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Syntheses, structures, and properties of six cobalt(I) complexes

based on a tripodal tris(4-(1H-1,2,4-triazol-1-yl)phenyl)amine ligand

Zhenzhen Shi,* Zhaorui Pan,*® Chuanlei Zhang,* Hegen Zheng™*

Abstract: Six new cobalt(II) metal-organic frameworks,
{[Coys(TTPA)YBTC)(H,0)]>- 13H,0}, 1), [Co(TTPA)(PA)], ),
{[Co(TTPA)(BDA)o.5(NO3)]-3H,0}, 3,
{[Cox(TTPA)3(OBA)»(H20)3]-:2CH3CN-4H,0}, 4),

{{Co(TTPA)(AIP)(H,0)]-2H,0}, (5), and {[Co(TTPA)(MIP)(H,0)]-2H,0}, (6),
have been prepared from the self-assembly of
tris(4-(1H-1,2,4-triazol-1-yl)phenyl)amine (TTPA) ligand with different aromatic
carboxylate auxiliary ligands (H;BTC = 1,3,5-benzenetricarboxylic acid, H,PA =
phthalic acid, H,BDA = (1,1'-biphenyl)-4,4'-dicarboxylic acid, H,OBA =
4,4'-oxydibenzoic acid, H,AIP = 5-aminoisophthalic acid, H,MIP =
5-methylisophthalic acid) and cobalt salts. Their structures have been characterized by
infrared spectroscopy, elemental analysis, single crystal X-ray analysis, powder X-ray
diffraction. Complex 1 is an unusual 4-nodal (3,3,4,8)-connected three-dimensional
(3D) new topological net with point symbol of (4.6.8)4(4*.6".8°.10%)(6*.8"). Complex
2 has a 2-fold interpenetrating 3D dia framework. Complex 3 displays a rare binodal
(3,4)-connected 4-fold interpenetrating 3D architecture with a fsc-3,4-C2/c topology
with point symbol of (4.6.8)(4.62.83). Complex 4 shows two distinct two-dimensional

(2D) layers with heb topologies, which are further packed into a 3D structure by

O-H:-O hydrogen bonding interactions. Both complexes 5 and 6 feature similar 2D

sheets with sql topologies, which can be further packed into a 3D structure by O-H--O
hydrogen bonding interactions. Moreover, the thermal stability and UV-visible
spectra of these complexes are also discussed in detail. Meanwhile,

variable-temperature magnetic susceptibility measurement of complex 1 reveals
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antiferromagnetic interactions between Co(Il) ions.

Introduction

The rational design and construction of metal-organic frameworks (MOFs) have been
pursued for many years because of their intriguing topologies,'” and potential
applications in nonlinear optics,* molecular magnetism,’ gas storage and separation,®”

10-13

luminescence, and so forth. In principle, self-assembly process of MOFs is

complicated, which still remains a major challenge in this field because their

14-16

constructions are influenced by many factors, such as organic ligands, metal

17,18 19,20 21,22 23,24 24,25

ions, metal-ligand ratio, solvent species, temperature, pH value,
and so on. To our knowledge, the selection of suitable organic ligands is very
important for constructing extended coordination frameworks. Among them, the
tripodal triphenylamine-based multidentate ligands are prominent for constructing
porous MOFs with aesthetic topological structures.”** Triphenylamine unit processes
prominent electron donating ability but also hole-transport properties to modify
effectively the electrical conductivities of the materials.”"° Especially, the N-donor
ligands based on triphenylamine derivatives, such as
tri(4-(1H-imidazol-1-yl)phenyl)amine (TIPA) *'**7 and tri(4-pyridylphenyl)amine
(TPPA),”™ ™ have been widely used in the construction of various coordination
polymers with potential properties. Recently, Zhang Jian and co-workers in Fujian
Institute of Research reported two cationic MOFs with large nanotubular channels,
[Zny(TIPA),(OH)]-:3NO;3-12H,O0  (FIR-53)  and  [Zn(TIPA)]-2NO;-DMF-4H,0
(FIR-54) show fast ion exchange and high uptake capacity for Cr,O;* through
interesting single-crystal-to-single-crystal transformations.”® Particularly, they noted
FIR-53 shows the ability of the high and fast ion exchange as well as excellent
reversibility. Considering the above mentioned, we introduce 1,2,4-triazole to the
triphenylamine system and prepare new TTPA ligand having the integration of

flexible and long rigid characters (Scheme 1, top). The TTPA ligand contains C-N

bonds to make phenyl and triazole rings rotate freely and to more easily meet the
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geometric and conformational requirement when coordinating to the metal ions. On
the other hand, compared triazole rings with imidazole and pyridine rings of these
ligands, TTPA ligand has more coordination sites. Moreover, MOFs based on the

TTPA ligand are rarely known to date.

Woge!
=/

Y
N=/
TTPA
COOH
COOH
HooC COOH COOH
H,TBC H,PA H,BDA
R
HoOOC COOH HooOC COOH R=NH,, CH;
H,OBA H,AIP and H,MIP

Scheme 1. TTPA and aromatic carboxylate ligands

Aromatic carboxylates are often employed as bridging ligands to construct MOFs
because of their versatile coordination conformations, i.e., syn-syn, syn-anti, and
anti-anti, etc.>*' These carboxylates bridged high-spin cobal(II) ions exhibit versatile
coupling to mediate magnetic interactions and accomplish the transmission of
magnetic coupling to different degrees.** In this full paper, we introduce TTPA ligand
with different aromatic carboxylates as auxiliary ligands (Scheme 1) and cobalt salts,
and synthesize Six new metal-organic frameworks,
{{Co1s(TTPA)(BTC)(H20)]2" 13H,05, D, [Co(TTPA)(PA)]» 2),
{[Co(TTPA)(BDA),5(NO3)]-3H,0}, A3),
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{[Cox(TTPA)3(OBA)»(H,0)3]-2CH;CN-4H,0},, (),
{[Co(TTPA)(AIP)(H,0)]-2H,0}, (5), and {[Co(TTPA)(MIP)(H,0)]-2H,0}, (6). In

addition, we also describe their characterizations and properties in detail.

Results and discussion

The experimental section has been listed in the Electronic Supplementary Information
(ESI). Crystallographic data and experimental details for complexes 1-6 are given in
Table 1. Selected bond lengths and angles of these complexes are listed in Table S1
(ESI), hydrogen bonding distance and angle data for complexes 1 and 3-6 are listed in
Table S2.

Description of crystal structures
{|Co15(TTPA)(BTC)(H0)], 13H,0}, (1)

Single crystal X-ray structural analysis reveals that complex 1 crystallizes in the

triclinic crystal system, space group P1. The asymmetric unit consists of one and a

half Co(II) ions, one deprotonated H;BTC ligand, one TTPA ligand, one coordinated
water molecule and six and a half lattice water molecules (four and a half of these
lattice water molecules were squeezed by PLATON®). As shown in Fig la, there are
two crystallographic independent Co(Il) ions in 1, both of which are six-coordinated
with slightly distorted {CoN,O4} octahedral coordination geometries. Col ion is
coordinated by four carboxylate oxygen atoms from three different BTC™ ligands at
the equatorial positions and two nitrogen atoms from two TTPA ligands at the axial
positions with the N(1)-Co(1)-N(8)#3 angles of 179.63(10) °. While Co2 ion is
coordinated by two carboxylate oxygen atoms from two different BTC*” ligands and
two nitrogen atoms from TTPA ligands at the equatorial positions as well as two
oxygen atoms from two coordinated water molecules at the axial positions with the
O(7)W-Co(2)-O(7)W#4 angles of 179.998(1) °. The Co-O bond lengths are in the
range of 2.0235(19)—2.224(2) A, and the Co-N ones are in the range of
2.120(3)-2.131(3) A, respectively.
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TTPA ligands adopting us3-bridge coordination modes (Fig Sla, ESI) link Col and
Co2 ions to generate a 1D ladder-like chain along the bc plane (Fig 1b). Such adjacent
chains are further connected by BTC™ ligands, leading to the formation of a porous
3D framework (Fig 1c). Better insight into the complicated 3D frameworks, it is noted
that two deprotonated carboxylic groups of H;BTC ligands adopting ,u2—711:171 and
wi-n'm' coordination modes (Fig S2a), link Col ions to form an infinite 1D chain
composed of binuclear Coy(CO;)s second building units (SBUs). The third
deprotonated carboxylic group of H;BTC ligands adopting s1-#":%' coordination
mode (Fig S2a) between these infinite 1D chains, link Co2 ions to generate the 2D
layer composed of binuclear Co,(CO;)s SBUs and mononuclear Co2 nodes along the
ab plane (Fig 1d). The distances between two Col ions in the SBUs containing
8-membered rings are 4.44 A. The adjacent SBUs are bridged through BTC’" ligands
to form a 1D chain, at the same time generating 16-membered rings in which the
nearest distance between two Col ions are 6.98 A. As shown in Fig 1d, the 2D layer is
further connected by O-H---O hydrogen bonding interactions. Lattice water molecules
(O8W and O9W) located in the channel of the layer are fixed by multiform hydrogen
bonding, and bonded to coordinated water molecules (O7W) and carboxylate oxygen
atoms (O1 and O3) of the host framework (Fig S3a). These hydrogen-bonding
interactions bring further stability for these 2D layer structures. The
hydrogen-bonding metrics and bond parameters are also shown in Table S2. There
also exist channels (Fig le) with a cross-section of approximately 16.2 x 10.2 A
(excluding van der Waals radii) in the 3D framework. Complex 1 contains solvents
accessible void space of 51% (1453.7 A’ per unit cell) of the total crystal volume as
calculated by PLATON program.

To better understand the nature of this intricate structure, a TOPOS analysis is
provided by software TOPOS 4.0.** Both TTPA and BTC™ ligands can be regarded as
3-connected nodes, while Coy(CO;)s SBUs and Co2 ions act as 8-connected and
4-connected nodes, respectively. Therefore, the whole structure can thus be
represented as a new 4-nodal 3,3,4,8-connected net (Fig 1f) with point symbol of

(4.6.8)4(4%.6".8"°.10%)(62.8%).
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Fig 1. (a) Coordination environment of Co(Il) ions in 1. The lattice water molecules
and hydrogen atoms are omitted for clarity. Symmetry codes: #l =—x+2,—-y+ 1,—z
+1;#2=x-1,y,z;#83=x,y,z+ s #4=-x+3,—y,—z+ ; #5=—x+3,-y+ 1, -
z; #6 =x, y — 1, z + 1. (b) A 1D ladder-like chain constructed by Co(Il) ions and
TTPA ligands of 1. (c¢) The 3D porous framework of 1. (d) A 2D layer is linked by
Co(II) ions and BTC™ ligands of 1. (¢) The channel in 1 along the a axis. (f)
Schematic view of 3,3,4,8-connected topology of 1. (Co(CO,)4 SBUs or Col ions are
turquoise, Co2 ions are pink, BTC’" ligands are red, and TTPA ligands are blue)

[Co(TTPA)(PA)]. (2)
Crystal structure analysis of complex 2 was solved in the orthorhombic crystal system

of Pbca. The structure of 2 contains a Co(II) ion, a TTPA ligand, and a deprotonated
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H,PA ligand. Each Co ion is six-coordinated by two nitrogen atoms from two
different TTPA ligands and four oxygen atoms from two different PA* ligands to
form a distorted {CoN,O4} octahedral geometry (Fig 2a). The Co-N bond distances
are 2.089(3) and 2.091(3) A, respectively. And the Co-O bond distances are in the
range of 2.035(3)—-2.332(2) A.

TTPA ligands adopting u-bridge coordination modes (Fig S1b) link Co ions to
generate 1D alternate left- and right-helical chains with a pitch of 25.86 A along the ¢
axis (Fig 2b, top). These 1D helical chains are further connected by PA* ligands,
leading to the formation of a single 3D porous framework (Fig 2c). Better insight into
the present 3D frameworks, it is clearly observed that all deprotonated carboxylic
groups of HyPA ligands adopt z1-5":%' coordination modes (Fig S2b), and link Co ions
to form a 1D chain along the a axis (Fig 2b, bottom). From a topological perspective,
the single 3D structure can be described as a 4-connected dia topology (Fig 2d). In
order to minimize the presence of cavities (Fig 2e) with a cross-section of
approximately 14.2 x 12.0 A (excluding van der Waals radii) and to stabilize the
structure during the assembly process, the other identical networks are filled in the
voids yielding a 3D 2-fold interpenetrating network, as shown in the Fig 2f. The

interpenetration can be classified as type Class lla, Z =2 (Z;=1; Z,=2).

(@)

\M' \M §
A~ n
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Fig 2. (a) Coordination environment of the Co(Il) ions in 2. The hydrogen atoms are
omitted for clarity. Symmetry codes: #1 =x — 1/2, — y + 3/2, — z + 2. (b) The 1D
chains constructed by Co(Il) ions and TTPA or PA™ ligands of 2 along the different
direction respectively. (c) A single porous 3D framework of 2. (d) The 4-connected
dia topology of 2. (e) The channel in a single porous framework of 2 along the a axis.

(f) Schematic view of 2-fold interpenetration of 2.

{ICo(TTPA)(BDA),.5(NO3)]-3H,0}, (3)

The crystal structure determination of complex 3 reveals that it crystallizes in the
monoclinic crystal system, space group C2/c. The asymmetric unit contains a Co(II)
ion, a TTPA ligand, half a deprotonated H,BDA ligand, a nitrate ion and three lattice
water molecules (one of these lattice water molecules was removed using PLATON)).
Each Co ion takes a slightly distorted {CoN3O3} octahedral coordination geometry, in
which a nitrogen atom from a TTPA ligand and two carboxylate oxygen atoms from a
BDA” ligand and an oxygen atom from a nitrate ion form the equatorial plane and the
apical positions are occupied by two other nitrogen atoms from two different TTPA

ligands with the N(1)-Co(1)-N(7)#2 angle of 173.07(10) °. The Co-N bond lengths
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are in the range of 2.109(2)—2.126(3) A, and the Co-O ones are 2.140(2)—2.228(2) A,
respectively.

TTPA ligands adopting u3-bridge coordination modes (Fig S1c) connect Co(II) ions
to yield a 2D layer along the ab plane (Fig 3b). Such adjacent layers are further
bridged by deprotonated carboxylic groups of H,BDA ligands adopting x;-1":n"
coordination modes (Fig S2c), giving rise to the formation of a 3D framework (Fig
3c). There exist channels with a cross-section of approximately 11.5 x 13.8 A
(excluding van der Waals radii) in the 3D framework (Fig 3d). There exist
hydrogen-bonding interactions between carboxylate oxygen atoms (O1 and O2) and
lattice water molecule (O1W), which bring further stability for these 3D frameworks.
The hydrogen-bonding metrics and bond parameters are also shown in Table S2.

From a topological perspective, TTPA ligands and Co(Il) ions act as 3-connected
and 4-connected nodes, while BDA ligands can be treated as linkers. Thus, 3 can be
interpreted as a (3,4)-connected fsc-3,4-C2/c net with the point symbol of
(4.6.8)(4.6°.8%) (Fig 3e). It is noticed that only two examples of (3,4)-connected
fsc-3,4-C2/c net have been reported by Chen et al.* and our group.*® The potential
voids are large enough to be filled via mutual interpenetration of four independent 3D
frameworks, generating a 4-fold interpenetrating 3D structure (Fig 3f). The
interpenetration can be classified as type Class Ib, Z = 4 (Z; = 2*¥2; Z, = 1) (the
interpenetrated nets are generated by more translations and partial interpenetration
vectors (PIVs) are [0,1,0] (12.54 A), [1/2,1/2,0] (15.64 A), and [1/2,-1/2,0] (15.64 A)).
Despite 4-fold interpenetration of complex 3, there still exists the potential void space
of 27.2% (2058.3 A* per unit cell) of the total crystal volume calculated by PLATON

after removal of guest water molecules.
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Fig 3. (a) Coordination environment of the Co(Il) ions in 3. The lattice water
molecules and hydrogen atoms are omitted for clarity. Symmetry codes: #1 =—x, y +
1,=z+1/2;#2=x+1/2,—y +3/2,z+ 1/2. (b) A 2D layer constructed by Co(II) ions
and TTPA ligands of 3. (c) A single 3D framework of 3. (d) View of the channel in 3.
(e) A single 3D framework with a fse-3,4-C2/c topology of 3 (Co(II) ions are blue and

TTPA ligands are red). (f) 4-fold interpenetrating framework of 3.

[Co(TTPA)3;(OBA):(H,0)3]-2CH3CN-4H,0}, (4)

Single-crystal X-ray characterization indicates that complex 4 comprises two
crystallographically distinct 2D polymeric motifs, that is, two puckered Shubnikov
hexagonal plane nets (hcb) of [Co(TTPA)(OBA)(H,0),] and

[Co(TTPA),(OBA)(H,0)]. It crystallizes in the triclinic crystal system, space group

Page 10 of 24
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P1. The asymmetric unit contains two crystallographic independent Co(Il) ions, three
TTPA ligands, two deprotonated H,OBA ligands, three coordinated water molecules,
two CH3CN solvent molecules and four lattice water molecules (three of these lattice
water molecules were squeezed by PLATON). As shown in Fig 4a, both of
crystallographic independent Co(II) atoms are six-coordinated with a distorted
octahedral environment ({CoN3;Os;} for Col; {CoN4O,} for Co2). Col ion is
coordinated by three nitrogen atoms from three different TTPA ligands and an oxygen
atom from a coordinated water molecule at the equatorial positions and two other
oxygen atoms from a OBA™ ligand and a coordinated water molecule at the axial
positions with the O2W-Co1-O1 angles of 176.97(17) °. Different from the Col, one
coordinated site is occupied at the equatorial position by one nitrogen atom from one
TTPA ligand in Co2 instead of one oxygen atom from one coordinated water molecule.
The apical positions are occupied by two oxygen atoms with the O3W-Co02-06 angles
of 173.79(16) °. The Co-N distances are 2.122(5) to 2.198(4) A, and the Co-O
distances range from 2.039(3) to 2.097(3) A, respectively.

TTPA ligands adopting us3-bridged coordination modes (Fig S1d) link three Col
ions to form a 2D layer labeled A (Fig 4b). But Co2 ions are linked by TTPA ligands
adopting u3- or u;-bridged coordination modes (Fig Sle and 1f) to form the other 2D
layer labeled B (Fig 4c). Both layer A and layer B are packed in an orderly

ABAB-type array by O-H-O hydrogen bonding interactions (Table S2) to form a 3D

structures (Fig S3b). One carboxylate group of the H,OBA ligand adopting z;-1":%°
coordination mode is deprotonated (Fig S2d). However, the other deprotonated
carboxylate group of the H,OBA ligand doesn’t take part in coordinating with Co(II)
ion but balances charge in the frameworks. To analyze the topology of complex 4,
both TTPA ligands and Co(II) centers could be simplified as 3-connected nodes. Two
simplified layers are shown in Fig 4d. These layers belong to 3-connected 6°-hcb

topologies.
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Fig 4. (a) Coordination environment of the Co(II) ions in two motifs in 4. The CH3;CN,
lattice water molecules and hydrogen atoms are omitted for clarity. Symmetry codes:
#l=x,y+ L, z;#2=x,y+ LLz+ ;#83=x,y—1l,z—1;#4=x,y— 1, z. (b) and (c)
Two different 2D polymeric layer A and B of 4. (d) Schematic view of heb topologies
of layer A and B of 4.
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{[Co(TTPA)(AIP)(H,0)]-2H,0}, (5) and {[Co(TTPA)(MIP)(H,0)]-2H,0}, (6)

Complexes 5 and 6 crystallize in the same triclinic crystal system of space group

Pland have similar cell parameters. The results of crystal structure analyses reveal

that they indeed have the similar structures. Thus, only the structure of 5 is described
here. The crystal structure of 5 exhibits a 2D layer with sql topology. The asymmetric
unit consists of one Co(Il) ion, one TTPA ligand, one deprotonated H,AIP ligand, one
coordinated water molecule and two lattice water molecules (one of these lattice water
molecules was removed using PLATON). As shown in Fig 5a, Col shows a slightly
distorted {CoN,O4} octahedral coordination geometry, which is six-coordinated by
three carboxylate oxygen atoms from two AIP* ligands and an oxygen atom from a
coordinated water molecule at the equatorial positions and two nitrogen atoms from
two TTPA ligands at the axial positions with the N4#2-Co1-N1 angles of 177.82(10) °.
The Co-O bond lengths are in the range of 2.050(2)-2.289(2) A, and the Co-N ones
are 2.128(3) and 2.143(2) A, respectively. TTPA ligands adopting u,-bridged
coordination modes (Fig S1g) link Co ions to form 1D chains. Then the deprotonated
carboxylic groups of H,AIP ligand adopt z-1':%" and u;-n":n" coordination modes

(Fig S2e), and connect these adjacent 1D chains to form 2D layer (Fig 5b). Adjacent

2D layers are packed in an orderly ABAB-type array (Fig 5c) by O-H:+-O hydrogen

bonding interactions between coordinated oxygen atoms and solvent water molecules
(Table S2) along the ¢ axis. Analysis of the network topology of 5 reveals that each
Co(II) ion plays a 4-connected node. Two simplified layers are shown in Fig 5d. Thus,
they can be represented as 4-connected sql topologies with point symbol of (4%.6%)

(Fig 5d).
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Fig 5. (a) Coordination environment of the Co(Il) ions in 5. The lattice water
molecules and hydrogen atoms are omitted for clarity. Symmetry codes: #1 =x + 1, y,
z;#2 =x, y — 1, z — 1. (b) A single 2D layer of 5. (c) Perspective view of
the --*ABAB--- stacking 3D structure by hydrogen bonding interactions (turquoise

dashed lines) of 5. (d) Schematic view of sql topologies of 5.

Effect of the organic ligands on networks

From the above discussion, it can be seen that TTPA ligand and the anionic
carboxylate-involved ligands play a critical role in assembling the resulting networks
with diverse topologies. In these complexes, coordinated nitrogen atoms of triazole
rings in the TTPA ligand display different degrees and bridging fashions (Fig S1: a
for 1, b for 2, ¢ for 3, d-f for 4, g for 5 and h for 6). As for 1-6, the aromatic
tricarboxyl or dicarboxyl co-ligands are fully deprotonated and show various

connection modes with the Co(Il) centers (Fig S2). A comparison of the crystal
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structures of 1 and 2 clearly indicates that the auxiliary O-donor ligands have a
significant influence on structural assembly of coordination architectures. When the
3-connected BTC?” ligand is introduced, a porous 3D framework of 1 with a new
3,3,4,8-connected 4-nodal topology is obtained. However, 2-connected PA* ligand is
adopted, complex 2 displays 3D coordination frameworks with 2-fold interpenetrating
dia topology. When changing the PA™ ligand to the longer BDA™ ligand, a 4-fold
interpenetrated fsc-3,4-C2/c architecture of 3 is obtained. Although TTPA adopt us-
or u;-bridge coordination modes in 4, V-shaped OBA” ligand shows terminal mode.
As a result, 4 shows two 2D layers, respectively. The connectivity of organic ligands

in complexes 5 and 6 is same, so they have similar structures. These 2D layers of 4-6

are held together by O-H-+-O hydrogen bonding interactions between solvent waters

and oxygen atoms of carboxylate to generated 3D supramolecular structures.

Powder X-ray diffraction and thermogravimetric analyses

In order to confirm the purities of complexes 1-6, the powder X-ray diffraction
(PXRD) analyses of these complexes were carried out at room temperature. As shown
in Fig S4-S9, the main peak positions of the experimental patterns of 1-6 are almost
consistent with their simulated ones, demonstrating single phase purities of the
products.

To examine the thermal stabilities of complexes 1-6, TG analyses were carried out
(Fig 6). The TG study of complex 1 shows a weight loss of 15.23% (calc. 15.40%)
from 25 to 158 °C, suggesting that the all solvent waters molecules and two
coordinated water molecules are removed. Above 400 °C, a rapid weight loss is
observed, which is attributed to the decomposition of coordination framework. There
is almost no weight loss for complex 2 from room temperature to 340 °C, which
indicates that it has relatively higher thermal stability. Then its framework begins to
collapse. For complex 3, a weight loss of 7.88% (calc. 7.29%) is observed from 25 to
200 °C which is attributed to the loss of the three lattice water. Then one coordinated

nitrate anion is gradually lost in the range of 200-285 °C (calc. 8.36%, exp. 8.83%).
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Finally, the decomposition of the structure begins. The TG curve of complex 4
indicates that there is an initial weight loss of approximately 6.87% between room
temperature and 140 °C, corresponding to the loss of guest molecules (6.82% calc. for
two CH3;CN and four lattice water molecules per unit formula). After three
coordinated water molecules are removed about 220 °C, corresponding to a little mass
loss of about 2.48% (calc. 2.30%), then TG curve of 4 presents a gravity platform and
the framework starts to decompose at 305 °C. Both complex 5 and 6 lose two lattice
water molecules and one coordinated water molecule below 250 °C (calc. 7.33%, exp.
7.18% for 5; calc. 7.33%, exp. 7.18% for 6), then TG curves present a platform until

approximately 370 °C and their frameworks start to decompose.

20 1

1 v ) v 1 v 1 v ) v 1 v 1
100 200 300 400 500 600 700
Temperature / °c

Fig 6. The TG diagrams of complexes 1-6.

Photochemical properties

The solid-state UV-vis absorption spectra of TTPA ligand, auxiliary ligands and
complexes 1-6 were carried out at room temperature. The absorption peaks at 290 nm
(H;BTC), 248 and 295 nm (H,PA), 319 nm (H,BDA), 280 nm (H,OBA), 301 nm
(H>2AIP), and 310 nm (H,MIP) are shown in the Fig S10a, which can be ascribed to 1 —
* or n — w* transitions of these ligands, respectively. The TTPA ligand displays

distinct absorption band in the UV range of 200415 nm. We observe that complexes
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1-6 have the similar higher energy bands in the range of 200415 nm, which are
considered as intraligand charge transfer transitions. Moreover, we observe the
absorption peaks (Fig S10b) at 520 nm for 1, 564 nm for 2, 525 nm for 3, 492 nm for
4, 516 nm for §, and 513 nm for 6, respectively, which can be assigned to the 4T1g(F)
— 4T1g(P) transitions. Besides, there are additional shoulder peaks at 702 nm for 1,
705 nm for 3, 670 nm for 5, and 660 nm for 6, respectively, which may be ascribed to
4Tlg(F) — 4Azg(F) transitions. In the visible region, these peaks are typical for
octahdrally coordinated Co(II) complexes.*’' To explore the semiconductivity, the
diffuse reflectance data is transformed into Kubelka—Munk function to obtain their
band gaps (E,). As shown in Fig S10c, the band gap of TTPA ligand is approximately
2.89 eV, which exhibit the nature of semiconductivity. The E, values assessed from the
steep absorption edges are 1.72 eV and 2.88 eV for 1, 1.58 eV and 2.38 eV for 2, 1.87
eVand 2.74 eV for 3, 1.92 eV and 2.86 eV for 4, 1.52 eV, 1.86 eV and 2.97 eV for 5,
1.58 eV, 1.91 eV and 2.89 eV for 6, respectively, which are estimated to be greater
than the semiconductor silicon material with a band gap of 1.1 eV. So these

complexes show optical band gaps which are characteristic for optical semiconductors.

Magnetic properties

The magnetic properties of crystalline samples 1 in the form of y\ and ym7 versus T
plots (ym is the magnetic susceptibility per three Co(Il) ions) in the temperature range
1.8—300 K under applied dc fields of 2000 Oe are shown in Fig 7. The ymT at room
temperature is 6.7 cm® mol' K, which is higher than the spin-only value of 5.63 cm’
mol ™" K expected for three isolated Co(II) ions (S = 3/2 with g = 2.0), indicating the
contribution of spin-orbit coupling effects for the *T| ¢ ground term of high-spin Co(II)
ion in octahedral field. Upon cooling, ym7 gradually decreases and finally reach a
value of 5.0 cm’ mol”" K at 1.8 K. The magnetic susceptibilities follow the
Curie-Weiss law with C = 6.79 cm’® mol ' Kand 6 = —4.23 K, as shown in Fig SI1.
The above characteristics suggest antiferromagnetic interactions among Co(Il) ions

bridged carboxylic groups of BTC* ligands of 1.
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Fig 7. Temperature dependence of yu7 and yy versus 7 for complex 1.

Conclusions

In summary, we successfully synthesized six Co(II) complexes, which were
constructed from TTPA ligand in the presence of different aromatic carboxylate
ligands under hydrothermal conditions. Complex 1 is an unusual 4-nodal
(3,3,4,8)-connected 3D new topological net with point symbol of
(4.6.8)4(4%.6".8"°.10%)(62.8%). Complex 2 has a 2-fold interpenetrating 3D dia
framework with PA” ligand. When changing the PA” ligand to the longer BDA®
ligand, a 4-fold interpenetrated fsc-3,4-C2/c architecture 3 is obtained. Complexes 4-6
are all 2D layers, while complex 4 shows two crystallographically distinct 2D

polymeric layers with hcb topologies, which are further packed into a 3D

supramolecular structures by O-H-+O hydrogen bonding interactions. Both complex §

and 6 feature similar 2D networks with sql topology, which can further packed into

3D frameworks by O-H-+O hydrogen bonding interactions. The structural difference

of these complexes may be attributed to the different bridging fashions of TTPA and
auxiliary ligands. Optical absorption spectra of 1-6 indicate the nature of
semiconductivity. Variable-temperature magnetic susceptibility measurements of
complex 1 reveals antiferromagnetic interactions between Co(Il) ions. The further

exploitation of potential applications on MOFs with TTPA ligands will be underway.
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Table 1. Crystal data and structural refinements parameters of complexes 1-6

Complexes 1? 2 3¢ 4 5 6"
Empirical formula CssH72N500,7Co; | C3,H,,N;(04Co C3;HyN;;05Co C04HgoN3,0,7Co, | C3,H9N;;0,Co C33H30N0,Co
Formula weight 1754.20 669.52 741.56 2177.90 738.58 737.59
Temperature (K) 293(2) 293(2) 293(2) 123(2) 296(2) 296(2)
Crystal system triclinic orthorhombic monoclinic triclinic triclinic triclinic
Space group Pi Pbca C2/c P1 Pi Pi
alA 10.0510(8) 10.9941(10) 28.6457(12) 11.8012(10) 10.0885(10) 10.1017(4)
b/A 17.7700(13) 20.2900(19) 12.5440(5) 15.9766(13) 11.3212(11) 11.4199(5)
clA 17.9534(13) 25.862(2) 21.6016(9) 16.0411(13) 15.8398(15) 15.8007(7)
al® 67.2500(10) 90 90 111.8810(10) 97.102(2) 96.827(2)
ple 74.9280(10) 90 103.1950(10) 107.7390(10) 93.075(2) 93.185(2)
y/° 81.5690(10) 90 90 94.2350(10) 104.8080(10) 105.541(2)
VA 2851.6(4) 5769.0(9) 7557.2(5) 2612.3(4) 1728.8(3) 1736.39(13)
Z 1 8 8 1 2 2
Deieq ! grem™ 0.927 1.542 1.272 1.350 1.384 1.376
4/ mm’ 0.484 0.654 0.511 0.396 0.556 0.553
F(000) 815 2744 2976 1098 742 742
6 min-max / ° 1.41,25.00 1.57,26.37 1.46, 25.00 1.47,26.37 1.88,25.00 1.87,25.00
Tot., uniq. data 21376, 9930 45007, 5889 20818, 6658 21683, 15854 9436, 5989 9912, 6059
R(int) 0.0372 0.1372 0.0217 0.0283 0.0981 0.0593
Observed data [7> 20(1)] 7381 4132 5571 14189 5362 4494
Niep, Npar 9930, 484 5889, 424 6658, 463 15854, 1368 5989, 446 6059, 450
GOF on F* 1.028 1.018 1.059 1.067 1.069 1.074

Ri, wR, [1>20(D)]°

0.0513,0.1623

0.0565, 0.1370

0.0553, 0.1761

0.0589, 0.1681

0.0668, 0.1863

0.0666, 0.1929

R{,WR, (all data)

0.0657, 0.1727

0.0878, 0.1557

0.0625, 0.1832

0.0649, 0.1758

0.0716, 0.1925

0.0765, 0.2025

Min. and max resd dens (e -A”)

-0.439, 0.445

-0.942,0.518

-0.610,0.840

-0.930, 0.892

-0.848, 0.953

-0.981, 0.964

[a] The residual electron densities were flattened by using the SQUEEZE option of PLATON.
[b] R=Z|FoHF/EIF ], wR={E[W(F,-F ) VEIW(F T} % where w=1/[0"(F,’y+(aP)*+bP).P~(F,*+2F3)/3.
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Syntheses, structures, and properties of six cobalt(I) complexes

based on a tripodal tris(4-(1H-1,2,4-triazol-1-yl)phenyl)amine ligand

Zhenzhen Shi, Zhaorui Pan, Chuanlei Zhang, Hegen Zheng"

Six new cobalt(Il) metal-organic frameworks based on the tripodal
tris(4-(1H-1,2,4-triazol-1-yl)phenyl)amine (TTPA) ligand with different aromatic
carboxylate auxiliary ligands have been synthesized and structurally characterized in

detail. All the complexes show optical semiconductive properties.
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