-4 are similar in
local coordination environments but somewhat different in structural symmetries, dimensionalities and
bridging parameters, consequently, their magnetic behaviors at low temperature reveal the significant
disparities. The magnetic investigation of V-3 shows the coexistence of big spin canting angle and

metamagnetism having magnetic ordering at 10 K, whereas the magnetic behavior of V-4 simply exhibits
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spin-canted antiferromagnetism below 7y of 16 K. These behaviors allow us to perform the magnetic
investigation and discussion.
3421 General observations and spectroscopic characterizations

The different preparative methods of Co(NO;),-6H,0, azide anion and ampyz in
a 1:2:2 molar ratio in a mixture of ethanol and aqueous media yielded two cobalt(Il) coordination polymers
containing ampyz spacer together with the alternating double EO and double EE azido bridging mode
which show the different dimensionalities. The layered diffusion reaction in ambient temperature gave the
orange rectangular crystals of V-3 showing the high symmetric 2D square-grid structure of
[Co(N3),(ampyz)], whereas the hydrothermal reaction at 90 °C for 1 day yielded the red-orange polygonal
crystals of V-4 showing 3D framework of [Co(N3),(ampyz)],. These experiments do not only demonstrate
the significant role of the primary units, the excellent azido bridges and versatile ampyz spacer for building
both structures, but also demonstrate the important influence of reaction’s conditions on the structural
topologies and dimensionalities. The physical purities of crystalline phase of bulk products were confirmed
by XRPD technique comparing with their simulated XRD patterns from the single-crystal data.

The IR spectra of both compounds are quite similar (Figure 84). Compounds V-
3 and V-4 containing both ,-1,1 and p,-1,3 bridging azides, show two very strong bands due to v,4(N3")
modes at 2100 and 2080 cm™' for V-3 and 2105 and 2068 cm ™' for V-4 indicating the presence of two
different azido groups. The weak band at ~1320 cm™ is 1(N5") for the EO bridge. This band is not active
for the symmetrical EE bridge."'™ Two narrow weak bands in the regions 34003300 cm™' can be assigned

to UN-H) of the primary amine in the ampyz ligand.

%T

4000.0 3200 2400 1800 1400 1000 600 450
Wavenumber/cm -1

Figure 84 1R spectra of V-3 and V-4.
The solid-state UV-vis diffuse reflectance spectra of both compounds (Figure
85) agree with the typical d-d transition of high-spin Co" in octahedral geometry with two observed bands

at 20000—18000 and less than 9500 cm™', which are assigned to the 4T1g > 4Tlg(P) and 4T1g > 4T2g
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transitions, respectively. The weak band at ca. 15000 cm™' which is assigned to the 4T1g > 4A2g transition is
not well resolved. The growing bands which appear higher than 22000 cm™ are due to charge transfer
transition and internal transition within ampyz.'**!

V-4

V-3

absorpbance

T T T T T T

22000 20000 18000 16000 14000 12000 10000
Wavenumber/cm -t

Figure 85 UV-Vis diffuse reflectance spectra of V-3 and V-4.

3.4.2.2 Description of crystal structures

2D layer of [Co(N3)(ampy2)] (V-3)

Compound V-3 was crystallized in orthorhombic crystal system with high
centrosymmetric space group, Immm. The coordination environment of the Co" center is shown in Figure
86. The Col atom, EE azido atoms N6, N7 and EO azido N3 atom all lie on a crystallographically ac
mirror plane. In addition there are three other vertical mirror planes. The first bc mirror plane lies on EO
azido N3, N4 and N5 atoms. Second is another bc mitror plane lying on EE azido atom N7 and the third is
ab mirror plane lying on pyrazine N1 and Col atoms. There is only one crystallographically independent
Co" ion, which has slightly elongated octahedron comprised of two N atoms from bridging ampyz in the
axial sites (2.193(4) A) and four N atoms from two EE and two EO azide ions located in the equatorial

positions (2.141(5)-2.116(4) A).

Figure 86 Crystal structure and atom labeling scheme of V-3, (i) x, =y, 2—z; (ii) —x, —y, z. The
ellipsoids are shown at 50% probability level. All disordered positions of amino group and N atoms of EO-

azide are shown.
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The adjacent Co" ions are related by those crystallographic mirror planes and
inversion center and linked alternately by double EE and double EO azido bridges, giving rise to a neutral
1D perfect linear chain along a axis (Figure 87) with the Co---Co separations of 5.157(2) and 3.283(1) A,
respectively, where the sum of these values equals to the crystallographic a parameter of 8.440(2) A. In
double EO bridged Co(p,—1,1 N3),Co moiety, the Col-N3—Col A—N3A ring is strictly planar due to the
existence of the inversion center and mirror planes with the Col-N3—ColA angle of 101.7(3)°, as is
usually observed for this kind of azido bridge.!"** The disordered EO azido bridge, which is nearly linear
(£N3-N4-N5 = 178.1°), slightly deviates (up and down) from that plane. For double EE mode, the Co(p,—
1,3 N;),Co moiety forms the perfect planarity because the crystallographic ac mirror plane is placed on this
ring. As a result, a dihedral angle J between the N6N7N6aN6cN7bN6b mean plane and the CoN6N6b
plane is 0°, as shown in Figure 88. The symmetric CoIN6N7 angle is 129.3(5)°. It is the uncommon
observation of the complete planar for the M(u,—1,3 N3),M moiety in the alternating chain of double EE
and double EO azido bridges, where the chair conformation is usually observed.!''” '**! As it is known, the

lowest 6 value is 1.82° which is found in [Mn(TaiEt)(Ns),], (TaiEt = 1-ethyl-2-(p-tolylazo)imidazole).!"'"

Figure 87 Azido Co" neutral linear chain with the alternating double EE and double EO azido bridges
along a axis (a). 2D layer of V-3 in ab plane (b). All H atoms are omitted for clarity.

e Iis: N7b INGb Col
Nba N7 N&
N8 NS 7a

Co Cola
N7 MNSa NE8a

Figure 88 The different conformations of the double EE azido bridged Co(p,—1,3 N3),Co ring,

complete planarity in V-3 (top) and chair conformation in V-4 (bottom).
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The ampyz acts as a N,N'-ditopic connector in frans position, bridging this
neutral azido cobalt(II) chain along b axis and building the 2D square-grid sheet of V-3, as shown in Figure
87. The intralayer m-m stacking interactions among ampyz spacers stabilize the layer of V-3 with the
separations of 3.502(4) and 4.938(4) A. The Co--Co separation via ampyz spacer equals to the
crystallographic b parameter of 7.1808(12) A. Moreover, the adjacent 2D sheets of V-3 are assembled by
interlayer hydrogen bonding between the amine H of ampyz and N6 atom of EE azido bridge [N2H---N6' =
2.39 A (157°), N2--N6' = 3.205(14) A, (i) =1/2—x, 1/2—-y, 1/2+z], yielding a 3D framework of V-3 with the

closest interlayer Co---Co separation of 7.8453(9) A, as shown in Figure 89.

I—-c

Figure 89 Formation of 3D framework of V-3 in ac plane formed by hydrogen bonds between the

neighboring layers. The dotted line represents the interlayer N2—H2B---N6 hydrogen bond.

3D layer of [Co(Na3)2(ampyz)]. (V-4)

The crystal structure of V-4 is depicted in Figure 90. Compound V-4 shows 3D
framework which is isostructural to the reported zinc(IT) compound [Zn(N3),(ampyz)],.”®! There is one
crystallographically independent Co" ion, which is octahedral CoN, chromophore comprised of two N
atoms from two bridging ampyz ligands in cis-position and four N atoms from two EE and two EO
bridging azide ions.. 3D framework of V-4 also consists of an azido cobalt(Il) neutral zigzag chain with the
alternating double EE and double EO azido bridges along a axis but N,N'-ditopic ampyz spacers link
adjacent Co" ions in cis-arrangement. The angle of Co---Co--Co in the zigzag chain is 116.62(8)° and the
Co---Co separation via ampyz spacers are 7.1119(14) and 7.6013(14) A (Figure 91). The hydrogen bonds
between the amine H of cis-ampyz spacers and N atoms of azido bridges additionally stabilize the entire
framework [N3H--N4' = 2.48 A (138°), N3--N4' = 3.174(3) A; N3H--N7" = 2.57 A (124°), N3--N4" =
3.130(3) A; and N3H--N8' = 2.31 A (171°), N3--N8' = 3.165(3) A, (i) = 1/2+x, 1/2—y, —1/2+z, (ii) =
1/2—x, —1/2+y, 1/2—z, (iii) = —1/2+x, 1/2—y, 1/2+z.]. The adjacent Co" ions in an azido chain are related by
inversion centers and linked alternately by double EE and double EO azido bridges with the Co---Co
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distances of 5.3279(10) A and 3.2438(6) A, respectively. In double EO bridging mode, the Col-N4—
ColA—-N4A ring is strictly planar due to the existence of the inversion center with the Col-N4-ColA
angle of 98.90(7)°. The EO azido bridge is nearly linear (£/N4-N5-N6 = 178.1(3)°) and deviate up and
down 43.8° from the plane of Co,N,. For double EE bridging mode, the EE bridges adopt a chair
conformation for the Co(p,—1,3 N3),Co unit with the dihedral angle ¢ of 12.57(6)°, as shown in Figure
5.24. The CoIN8N9 and CoIN7N9B angles are 124.3(2)° and 139.3(2)°, respectively.

Figure 90 3D framework with atom labeling scheme of V-4 in ab plane (a). The ellipsoids are shown at
50% probability level. Atoms labeled with the notation ““‘A’’, “°‘B’* and “C” are symmetry-generated
equivalents, (A) —x, 1=y, 1—z; (B) 1-x, 1=y, 1—z; (C) 1/2+x, 1/2—y, 1/2+z. Azido Co" neutral linear chain
with the alternating double EE and double EO azido bridges along a axis (b).

Figure 91 Another view of 3D structure of V-4 in bc plane.
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3.4.2.3 Long-range magnetic ordering behaviors

The magnetic susceptibility of a polycrystalline sample of V-3 at 2-310 K is
shown in Figure 92. At 310 K, the y,T value is 2.98 cm® K mol™, which is significantly higher than the
spin-only value of 1.87 cm® K mol™ expected for S = 3/2 ion, owing to the significant orbital contribution
of high-spin Co" in an octahedral surrounding. Upon cooling, the y,T value decreases slowly, attains a
minimum value of 2.21 cm® K mol™ at 70 K and then shows an abrupt increase to a maximum value of 4.64
em’ K mol” at 18 K. This behavior indicates that a small spontaneous magnetization emerges in an
antiferromagnetic system, owing to spin canting in which the predominantly antiferromagnetic coupled
spins from different sublattices are not perfectly antiparallel, but canting to each other, and the resulting net
moments are correlated in a weak ferromagnetic fashion.'” "' *I Upon further cooling to 2 K, ynT
decreases gradually down to 0.70 cm® K mol™”, suggesting antiferromagnetic interactions among the

neighboring azido Co" chains or the magnetization saturation.

5
E 100

¥ 440
T Dn F80 _
2P :
f“*E S‘Dn nﬂuunnn-ﬁﬂﬂ?
5 Lk 5

- S
= & 407,
< B o° =

4 0

1:I %, L 20

o
o= 0

0 50 100 150 200 250 300
TK
Figure 92 Temperature dependence of y,7 ((D)and z, ' (O) of V-3 from 2 to 310 K at H = 10

kOe. The solid lines correspond to the best fit to the Curie-Weiss law.

The y,"' values above 100 K were fitted with the Curie-Weiss law y = CAT-6)
with a Curie constant C = 3.58(2) cm® K mol™' and a Weiss constant 8= —61.8(13) K. The C is in the usual
range of octahedral high-spin Co" ions.[""> "' 1261 The negative & value can be attributed to both significant
spin-orbit coupling of the octahedral Co" ions with a 4T1g ground term and the presence of
antiferromagnetic coupling between the Co" centers through the p, 3-azido bridging ligands. Owing to the
lack of a theoretical model for the alternating chain of exchange interactions of octahedral Co" with large
spin-orbit coupling effects, the exchange parameters could not be estimated.

To characterize the low-temperature behaviors of V-3, the temperature
dependencies of field-cooled (FC) and zero-field-cooled (ZFC) magnetization were performed under a field
of 100 Oe upon warming from 2 K, as shown in Figure 93. The ZFC and FC plots present a cusp at around

11 K and show a disagreement below 10 K, suggesting the onset of long-range antiferromagnetic ordering
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and hysteretic long-range magnetic order, respectively. The temperature dependence of the ac susceptibility
measured in a field of 3 Oe shows the same features (Figure 94). The maximum of y’ observed at 11 K, in
agreement with the above results, confirming the occurrence of phase transition. The absence of an out-of-
phase signal (") around this temperature points to a long-range antiferromagnetic order. However, the 3"
value shows nonzero signal below 10 K which is the signature of a magnetized state, thus indicating that a
partly canted antiferromagnetic structure exists below this temperature.'>’'>"!

The temperature dependence of the FC magnetization of V-3 at various fields is
depicted in Figure 93, inset. The application of different magnetic fields in the range of 100-3000 Oe
showed a strong field dependence of the magnetic susceptibility below 7. For applying fields below 500
Oe, the curves show a swell at around 11 K, indicating the antiferromagnetic ordered state. In lower
temperature region, the magnetizations increase due to small spontaneous magnetization of canted
antiferromagnetism. However, applying magnetic field above 800 Oe is sufficient to overcome these
interactions. The cusp disappears and the magnetization tends to saturate at higher filed. These trends
suggest a field-induced magnetic phase transition from an antiferromagnetic to a ferromagnetic-like

state [135 160. 161]
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Figure 93 The ZFC and FC magnetization of V-3 at /= 100 Oe from 2 to 30 K. The inset shows the
FC magnetization plot of V-3 below 30 K at various fields.
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Figure 94 Temperature dependence of the ac susceptibility for V-3 at Hy. = 0 Oe, H,. = 3 Oe, with

frequency of 997 Hz.
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In addition, the spin canting and metamagnetic-like behaviors were confirmed by the hysteresis
loop measurements at 2 K in an external field of 0-5 T, as given in Figure 95. The initial M(H) plot shows
a characteristic sigmoidal form (Figure 95, inset), which is a typical feature of a metamagnetic behavior.**
135, 160. 1611 The critical field H, is = 600 Oe, estimated as the field at which a maximum M/JH value is
reached. At H < 600 Oe, a linear increase in M(H) is associated with antiferromagnetic interactions, and
then above the critical field, the magnetization is drastically increased to 4 = 5 T without saturation and
exhibits a magnetization value of 0.79 Nf, that is far from the theoretical saturation magnetization of Co"
jon (M, = 2.16 NB, §' = 1/2, g = 433 for octahedral Co" at 2 K),** ' suggesting the overall
antiferromagnetic coupling between Co' ions. Clearly, a higher field is required to reach saturation to a
ferromagnetic phase. Upon decreasing the applied field, the magnetization curve decreases along a different
route and exhibits a slightly sigmoid-shaped hysteresis loop with coercive field of ~ 350 Oe and remanent
magnetization M, of = 0.29 Nf. These behaviors confirm the occurrence of spontaneous magnetization of
V-3 which is in agreement with the observed coexistence of spin-canted antiferromagnetism and
metamagnetism. The canting angle () is estimated to be about 7.7° based on the equation & = sin™'M,/M,,

where M, the theoretical saturation magnetization of Co" ion at 2 K.
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Figure 95 Field dependence of the magnetization for V-3 at 2 K. The insets show the initial plot in a
low field (left) and the hysteresis loop (right).

Temperature dependence of the magnetic susceptibility of V-4 at 2-310 K under
the field of 10 kOe is presented in Figure 96. The y,T value of 2.86 cm® K mol™ at 310 K is much higher
than the spin-only value of high-spin Co" ions, owing to the orbital contributions of octahedral Co" ions.
Upon cooling the temperature, the y,,7 values decrease gradually and show the cusp around 15 K with the
2T value of 0.57 cm® K mol™, after that the y,7 values drop sharply down to 0.09 cm® K mol™ at 2 K. The
plot of ¥, T vs. T at small fields in the temperature range of 2-30 K is depicted in Figure 96, inset. Below 16

K, the abrupt increases in y;,7 values are observed under the field below 100 Oe, the susceptibility becomes
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field dependent. At small field of 10 Oe, y,,T shows an abrupt increase to a maximum value of 9.86 cm® K
mol™ at 12 K before decreasing in the lowest temperature region. The upturn of .7 below 16 K suggests
uncompensated magnetic moments of the system arising from spin canting of the antiferromagnetically
coupled Co" ions.!"'"”> 1! The data above 150 K obeys the Curie-Weiss law with a Curie constant C =
3.99(6) cm® K mol" and a Weiss constant #=—119(5) K. The C is much larger than the expected spin-only
value, which indicates the significant orbital contribution of Co" in an octahedral surrounding."®! The
large negative @ value suggests the strong spin-orbital coupling of Co" ions in an octahedral field and the

antiferromagnetic coupling between Co" ions within 3D framework of V-4.
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Figure 96 Temperature dependence of 7,7 (O) and 7, ' (&) of V-4 from 2 to 310 K at H = 10 kOe.

The solid lines correspond to the best fit (see the text). The inset shows the y,,7 vs. T plot of V-4 below 30
K at small fields.

To estimate both magnetic exchange interactions and the spin-orbit coupling
effect in the temperature range of 2-310 K for low-dimensional Co" systems, the simple phenomenological
equation (5.2) is used. The fitted parameters are 4 + B = 3.90 cm® K mol”, practically equivalent to the
Curie constant obtained from the Curie-Weiss law in the high temperature range, 3.99 cm® K mol”. The
E\/k is +112(8) K which is of the same magnitude as those reported for Co" complexes (the order of +100
K).136 137 13914 For the antiferromagnetic coupling E»/k = +4.4(2) K, corresponding to J = —8.8 K,
according to the Ising chain approximation, y,,7 oc exp(+J/2kT). It is noticeable that the small £,/k value is
very close to those reported value for compound V-2 (Eyk = +4.1(2) K), which contains the same
alternating double EO and double EE azido-Co" chain. It is indication of the overall antiferromagnetic
coupling within the 1D azido-Co" chain. However, the Ey/k value of V-4 is much higher than that of V-2
(E\/k = +61(2) K) implying that V-4 presents the stronger spin-orbit coupling of Co" ions in an octahedral

field, corresponding to the observation of higher Curie and Weiss constants of V-4.
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As a further proof for the presence of the spin canting, the temperature dependencies of the ZFC
and the FC magnetization were measured at a low field of 10 Oe, as shown in Figure 97, inset. The obvious
divergence of the ZFC and FC plots below 16 K indicates the onset of a magnetized state, which is
compatible with the maxima in y' and the nonzero y” signal at 16 K in ac susceptibility at 997 Hz,
indicative of a long-range magnetic ordering (Figures 98). The isothermal magnetization with a field up to
5 T at 2 K is depicted in Figure 97. The initial increase of magnetization shows a positive curvature to
0.198 Nf3at 5 T, far from the theoretical saturation magnetization of Co" ion and no saturation is observed,
which is indicative of the overall antiferromagnetic coupling between Co" ions. A hysteresis loop of V-4 is
clearly observed when the field is less than 1 T, giving a coercive field of = 450 Oe and remanent
magnetization of = 0.004 Np. These results indicate that the spin canting effect between overall
antiferromagnetically coupled Co" ions leads to residual spins. The canting angle () is estimated to be
about 0.11° based on the equation a = sin”'M,/M, (M, = 2.16 Nf for octahedral Co" at 2 K).
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Figure 97 Hysteresis curve of V-4 at 2 K. The insets show the field dependence of initial
magnetization (right) and the ZFC-FC plots of V-4 at 10 Oe (left).
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Figure 98 Temperature dependence of the ac susceptibility for V-4 at Hy, = 0 Oe, H,. = 3 Oe, with
frequency of 997 Hz.
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Remarkably, 2D layer of V-3 exhibits the coexistence of big canting angle and
metamagnetic phenomena whereas 3D framework of V-4 only displays the canted antiferromagnetism with
smaller canting angle. As it is known that two mechanisms lead to spin canting behavior (equation 1.16): (i)

single-ion magnetic anisotropy and (i) antisymmetric exchange interaction.” '%°!

However, the spin
canted structures are not compatible with both crystal structures of V-3 and V-4 because of the presence of
an inversion center between the bridged Co'" sites, which forbids the occurrence of antisymmetric
interactions. It is noticeable that the canted antifferomagnets in the presence of an inversion center between
metal sites have been often observed in corresponding complexes that contain the 1D chain of alternating
double EO and double EE azido-bridged metal(Il) ions. Generally, these complexes were crystallized in
low crystal systems (monoclinic and triclinic lattices) and display inversion center between metal sites. The
1D chain complexes with cis-bidentate chelating coligands are widely found in this magnetic system while
the 2D layer and 3D framework structures are rarely observed. The isotropic Mn" complexes usually
exhibit the overall antiferromagnetic interaction within the 1D alternating ferromagnetic and
antiferromagnetic chains and their magnetostructural correlations have been investigated entirely.!''” ' 12
') Whereas the metamagnetism and weak ferromagnetism due to canted antifferomagnetic system are
usually observed in anisotropic ones (Co", Fe'' and Ni" complexes).!"*" '** '**l However some spin canting
of 1D Mn" complexes were also reported, which are due to the possible distortion in the crystal structure at
low temperature. ' 2% 11 Consequently, the observation of spin canting for V-3 and V-4 should be
attributed to the competition of ferromagnetic and antiferromagnetic interactions within intrachain of the
alternating double EO and double EE azido bridging mode together with a relevant single-ion anisotropy of
octahedral cobalt(II) ions and a possible structure phase transition at low temperature.!''- 20122 153]
Obviously from the structural data, compound V-3 which was crystallized in
orthorhombic system with high centrosymmetric space group /mmm, presented the disordered amino group
on ampyz moiety and disordered terminal EO azido bridge arising from related crystallographic mirror
planes and inversion center. It supposes that these disordered positions and inversion centers between the
Co" sites somewhere are possibly demolished at very low temperature and develop to the exact atomic
location in the crystal lattice with the lower space group. Therefore, the antisymmetric coupling for V-3
possibly exists at low temperature together with the single-ion anisotropy of octahedral Co" ion yielding
big canting angle for V-3, as similarly observed in other reported weak ferromagnets with large canting
angles (Table 5.7). Moreover the interchain and the interlayer weak antiferromagnetic coupling of V-3
which originate from trans-ampyz bridging shortly between the azido Co' chain and the interlayer
hydrogen bonding between NH, on ampyz and symmetric double EE azido bridges, would justify for the
observed maximum of susceptibility at H. < 600 Oe. In a magnetic field below 600 Oe, the residual

magnetic moments due to spin canting on the chains are weak antiferromagnetically coupled to each other

(Figure 5.31, inset). In stronger fields above 600 Oe, the amplitude of the applied magnetic field can
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overcome the interchain and interlayer weak antiferromagnetic coupling leading to the observed
metamagnetic-like behavior of V-3. However, because of the great spin-orbit coupling of Co" ions, the
magnetic interaction might be more complicated. Generally, the coexistence of spin canting and
metamagnetism is found in the system consisting of a large anisotropy, which leads to a significant spin
canting through increasing the possibility of antisymmetric exchange and may induces a metamagnetic
transition in the presence of competing interactions within the structure.!'*” 3% 162-166]

It is worthwhile to compare the magnetic properties of V-2, V-3 and V-4 with the reported Co"
complexes containing similar alternating double EO and double EE azido bridging mode, as shown in
Table 1. The comparison demonstrates that all compounds are hard magnets at 2 K (H, = 300-500 Oe) and
only compound V-3 which is in the highest-symmetry space group, shows the coexistence of big spin
canting angle and metamagnetism whereas the others display very small spin canting angle. This unusual
feature of V-3 could be attributed to the abovementioned significant antisymmetric exchange interaction
between Co"' ions and the single-ion anisotropy of Co' ion. In addition, the interlayer hydrogen bonding
between NH, of ampyz and symmetric double EE azido bridges in V-3 which are not found in other

structures, might play the important role on the presence of the field-induce metamagnetic phase transition.

Table 1 Structural and magnetic data for Co" complexes containing the alternating double EO and double

EE azido bridging mode.
Compound “ [Co(dpa)(N3)2], V-2 V-3 V-4
Dimension 1D 2D 2D 3D
Co-ligand cis-chelating trans-bridging trans-bridging cis-bridging
Crystal system monoclinic triclinic orthorhombic monoclinic
Space group P2y/n P1 Immm P2\/n
CoNCo (deg) 103.7 102.25(14) 101.7(3) 98.90(7)
0 (deg)” 36.0 33.8(1) 0 12.57(6)
Co--Co (A)¢ 9.294 8.322(2) 7.1808(12) 7.1119(14)
Magnetic behavior Canted AF Canted AF Canted AF, Canted AF

metamagnetism

0 (K) —40.0° -58(2)* —61.8(13)* ~119(5)¢
T (K) 12.4 12 10 16
M, (Np)’ 0.002 0.002 0.29 0.004
H, (Oe)® 500 300 350 450
a(deg)” 0.05 0.05 7.7 0.11
Ref. (121] this work this work this work

“ Abbreviations: 2,2"-bpe = 1,2-bis(2-pyridyl)ethylene and dpa = 2,2 -dipyridylamine. ” The dihedral angle between the mean plane of Co(u,-1,3 N3),Co
and the Co-N-N plane. ¢ The shortest Co--Co distance among alternating double EO and double EE azido-Co" chains. ¢ The best fit to Curie-Weiss law
above 150 K. ¢ The best fit to Curie-Weiss law above 210 K./ Remanent magnetization at 2 K. ¢ Coercive field at 2 K. " Canting angle based on the
equation o = sin”'M,/M (M, = 2.16 Np).
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In comparison with V-3, compound V-4 and the others which were crystallized
in lower crystal systems, reveal very small canting angles. This result indicates that the major magnetic
anisotropy of octahedral Co" ion in V-4 plays a key role on spin canting as well as a minor magnitude of
antisymmetric coupling between Co" ions which possibly arises from a distortion in the crystal framework,
suppressing the inversion center at low temperature. Abovementioned compound V-4 shows the very close
antiferromagnetic coupling E,/k value to that reported for V-2 but the Weiss constant and E//k value are
much higher, which point to the very strong spin-orbital coupling of octahedral Co" ions of V-4. This extra
inherent anisotropy of the Co" ions for V-4 might provide an additional contribution to a larger degree of
spin canting, resulting to the observation of the higher M; and the larger canting angle when comparing
with V-2 and [Co(dpa)(N3),],. The Ty of V-4 is slightly higher than other complexes owing to the closest

Co---Co distance among the magnetic chains in 3D covalent framework of V-4.

4. Conclusions
The introduction of the amine group to the pyz ring in Cu" carboxylate systems contributes to the
structural networks mostly by amending from higher dimension to lower dimension when comparing with

pyz spacer, as found in [Cu(HCO,)(pyz)],""

revealing a 3D framework, whereas compound I11-1 shows a
2D wavy network. The structure is attributed to the more pronounced steric effect in ampyz which possibly
causes the carboxylate group to organize itself to reduce the steric effect, as found in I11-5. Here malonate
acts as tridentate ligand bridging between Cu" centers to build a 2D stairlike layer, instead of acting as
tetradentate bridging three Cu centers to build 3D framework, like in the pyz system.”” However, the
ampyz spacer in addition effectively provides other weaker interactions, such as hydrogen bonding and n-n
stacking in which it is not only stabilizing within the coordination network but also contributing the
stability of whole supramolecular lattice structure which is not observed in pyz system. For instance,
compound I11-4 reveals a 2D sheet which is composed of double-stranded chains acting as SBU, connected
by ampyz spacers, whereas it is not found in those of the Cu"-pyz systems. For I111-2 and 111-3, the
structures exhibit a 2D sheet stabilized via the hydrogen bonding between polymeric chains. Magnetic
properties of Il1-1 and I11-5 reveal weak ferromagnetic and weak antiferromagnetic spin exchange
interactions between adjacent Cu" ions via py-syn-anti carboxylates and p,-ampyz with the spin exchange
parameters of Jiy/k = +6.9 K and J;w./k = —2.3 K, for 111-1 and J;/k = +7.4 K and Ji,o/k = —2.2 K for
I11-5, respectively. Magnetic behaviors of 111-2-4 exhibit very strong antiferromagnetic interactions via
four ,-syn-syn carboxylates bridging between Cu' ions which is well-known for the classical paddle-wheel
Cu" complexes.

Furthermore, by using versatile ligand ampyz in sulfate system, three metal supramolecular assemblies

with a lack of coordination bridges 1V-1-3 and a Cd" coordination polymer IV-4 were successfully
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synthesized. The Cd" ion (ionic radius = 124 pm for 8-coordination)!'”) has a larger accessible space for
arranging the bridging ampyz and bridging sulfato group leading to the 2D coordination network. In
contrast, the smaller Co" (ionic radius = 75 pm for 6-coordination)"'®® and Fe" (ionic radius = 78 pm for 6-

coordination)'*™

ions give isostructural assemblies of monomeric complexes which contain intermolecular
n-n  stacking and hydrogen bonding interactions stabilizing the whole structures. The water
desorption/resorption processes trigger the reversible crystal-to-amorphous transformation with
chromotropism for compounds 1V-1-3. Although the lack of coordination bridge maintaining the skeleton
of the framework structures in 1V-1-3, the original crystalline phases are recovered from collapsed
amorphous structures by the restoration of water molecules. On the other hand, the coordination bridges in
IV-4 play an important role for preserving the crystallinity in dehydrated phase thus the reversible
structural phase transformation in 1V-4 is observed. The selective methanol accommodation with
chromotropism in dehydrated 1V-1A is observed which could be attributed to the proper size of methanol
and weak host-guest interactions causing the changes of the d-orbital energy in distorted octahedral
geometry. However the 1V-1A:MeOH is unstable in air. The original crystalline phase 1V-1'"" is easily
recovered after the evaporation of methanol at room temperature which is indication of high selective
recognition of IV-1A to water molecules. This work is beneficial to expand the field of the crystal
engineering by controlling the weak interaction of coordination moieties.

In case of 2D-1D Co(Il) 3,5-pyridinedicarboxylate frameworks, compounds [Co(pydc)(H,0),], (1V-5)
and [Co(pydc)(H,0)4],(H,0), (IV-6) have been successfully synthesized with 2D and 1D structural
arrangement. The pydc acts as a tridentate ligand bridging between Co centers to build a 2D layer in V-5,
and a didentate bridging fashion to form 1D zig-zag chain in 1V-6. Moreover, the pydc spacer in addition
provides other weaker interactions, such as hydrogen bonding and mn-m stacking in which it is not only
stabilizing within the coordination network but also contributing the stability of whole framework structure.
We have been able to demonstrate that the water molecules in both compoundscan be reversibly
exchanged along with the change in color of the sample. The reversibility of the solid transformation has
been supported by spectroscopic techniques, elemental analysis, TGA and XRPD and shows that 1V-5 and
IV-6 exhibit water induced crystal-to-amorphous transformation with chromotropism. Furthermore, upon
reintroduce of the water molecules, the original structure of 1V-6 could be generated from the dehydrated
forms of both IV-5 and IV-6. A striking contrast for this system is that the 2D honeycome-like layer
structure of 1V-5 can be transformed readily to the 1D zig-zag chain of 1V-6, but not vice versa. The results
suggest that 1V-6 is thermodynamically more stable than IV-5 and the water molecules function as
template molecules. They are essential for inducing the zig-zag chain structure when exposed to the
enrichment water vapor and the weak interactions (hydrogen bonds and n-x stacking) pay an important role

in the reversible phase transformation. Therefore, the conspicuous response of the dehydrated and
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rehydrated samples to the presence of water suggests that these compounds could be employed as humidity
Sensors.

In the last complex system, two novel cobalt(Il) azido inorganic-organic hybrid materials
containing 2,2'-bpe have been obtained. The 2,2"-bpe can serve as either terminal coligand in monodentate
coordination in V-1 or ditopic bridging spacer in trans position in V-2 with which molecular magnets of
different lattice dimensionalities were developed. The 1D chain of V-1 contains the rare mixing geometries
of Co' ions in a unique [-5-5-6—], sequence of coordination number bridged by double EO mode of azide.
The adjacent chains are assembled by C—H--m interaction and the intermolecular hydrogen bonds,
stabilizing 2D sheet of V-1. The magnetic behavior of V-1 reveals the metamagnetic transition which may
be due to the presence of weak interchain antiferromagnetic interactions among the strong ferromagnetism
of double EO Co" azido chains. In contrast, compound V-2 is 2D wavy coordination polymer containing
the alternating double EO and double EE bridging modes of azides and exhibits a weak ferromagnetism
due to spin canting. In case of the versatile ampyz spacer, two high dimensional cobalt(IT) azido inorganic-
organic hybrid frameworks, which contain similarly alternating double EO and double EE azido-bridged
Co" chain were obtained from the different preparative methods. The high symmetric square-grid structure
of V-3 from layer diffusion method which consists of frans-ampyz bridging between octahedral Co"
centers in axial positions, presents the coexistence of a big spin canting angle and metamagnetism below 10
K. The canting angle is estimated to be 7.7° and the critical field for metamagnetic phase transition is = 600
Oe at 2 K. The interlayer hydrogen bonding between amino group of ampyz spacer and symmetric double
EE azido bridges plays an important role on the field-induce metamagnetic phase transition. The spin
canting of V-3 could be attributed to the significant antisymmetric exchange arising from the structure
phase transition at low temperature and the great role of magnetic anisotropy of Co' ion. Whereas 3D
framework containing cis-ampyz bridging among Co" centers of V-4 was synthesized from hydrothermal
technique. It was crystallized in lower space group and exhibited only small spin-canted
antiferromagnetism below 16 K. It is suggests that the large magnetic anisotropy in V-4 might contribute a
spin canting together with small antisymmetric coupling between Co' ions, arising from a distortion in the
crystal net at low temperature, which is frequently found in the related complexes containing the same
bridging mode of azide. These results will provide the merit for future investigations and demonstrate the
importance of the crystal engineering of inorganic-organic hybrid framework in the field of molecular-

based magnetic materials.
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