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for the hydrothermal self-assembly of diverse metal-organic and
supramolecular networks
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Biphenyl-2,4,4'-tricarboxylic acid (Hsbtc) was applied as a principal but still little explored
building block for the synthesis of nine new coordination compounds, namely

10 [Zn(H,btc)(phen),][H,btc]-H,0 (1), [M(H,btc),(H,biim),] {M = Co (2) and Cd (3)},
[Ni(Hbtc)(phen),(H,0)]-2H,0 (4), [Cda(us-bte)(uo-Cl)(phen), ], (5), [Nis(us-bte)a(u,-
H,0)2(py)s(H20):], (6), {{Cos(1s-btc)a(it2-H20)2(py)s(H20):2]-(py)2}tn (7), {[Cos 5(1s-bte)a(pe3-
OH)(py)»(H,0)3]-H,0}, (8), and {[Pbs(us-btc),(H,O)]-H,0}, (9). These products were easily
generated by hydrothermal self-assembly method from the corresponding metal(II) chlorides,

1s H3btc, and various N-donor ancillary ligands, selected from 1,10-phenanthroline (phen), 2,2'-
biimidazole (H,biim), or pyridine (py). The compounds 1-9 were characterized by IR spectroscopy,
elemental, thermogravimetric, and single-crystal X-ray diffraction analyses. Their structures range
from the intricate 3D metal-organic frameworks (MOFs) 6—9 to the 2D coordination polymer 5,
and the discrete 0D monomers 1-4. Such a structural diversity is guided by the type of metal(II)

20 node, level of the deprotonation of biphenyl-2,4,4'-tricarboxylic acid, and kind of ancillary ligand.
The structures of 1-4 are further extended [0D—2D (1) and 0D—3D (2—4)] into various H-bonded
networks. Both the supramolecular (in 1-4) and coordination (in 5-9) underlying networks were
classified from the topological viewpoint, disclosing the distinct 4,5L.64 (in 1), pcu (in 2 and 3),
sxb (in 4), heb (in 5), and wei (in 6 and 7) topological nets, whereas topologically unique

»s frameworks were identified in MOFs 8 and 9. The magnetic (for 6-8) and luminescent (for 1, 3, 5,
and 9) properties were also studied and discussed.
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Introduction

The design of new coordination polymers and related materials
has become a very important research direction spreading
between the fields of coordination and inorganic chemistry,
crystal engineering and materials chemistry."® One of the
research directions consists of the search for versatile and stable
organic building blocks that can be applicable for the facile self-
assembly generation of coordination polymers and metal-organic
networks based on different metal nodes.’

In particular, various biphenyl polycarboxylic acids are well
recognized building blocks toward the construction of
coordination compounds that possess high-dimensional networks
and interesting functional properties, not only due to an ability of
such building blocks to adapt a huge diversity of coordination
modes and show good thermal stability, but also because of their
potential function as H-bond donors and acceptors.®*'! However,
the application of biphenyl polycarboxylate blocks for the
generation of metal-organic networks by different self-assembly
protocols can be influenced by diverse factors. These include the
nature of metal nodes and biphenyl polycarboxylate ligands,
presence of templates and ancillary ligands, type of reaction
medium, stoichiometry and other reaction conditions 381214
Along with biphenyl polycarboxylate building blocks, the
introduction into a self-assembly system of aromatic N-donor
ancillary ligands (possessing effective n--n stacking and/or weak
H-bonding interactions) has also often been used to facilitate
crystallization and stabilize new structures. 3518

Aiming at the synthesis of novel metal-organic networks
and following our interest in this field, 28+ <1920 e have
selected biphenyl-2,4,4'-tricarboxylic acid (Hsbtc) as a
principal building block and tested it in the hydrothermal self-
assembly reactions with different metal(Il) nitrates (M = Zn,
Cd, Co, Ni, Pb), and in the presence of 1,10-phenanthroline
(phen), 2,2'-biimidazole (H,biim), or pyridine (py) as
aromatic N-donor ancillary ligands. The selection of H;btc
was governed not only due to the presence of three carboxylic
groups that can exhibit a different degree of deprotonation and
thus diverse coordination modes, but also owing to the
flexibility of biphenyl core wherein the aromatic rings can
rotate around the C—C single bond. Besides, although several
coordination polymers derived from Hsbtc have been
reported,®”¢ this carboxylic acid block still remains little
explored in the crystal engineering of coordination polymers
and related derivatives.

Hence, in the present work we report the hydrothermal self-
assembly generation, characterization, thermal stability,
structural and topological features, and luminescent or
magnetic properties of a new series of nine coordination
compounds derived from H;btc and various N-donor ancillary

ligands, namely 3D metal-organic frameworks [Ni;(uy-
bte)2(py)a(p2-H20)2(H,0)s], (6), {[Cos(ua-bte)y(pa-
H,0)2(py)4(H20)2]-(py)2} ), {[Cos.5(us-btec)a(us-

OH)(py)2(H,0);]-H,0}, (8), and {[Pb;(ue-btc),(H,0)]-H,0}4,
(9), 2D coordination polymer [Cd,(us-btc)(u,-Cl)(phen),], (5),
and discrete 0D complexes [Zn(H,btc)(phen),][H,btc]-H,O
(1), [M(H;btc),(Hybiim),] {M = Co (2) and Cd (3)},
[Ni(Hbtc)(phen),(H,0)]-2H,0 (4). Their diversity proves that
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the nature of metal node and ancillary ligand has an important
effect on the generation and structural and topological

o characteristics of the final products 1-9. Apart from structural

and topological novelties, an important feature of the obtained
products consists in their facile self-assembly preparation
using water as a medium of crystallization. This constrasts
with common crystal engineering synthetic procedures for
metal-organic networks that typically require the use of an
organic solvent.'”

Experimental section
Materials and methods

All chemicals and solvents were of A.R. grade and used
without further purification. Carbon, hydrogen and nitrogen
were determined using an Elementar Vario EL elemental
analyzer. IR spectra were recorded using KBr pellets and a
Bruker EQUINOX 55 spectrometer. Melting points were
measured in air on XT-4 melting point detector.
Thermogravimetric analysis (TGA) was performed under N,
atmosphere with a heating rate of 10 °C/min on a LINSEIS
STA PT1600 thermal analyzer. Powder X-ray diffraction
patterns (PXRD) were determined with a Rigaku-Dmax 2400
diffractometer using Cu-Ko radiation (1 = 1.54060 A), in
which the X-ray tube was operated at 40 kV and 40 mV.
Magnetic susceptibility data were collected in the 2-300 K
temperature range with a Quantum Design SQUID
Magnetometer MPMS XL-7 with a field of 0.1 T. A correction
was made for the diamagnetic contribution prior to data
analysis. Excitation and emission spectra were recorded for
the solid samples on an Edinburgh FLS920 fluorescence
spectrometer at room temperature.

Synthesis of [Zn(H,btc)(phen),][H,btc]-H,O (1). A mixture
of ZnCl, (40.9 mg, 0.15 mmol), Hsbtc (85.9 mg, 0.3 mmol),
phen (60.0 mg, 0.30 mmol), NaOH (12.0 mg, 0.3 mmol), and
H,0 (10 mL) was stirred at room temperature for 15 min, then
sealed in a 25 mL Teflon-lined stainless steel vessel, and
heated at 160 °C for 3 days, followed by cooling to room
temperature at a rate of 10 °C/h. Coloureless block-shaped
crystals were isolated manually, washed with distilled water
and dried to give 1. Yield: 65% (based on Hsbtc). Caled for
C54H36ZHN4013: C 6394, H 358, N 5.52%. Found: C 6421,
H 3.53, N 5.48%; mp = 332 °C (dec.). IR (KBr, em™): 3392
w, 3060 w, 1726 m, 1612 s, 1582 w, 1542 w, 1514 w, 1428 s,
1394 w, 1370 w, 1348 m, 1244 w, 1226 w, 1180 w, 1146 w,
1106 w, 1054 w, 1008 w, 928 w, 848 s, 824 w, 784 m, 728 s,
670 w, 646 w, 566 w, 526 w.

Synthesis of [M(H,btc),(H,biim),] (M = Co (2) and Cd (3)).
A mixture of MCl,»xH,O (x = 6 for 2 and x = 1 for 3, 0.15
mmol), H;btc (85.9 mg, 0.3 mmol), Hybiim (40.2 mg, 0.30
mmol), NaOH (12.0 mg, 0.3 mmol), and H,O (10 mL) was
stirred at room temperature for 15 min, then sealed in a 25 mL
Teflon-lined stainless steel vessel, and heated at 160 °C for 3
days, followed by cooling to room temperature at a rate of 10
°C/h. Yellow or colorless crystals were isolated manually,
washed with distilled water and dried to furnish compounds 2
and 3, respectively. Yield: 50% for 2, 55% for 3 (based on
H;btc). Caled for C4H3,CoNgO;, (2): C 56.20, H 3.37, N
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12.48%. Found: C 56.11, H 3.41, N 12.40%; mp = 238 °C
(dec.). IR (KBr, cm™'): 1686 s, 1587 s, 1552 w, 1425 w, 1384
s, 1320 w, 1290 m, 1184 w, 1159 w, 1124 m, 992 m, 929 w,
879 w, 858 w, 810 w, 787 w, 765 s, 692 m, 679 w, 606 w, 542
w. Caled for C4pH;30CdNgO4; (3): C 53.04, H 3.18, N 11.78%.
Synthesis of [Ni(Hbtc)(phen),(H,0)]-2H,0 (4). A mixture
of NiCl,-6H,O (71.1 mg, 0.30 mmol), Hsbtc (85.9 mg, 0.3
mmol), phen (120.0 mg, 0.60 mmol), NaOH (24.0 mg, 0.60
mmol), and H,O (10 mL) was stirred at room temperature for
15 min, then sealed in a 25 mL Teflon-lined stainless steel
vessel, and heated at 160 °C for 3 days, followed by cooling
to room temperature at a rate of 10 °C/h. Purple needle-
shaped crystals were isolated manually, washed with distilled
water and dried to produce 4. Yield: 60% (based on Hsbtc).
Calcd for C39H3oNiN4Og: C 61.85, H 3.99, N 7.40%. Found: C
61.95, H 3.95, N 7.51%; mp = 286 °C (dec.). IR (KBr, em™'):
3450 m, 3064 w, 1686 w, 1626 s, 1604 s, 1584 m, 1547 s,
1516 m, 1424 s, 1369 s, 1343 w, 1223 w, 1141 w, 1104 w,
1051 w, 907 w, 869 w, 845 s, 807 w, 788 w, 772 m, 727 s,
710 w, 684 m, 662 w, 644 w, 552 w.

Synthesis of [Cd,(pns-btc)(n,-Cl)(phen),], (5). A mixture of
CdCl,-H,0 (90.6 mg, 0.45 mmol), H;btc (85.9 mg, 0.3 mmol),
phen (90.0 mg, 0.45 mmol), NaOH (36.0 mg, 0.9 mmol), and
H,0 (10 mL) was stirred at room temperature for 15 min, then
sealed in a 25 mL Teflon-lined stainless steel vessel, and
heated at 160 °C for 3 days, followed by cooling to room
temperature at a rate of 10 °C/h. Colorless block-shaped
crystals were isolated manually, washed with distilled water
and dried to give 5. Yield: 60% (based on H;btc). Calcd for
35 C30Hp;3C1ICd,N,O4: C 51.82, H 2.56, N 6.20%. Found: C
51.71, H 2.58, N 6.13%; mp = 303 °C (dec.). IR (KBr, em™'):
1575's, 1542 s, 1517 s, 1426 s, 1396 s, 1343 w, 1254 w, 1222
w, 1168 w, 1143 w, 1102 m, 1050 w, 1027 w, 1005 w, 969 w,
925 w, 880 w, 860 m, 847 s, 832 m, 798 w, 783 s, 725 s, 700
m, 664 w, 638 w, 546 w.

Synthesis of [Niz(ns-btc):(py)a(n.-H,0),(H,0)2], (6). A
mixture of NiCl,6H,0 (107.0 mg, 0.45 mmol), Hsbtc (85.9
mg, 0.3 mmol), py (0.5 mL, 6.3 mmol), and H,O (10 mL) was
stirred at room temperature for 15 min, then sealed in a 25 mL
Teflon-lined stainless steel vessel, and heated at 160 °C for 3
days, followed by cooling to room temperature at a rate of 10
°C/h. Green block-shaped crystals were isolated manually,
washed with distilled water and dried to produce 6. Yield:
65% (based on H;btc). Caled for CyoH4oNi3N4Oq4: C 52.60, H
3.78, N 5.01%. Found: C 52.68, H 3.72, N 5.7%; mp = 135 °C
(dec.). IR (KBr, cm™): 3332 m, 1605 s, 1547 m, 1488 w, 1446
m, 1382 s, 1244 w, 1220 w, 1152 w, 1072 w, 1042 w, 1005 w,
938 w, 875 w, 858 w, 836 w, 814 w, 797 w, 781 m, 758 w,
697 s, 666 w, 631 w, 561 w.

Synthesis of {[Cos(ns-btc);(n,-H;0),(py)s(H20):]-(pY)2}
(7). The preparation of 7 was similar to that of 6 except using
CoCl,'6H,0 instead of NiCl,-6H,0. After cooling the reaction
mixture to room temperature, pink block-shaped crystals were
isolated manually, washed with distilled water and dried to
give 7. Yield: 50% (based on Hjbtc). Caled for
CgoHs,Co3NgO14: C 55.87, H 4.06, N 6.52%. Found: C 55.73,
H 4.09, N 6.62%; mp = 122 °C (dec.). IR (KBr, cm™): 3386
m, 1603 s, 1546 m, 1488 w, 1446 m, 1383 s, 1245 w, 1220 w,
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Found: C 52.91, H 3.21, N 11.85%; mp = 275 °C (dec.). IR
(KBr, cm™): 1686 m, 1606 s, 1554 s, 1428 s, 1376 s, 1312 w,
1290 w, 1256 w, 1180 w, 1124 w, 1094 w, 992 w, 940 w, 854
w, 824 w, 790 m, 756 m, 710 w, 682 w, 560 w, 520 w, 480 w,
428 w.

1179 w, 1152 w, 1136 w, 1100 w, 1072 w, 1041 w, 1006 w,
938 w, 875 w, 857 w, 833 w, 781 m, 757 w, 699 m, 690 m,
665 w, 629 w, 557 w.

Synthesis of {[Co;.5(ps-btc)2(n3-OH)(py)2(H,0)3]-H, 0}, (8).
The preparation of 8 was similar to that of 7 except using
different amout of CoCl,-6H,0 (126.0 mg, 0.53 mmol). After
cooling the reaction mixture room temperature, pink block-
shaped crystals were isolated manually, washed with distilled
water and dried to furnish 8. Yield: 55% (based on Hsbtc).
Calcd for C4H;33C035N,0,7,: C 47.10, H 3.26, N 2.75%.
Found: C 47.25, H 3.22, N 2.72%; mp = 80 °C (dec.). IR
(KBr, cm’l): 3437 m, 1637 m, 1603 s, 1582 m, 1536 m, 1487
w, 1448 w, 13825, 1242 w, 1218 w, 1177 w, 1154 w, 1130 w,
1096 w, 1071 w, 1004 w, 942 w, 877 w, 841 w, 778 m, 756 w,
724 w, 696 m, 665 w, 634 w, 534 w.

Synthesis of {[Pbs(ne-btc),(H,0)]-H,0}, (9). A mixture of
PbCl, (125.1 mg, 0.45 mmol), H;btc (85.9 mg, 0.3 mmol),
NaOH (36.0 mg, 0.9 mmol), and H,O (10 mL) was stirred at
room temperature for 15 min, then sealed in a 25 mL Teflon-
lined stainless steel vessel, and heated at 160 °C for 3 days,
followed by cooling to room temperature at a rate of 10 °C/h.
Colorless block-shaped crystals were isolated manually,
washed with distilled water and dried to produce 9. Yield:
65% (based on Hsbtc). Caled for C;0H gPb3O4: C 29.44, H
1.48%. Found: C 29.38, H 1.45%; mp = 371 °C (dec.). IR
(KB, cm’l): 3416 m, 1606 s, 1578 s, 1520 s, 1434 w, 1376 s,
1250 w, 1180 w, 1130 w, 1100 w, 1054 w, 1002 w, 952 w,
928 w, 882 w, 854 w, 824 w, 784 m, 738 w, 716 w, 686 m,
658 w, 578 w, 526 w.

X-ray data collection and structure determination

The X-ray single-crystal data collection for 1-9 was
performed on a Bruker Smart CCD or an Agilent SuperNova
diffractometers, using graphite-monochromated Mo K,
radiation (A = 0.71073 A). Semiempirical absorption
corrections were applied using the SADABS program. The
structures were solved by direct methods and refined by full-
matrix least-squares on F° using the SHELXS-97 and
SHELXL-97 programs.*' All the non-hydrogen atoms were
refined anisotropically by full-matrix least-squares methods
on F?. All the hydrogen atoms (except the those bound to
water molecules) were placed in calculated positions with
fixed isotropic thermal parameters and included in structure
factor calculations in the final stage of full-matrix least-
squares refinement. The hydrogen atoms of water molecules
were located by difference maps and constrained to ride on
their parent O atoms. In compound 6, four pyridine C atoms
are disordered over two sites, that is, C21A, C22A, C24A,
C25A and C21B, C22B, C24B, C25B, with occupancy of 0.5.
In compound 7, four pyridine C atoms are disordered over
two sites, that is, C26, C27, C29, C30 and C26°, C27’, C29’,
C30°, with occupancy of 0.5. The details of the crystal

11s parameters, data collections and refinement for 1-9 are
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summarized in Table 1 and the selected bond lengths are
listed in Table S1 (ESIt). Hydrogen bonds for the compounds
1-4 and 6-9 are given in Table S2 (ESI{). The topological
analysis of the H-bonded networks in 1-4 was carried out
taking into consideration only the conventional (strong)
hydrogen bonds D—H---A, wherein H--A <2.50 A, D---A <3.50

Table 1 Crystallographic data and structure refinement summary for 1-9

A, Z(D-H--A) >120°, D and A stand for donor and acceptor
atoms.”* For the topological analysis of H-bonded (1-4) and
metal-organic (5-9) networks, the concept of the the

10 simplified underlying net was followed.?> CCDC-1430225—
1430233 for 1-9 contain the supplementary crystallographic
data for this paper.

Compound 1 2 3 4 5 6 7 8 9

Chemical formula C54H362nN4013 C42H30C0N8012 C42H30CdN3012 C39H30Ni N4O() C39H23Cd2ClN406 C49H42Ni3N4016 C50H52CO3N5015 C40H33C03_5N2017 C30H18Pb’r)' a
Formula weight  1014.24 897.67 951.14 757.38 903.86 1289.86 1289.86 1019.94 1224.01
Crystal system  Triclinic Triclinic Triclinic Orthorhombic Orthorhombic Monoclinic Monoclinic Triclinic Monoclinic
Space group P-1 P-1 P-1 Pna2, Pca2, C2/c C2/c P-1 P2i/n

alA 11.8801(11)  8.0674(10) 8.0767(4) 14.3366(12)  20.3729(6) 20.505(2) 20.600(5) 12.0580(7) 13.48481('4)
b/A 13.7323(17)  9.2640(15) 9.4789(8) 13.9193(7) 9.7388(3) 10.3482(9) 10.4271(11) 12.3182(6) 12.16380(. %
c/A 13.9872(19)  13.4563(18)  13.3988(11) 17.1433(9) 17.7787(6) 29.521(4) 29.646(5) 15.3976(8) 17.6457(2:
al® 84.567(11) 72.758(13) 73.886(7) 90 90 90 90 67.945(5) 90

pr° 79.104(9) 83.095(11) 83.844(5) 90 90 113.518(15)  113.51(2) 88.887(4) 95.1954(13),
y/° 79.225(9) 82.579(12) 80.810(6) 90 90 90 90 80.778(4) 90

VIA® 2197.1(5) 948.9(2) 970.70(12) 3421.0(4) 3527.44(19) 5743.7(13) 5840(2) 2090.23(19) 2882.46(6*
K 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)

V4 2 1 1 4 4 4 4 2 4

D/gcm™ 1.533 1.571 1.627 1.470 1.702 1.294 1.467 1.621 2.821

u/mm’! 0.638 0.533 0.642 0.632 1.335 1.038 0.917 1.446 34.188
F(000) 1044 461 482 1568 1784 2304 2652 1035 2224

Refl. measured 16042 5859 6260 7827 14089 12802 10401 12260 11000
Unique refl. (Ri) 7782 (0.1017) 3360 (0.0485) 3446(0.0563) 5279 (0.0648) 5698 (0.0595) 5648 (0.1081) 5169 (0.1043) 7125 (0.0638) 5347 (0.02A0)
GOF on F* 1.015 1.032 1.061 1.010 1.042 0.933 1.041 1.022 0.965

R\ [I>20(D]" 0.0770 0.0791 0.0597 0.0699 0.0515 0.0873 0.0829 0.0704 0.0287

WwR, [I>20()]”  0.1251 0.1877 0.1188 0.1223 0.1234 0.1803 0.1680 0.1741 0.0493

SRy =S|\Fo| — |Folll |Fol. ? wRy = {E[W(F: —FHEWFEDT}

Results and discussion

Crystal structure of 1. Compound 1 crystallizes in the
triclinic space group P—1 and its asymmetric unit contains one
[Zn(H,btc)(phen),]” cation, one H,btc™ anion, and one lattice
water molecule (Fig. 1a). In the cation, Zn(II) atom adopts a
distorted octahedral {ZnN,O,} geometry formed by two
carboxylate O atoms of H,btc™ ligand and four N atoms of two
phen moieties. The Zn—O bonds range from 2.172(4) to
2.260(4) A, whereas the Zn—-N distances vary from 2.096(5) to
2.156(5) A, which are comparable to those found in other
reported Zn(II) compounds.3?3¢:6¢68:1820 The H btc™ moiety
acts as a terminal ligand (Scheme 1, mode I) with a
deprotonated carboxylate group showing a 5':s' bidentate
mode. The dihedral angles between two phenyl rings in the
H,btc™ ligand and anion are 39.51 and 60.16°, respectively.
The discrete units of 1 are interlinked by the strong O-H---O
hydrogen bonds involving H,btc™ anions and water molecules
of crystallization, forming a 2D supramolecular network (Fig.
1b, Table 3). From the topological viewpoint, this network
can be described as a binodal 4,5-connected layer with the
4,5L.64 topology (Fig. 1c). It is defined by the point symbol
of (4*.6%)(4%.6%), wherein the (4*.6%) and (4°.6%) notations are
those of the H,btc™ anions and [Zn(H,btc)(phen),]” nodes,
respectively.

| - |

v

? 5

(% <
L ~\:—\__
[ [N

m VI VI

Scheme 1 Various coordination modes of Hybtc™ / Hbtc*™ / btc*” in
compounds 1-9.

Crystal structure of 2. Single-crystal X-ray analyses reveal
that compounds 2 and 3 are isostructural; the structure of 2 is
ss described in detail as a representative example (Fig. 2). The
discrete 0D monomer 2 crystallizes in the triclinic space
group P-1 and its asymmetric unit contains one Co(II) atom,
two H,L™ ligands, and two H,biim moieties. As shown in Fig.
2a, the six-coordinate Co(Il) center is bound by a pair of O
so atoms from two monodentate H,L™ ligands and four N atoms
from two chelating H,biim moieties, thus forming an ideal
octahedral {CoN4O,} geometry. The Co—O bonds are

4 | Journal Name, [year], [vol], 00—00
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2.210(4) A, while the Co-N distances vary from 2.126(5) to
2.129(5) A; all these distances are comparable to those found

s (@) (b)

vew

o1

in the reported Co(II) compounds.?*3%#*8 In 2 the H,L~ acts

(©

I Y

y
=f -
e ——

L7 7 7 L9

Fig. 1 Structural fragments of 1. (a) Coordination environment of the Zn(II) atom. (b) Perspective of the 2D supramolecular network along the ac plane.
(c) Topological representation of the underlying 2D H-bonded network showing a binodal 4,5-connected layer with the 4,5L.64 topology; view along the b

=

linkers (red).

as a terminal ligand (Scheme 1, mode II), in which the
carboxylate group is in the #':4° monodentate mode. The
dihedral angle between the two phenyl rings in the H,L™ block
15 is 43.73°. The discrete monomeric units of 2 are interlinked
by the strong O—-H---O and N-H:--O hydrogen bonds to form a
3D supramolecular framework (Fig. 2b, Table 2). From the
topological viewpoint, this 3D H-bonded net can be classified
as a uninodal 6-connected framework with the peu [alpha-Po
primitive cubic] topology and point symbol of (4'%.6%) (Fig.
2¢).
Crystal structure of 4. The compound 4 crystallizes in the
orthorhombic space group Pna2; and also features a discrete
0D monomer structure. The asymmetric unit bears one Ni(II)
»s atom, one terminal Hbtc> and two phen ligands, one
coordinated and two lattice water molecules. As depicted in
Fig. 3a, the six-coordinate Ni(II) atom adopts a distorted
octahedral {NiN4O,} geometry taken by one carboxylate O
atom from Hbtc?™ block, one O atom from H,0 ligand, and
30 four N atoms from two phen moieties. The Ni—O and Ni-N
bond distances are in the 2.061(8)-2.073(7) and 2.084(9)-
2.107(10) A ranges, respectively; these are within the normal
values observed in related Ni(II) coordination compounds.

2

S

@ (b)

axis; color codes: centroids of 5-connected [Zn(H,btc)(phen),]" cations (cyan balls), centroids of 4-connected Hybtc™ anions (gray), centroids of H,O

11203460 1y 4 the Hbtc’™ moiety acts as terminal ligand, with
3s the 2-carboxylate group adopting a 5':7° monodentate mode
(Scheme 1, mode The dihedral angle between the two phenyl
rings in the HL?™ block is 56.64°. The discrete mononickel(II)
units and lattice water molecules are held together by the
strong O-H--*O hydrogen bonds to generate a 3D
40 supramolecular framework (Fig. 3b, Table 2). This framework
can be topologically classified as a uninodal 6-connected
underlying net (Fig. 3c) with the sxb topology and point
symbol of (4%.5%.6%).2
Crystal structure of 5. The asymmetric unit of 5 consists of
two crystallographically independent Cd(II) atoms, one ug4-
btc®™ block, one u,-Cl ligand, and two phen moieties. As
depicted in Fig. 4a, both the six-coordinate Cdl and Cd2
atoms possess a distorted octahedral {CdCIN,O;}
environment. The Cdl and Cd2 centers are surrounded by
so three O atoms from two different ,u4-btc3' blocks, one u,-Cl™
ligand, and two N atoms from one phen moiety. The Cd-O,
Cd-N, and Cd-Cl bond distances are in the 2.271(6)-
2.468(9), 2.331(8)-2.399(9), and 2.543(2)-2.628(3) A ranges,
respectively; these are within the normal values observed in
ss various Cd(II) coordination compounds.6¢-8¢:106:20.23

©

4

b

Fig. 2 Structural fragments of 2. (a) Coordination environment of the Co(Il) atom. Symmetry code: i = —x+1, —y+2, —z. (b) 3D H-bonded framework along
the ac plane (blue dashed lines represent the H-bonds). (c¢) Topological representation of the underlying 3D H-bonded network showing a uninodal 6-
60 connected net with the pcu topology; view along the a axis; color code: centroids of 6-connected [Co(H,btc),(H,bimz),] molecular nodes (magenta balls).
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Fig. 3 Structural fragments of 4. (a) Coordination environment of the Ni(Il) atom. (b) Perspective of a 3D supramolecular framework along the ac plane
(blue lines present the H-bonds). (d) Topological representation of the underlying 3D H-bonded network showing a uninodal 6-connected net with the sxb
topology; view along the b axis; color codes: centroids of 6-connected [Ni(Hbtc)(phen),(H,O)] molecular nodes (green balls), centroids of H,O linkers

10 (red).

In 5, the btc®” spacer exhibits a uy-coordination mode
(Scheme 1, mode IV), in which the three carboxylate groups
show different uy-5':7' bidentate or u,-7>:n' tridentate modes.
The dihedral angle between two phenyl rings in the btc®™ is
15 40.37°. One carboxylate group from uy-btc®” block and one
1,-Cl” moiety bridge two adjacent Cd(II) atoms to form a
dicadmium(II) unit (Fig. 4b) with a Cd---Cd separation of
3.625(3) A and the Cd—Cl-Cd and Cd—O-Cd angles of 89.02
and 91.97°. Several similar mixed bridged cores were
2 reported.”> The Cd, units are further connected by the btc>

30 (a) (b)

(A

Q
o

4i

/» o1 ojib—(c'%_’\_ .0 « R{%

ligands to generate a 2D metal-organic layer (Fig. 4b). The
2D sheets are additionally extended into a 3D supramolecular
framework by O-H:-Cl hydrogen bonds (Fig. S1, ESIf).
From the topological viewpoint,?* the underlying network of 5

25 (Fig. 4c) can be considered as a uninodal 3-connected layer
with the heb [Shubnikov hexagonal plane net/(6,3)] topology
and point symbol of (6%). This layer is composed of the
topologically equivalent 3-connected [Cdy(u,-Cl)(phen),]**
and btc®” nodes.

(©)

Fig. 4 Structural fragments of 5. (a) Coordination environment of the Cd(Il) atoms. Symmetry codes: i =x,y — 1, z;ii=-x+ 1, -y, z+ 1/2. (b) Perspective
of the 2D metal-organic sheet along the bc plane. (c) Topological representation of the underlying 2D network showing a uninodal 3-connected layer with
35 the heb topology; view along the a axis; color codes: centroids of 3-connected [Cda(po-Cl)(phen),]* (turquoise balls) and btc®~ (gray) nodes.
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Fig. 5 Structural fragments of 6. (a) Coordination environment of the Ni(I) atoms. Symmetry codes: i =-x + 1/2,y — 1/2, —z + 1/2;ii=—~x + 1/2, -y + 3/2,
—z;li=x+1/2,y-1/2,z;iv=—x+ 1, y,—z + 1/2. (b) Trinuclear Ni(Il) subunit. Symmetry code: i = —x + 1, y, —z + 1/2. (c) A perspective of 3D porous
metal-organic framework along the ac plane. (d) Topological representation of the underlying 3D framework showing a binodal 3,6-connected net with
the ant (anatase) topology; view along the b axis; color codes: centroids of 6-connected [Nis(p-H,0),(py)s(H20),]*" cluster nodes (green balls), centroids

of 3-connected btc®” nodes (gray).

Crystal structures of 6 and 7. Single-crystal X-ray
diffraction analysis reveals that the compounds 6 and 7 are
isostructural and, therefore, only 6 is described in detail as a
representative example. The asymmetric unit of 6 consists of
two crystallographically distinct nickel(II) atoms (Nil with
full occupancy and Ni2 with half occupancy), one u4-btc®”
block, two pyridine and one u,-H,O ligands, and one water
molecule of crystallization. As shown in Fig. Sa, the six-
coordinate Nil atom adopts a distorted {NiNOs} octahedral
geometry, filled by three O atoms from the three distinct btc®”
blocks, two O atoms from bridging and terminal H,O ligands,
and one N atom of py moiety. The Ni2 atom is located on a 2-
fold rotation axis and is coordinated by two O atoms from the
two different btc>™ blocks, two O atoms from 1-H,0 ligands,
and two N atoms of two py moieties, thus forming a distorted
octahedral {NiN,O,} geometry. The Ni—O bond lengths range
from 2.044(5) to 2.150(4) A, while the Ni-N distances vary
from 2.068(6) to 2.135(5) A, being comparable to those found
in some reported Ni(Il) compounds.?’>%% In 6, the btc*"
spacer exhibits a u4-coordination mode (Scheme 1, mode V),
in which the three carboxylate groups adopt different #':5°
monodentate or u,-7':n' bidentate modes. The dihedral angle
3 between two phenyl rings in btc®™ is 48.15°. The three
adjacent Ni(Il) ions are bridged by means of two carboxylate

=

[
b

groups from the two different btc®™ blocks and two up-H,0
ligands, giving rise to a trinickel(Il) subunit (Fig. 5b). In this
Ni; subunit, the Ni--Ni distance of 3.717(6) A is longer than
those reported for other carboxylate and H,O-bridged
trinuclear Ni(II) cores.”* The adjacent Ni; subunits are
multiply interlinked by the btc®™ blocks into a 3D metal-
organic framework (Fig. 5c), having the shortest distance of
8.922(8) A between the neighboring trinickel(I) subunits.
The framework possesses channels with a dimension of 6.73 x
6.43 A, measured by atom-to-atom distances. Upon removal
of coordinated and lattice water molecules, the PLATON
analysis revealed that the network free volume is 11.2% of the
crystal volume.”> From the topological viewpoint, an
underlying 3D framework of 6 is assembled from the 4-
connected Nil, Ni2, and ,u4—btc3’ nodes, as well as the 2-
connected u,-H,O linkers. Topological analysis of this net
reveals a binodal 4,4-connected framework with a rare wei
topology and point symbol of (3.4.6.7.8%),(3%.6%.7%). Although
this topological type has been predicted, compound 6 appears
to be the first identified example of MOF with the present
topology.?226* Alternative simplification of 6 by considering
the [Niz(n-Hy0)a(py)s(H,0),]*" SBUs as the 6-connected
cluster nodes can give rise to a binodal 3,6-connected net with

o the ant (anatase) topology (Fig. 5d). It is defined by the point

symbol of (4%.6),(4*.6.8%.10) with the (4>.6) and (4*.6°.8%.10)
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notations corresponding to the btc® and trinickel(I) nodes,
respectively.
Crystal structure of 8. The asymmetric unit of 8 contains
four crystallographically unique Co(II) ions (three with full
s occupancy and one with half occupancy), two ug-btc®™ blocks,
one u3-OH™ ligand, two py moieties, and three coordinated
and one lattice water molecules. As depicted in Fig. 6a, the
Col atom is six-coordinated by three O atoms of three
different btc>™ blocks, one O atom from u;-OH™ ligand, and
10 two O atoms of coordinated water molecules, constructing a
distorted octahedral {CoO4} geometry. The six-coordinate
Co2 atom is also surrounded by three carboxylate O atoms of
three independent btc>™ blocks, one O atom from u3-OH™

@ (b)

012

& o1

30

ligand, one O atom of coordinated water molecule, and one N

isatom from py moiety, forming a distorted octahedral
{CoNOs} geometry. The Co3 atom is located at the inversion
site and is coordinated by four O atoms from the four
individual btc* blocks, two O atoms from two 13-OH™
ligands, forming an octahedral {CoO4} geometry. The Co4

2 center possesses a distorted square pyramidal {CoNO,}
environment, occupied by four O atoms of four different btc>
blocks and one N atom of py ligand. The lengths of the Co—O
bonds range from 1.964(5) to 2.224(6) A, whereas the Co—-N
bonds vary from 2.074(6) to 2.110(7) A; these bonding

2s parameters lie within the typical values observed in various
related cobalt(Il) derivatives,3®4¢-8¢85:11

Fig. 6 Structural fragments of 8. (a) Coordination environment of the Co(Il) atoms. Symmetry codes: i =—x,—y+ 1,—z+ 1;ii=x,y,z+ 1;lli=—x, -y + 2,
—ziv=x,y+lLz-1;v=—x,—y+2,—z-1;vi==x+1,—y+1,—zvii=x,y—1,z+ 1; viii =—x + 1, -y, =z + 1. (b) Pentacobalt(Il) subunit. Symmetry
codes: i = —x, =y + 2, —z. (c) Dicobalt(Il) subunit. Symmetry code: i = —x + 1, =y, —z + 1. (d) A perspective of 3D metal-organic framework along the bc

35 plane. (e) Topological representation of the underlying 3D MOF showing a trinodal 3,4,8-connected net with the unique topology defined by the point
symbol of (4%.6)4(4%.8%)(4°.6*.8'*.10%); view along the a axis; color codes: centroids of 8-connected [Cos(us-OH)2(H,0)s]*" cluster nodes (magenta balls),
centroids of 4-connected [Coa(py).]*" (green balls) and 3-connected btc*~ (gray) nodes.

The ug-btc’™ ligands adopt two different coordination modes
(Scheme 1, modes VI and VII), in which the carboxylate
w groups show the up-n':' and pp-n*#° bidentate modes. The
dihedral angles between two phenyl rings in the btc®™ moieties
are 82.58 and 49.02°. The five adjacent Co(II) atoms (a pair of
Col and Co2 atoms and one Co3 center) are bridged by means
of six carboxylate groups from the six different btc®~ blocks,
ss two carboxylate O atoms of another two btc®™ ligands, and
two O atoms of two u;-OH  moieties, giving rise to a
centrosymmetric pentanuclear Co(II) subunit (Fig. 6b). In this

pentacobalt(I) subunit, the Co--Co distances via u3;-OH™
linkages vary from 3.090(6) to 3.572(6) A, and are
so comparable to those found in other carboxylate and u;-OH -
bridged  pentacobalt(Il)  cores.””  Meanwhile,  two
crystallographically equal Co4 centers are bridged by four
carboxylate groups of four different btc>~ ligands, giving rise
to a paddle-wheel dinuclear Co, subunit (Fig. 6¢) with a
ss Co-+Co separation of 2.813(2) A. These Cos and Co, subunits
are multiply interlinked by other COO™ groups of the btc*
blocks to form an intricate 3D metal-organic framework (Fig.

8 | Journal Name, [year], [vol], 00—-00
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6d), having the shortest distance of 8.709(8) A between the
neighboring Cos and Co, units. From the topological
viewpoint, this 3D MOF features a very complex framework
structure composed of the intricate [Cos(p3-OH),(H,0)6]%
subunits (based on Col, Co2, and Co3 centers), u6-btc3’
blocks, and the [Coa(py).]*" nodes (based on two Co4
centers). By reducing all these units to centroids, an
underlying trinodal 3,4,8-coonected net can be generated (Fig.
6¢). Tt features an unprecedented topology?* defined by the
point symbol of (4.6),(4%.8%)(4%.6%.8'.10%), wherein the
(4%.6), (4*.8%, and (4°.6*.8'*.10%) indices correspond to the 3-
connected btc®”, 4-connected [Co,(py).]*", and 8-connected
[Cos(p3-OH),(H,0)6]*" nodes, respectively.

Crystal structure of 9. Compound 9 crystallizes in the
monoclinic space group P2,/n and demonstrates an extremely
complex 3D metal-organic framework. In the asymmetric
unit, there are three crystallographically unique Pb(II) atoms,
two ue-btc’™ ligands, and one coordinated and one lattice
water molecule. As depicted in Fig. 7a, three Pb centers take
three different coordination environments. The Pbl center is
coordinated by six carboxylate O atoms from four individual
ug-btc®™ blocks, forming a distorted octahedral {PbOg}
geometry. The five-coordinate Pb2 atom adopts a distorted
trigonal bipyramidal {PbOs} geometry filled by four
carboxylate oxygen atoms from four different u¢-btc® ligands
and one oxygen atom of H,O ligand. The Pb3 center is bound
by five carboxylate O atoms from the four different ug-btc®
ligands, constructing a very distorted square pyramidal

(@)

&

=3

9
3

{PbOs} geometry. The Pb—O distances range from 2.319(5) to

30 2.863(5) A (Table S1, ESIt), being comparable to those found

in some reported Pb(I) compounds.***”! In 9, the btc*
ligands exhibit two different ys-coordination modes (Scheme
1, modes VIII and IX), in which the carboxylate groups are
the #':n° monodentate, 5':n' and u,-n':y' bidentate, up-n*:n'
and ps-n*:n" tridentate, and us->:n* tetradentate. The dihedral
angles of 43.98 and 36.88° are observed between the two
phenyl rings in the ug-btc*™ blocks. The carboxylate groups of
the btc*™ ligands multiply bridge the adjacent Pb(II) atoms to
form, if seen along the bc plane, the 1D double chain motifs
(Fig. 7b). These are further assembled into a very complex 3D
open framework by additional linkage of btc*™ ligands with
Pb(Il) atoms (Fig. 7c). This framework features channels
[7.77 x 6.12 A measured by atom-to-atom distances], which
are filled with guest water molecules of crystallization. Upon
their removal, we computed by the PLATON an effective free
volume that is 3.5% of the crystal volume.?® However, after
eliminating both coordinated and guest water molecules, the
effective free volume attains 6.2% of the crystal volume of 9.
For the sake of topological analysis, the 3D MOF was
simplified by reducing ue-btc’™ blocks to the respective
centroids and omitting terminal H,O ligand. The resulting
underlying net (Fig. 7d) is composed of the different 4-
connected Pb(I) nodes and two different u¢-btc>” nodes and
can be described as a tetranodal 4,4,6,6-connected framework

ss with the unique topology. It is defined by the point symbol of

(4%.6.8)(4°.6),(47.6°.8%)(4%.6°.8).
(b)

Fig. 7 Structural fragments of 9. (a) Coordination environment of the Pb(Il) atoms. Symmetry codes: i=—x—1/2,y—1/2, =z +3/2;ii=x-1/2, -y +3/2,z
—1/2;iii=x—-1Ly,zziv=—x+1,v+2,z+ ;v=x+ 1Ly, z;vi=—x+ 172,y + 1/2, z+3/2; vii=x+ 112, v+ 32, z+ 1/2; vili=—x + 112, y - 1/2, =z +
3/2;ix =-x—1/2, y + 1/2, —z + 3/2. (b) 1D double chain motif along the a axis. (c) A perspective of 3D metal-organic framework along the bc plane. (d)
Topological representation of the underlying 3D MOF showing a tetranodal 4,4,6,6-connected net with the unique topology defined by the point symbol
65 of (4%.6°.8)(4°.6),(47.6°.8%)(4%.6°.8); view along the a axis; color codes: 4-connected Pb nodes (turquoise balls), centroids of 6-connected btc®™ nodes

(gray).
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Coordination modes of H,btc/Hbtc*/btc>> blocks and
structural comparison

The ligands derived upon deprotonation of biphenyl-2,4,4'-
tricarboxylic acid (H;btc) exhibit nine different coordination
modes in compounds 1-9 (Scheme 1). Depending on the
molar ratio of NaOH and Hsbtc during the self-assembly
synthesis, the tricarboxylate moiety can adopt partially and
fully deprotonated forms such as H,btc, Hbtc?, and btc>.
For example, the molar ratios of NaOH and Hjbtc of 1:1 and
2:1 led to the Hybtc™ and Hbtc>™ forms in 1-4. A higher excess
of base (molar ratio of NaOH and Hjbtc of 3:1) resulted in a
completely deprotonated btc®” form in 5 and 9. It is known
that pyridine can be applied not only as an ancillary ligand to
facilitate the crystallization of coordination polymers, but also
as a deprotonating agent due to its basicity.’® Given these
facts, we have used pyridine instead of NaOH for the self-
assembly synthesis of 6-8. The carboxylate groups of
biphenyl-2,4,4'-tricarboxylate ligands adopt seven typical
modes, including #':4° monodentate, n':5', ur-n*:n° and p,-
n'n' bidentate, uy-n*n' and uz-n*:n' tridentate, and us-:n>
tetradentate modes. Besides, an important feature of flexible
biphenyl-2,4,4'-tricarboxylate ~ blocks consists in the
possibility of the C-C single bond rotation between two
aromatic rings (dihedral angles are in the 36.88-82.58°
range), thus facilitating the generation of a certain
coordination environment around metal ions during the self-
assembly process. As a result, the ligands derived from Hsbtc
can adopt various coordination modes and behave as either
terminal (in 1-4) or different x4~ (in 5, 6, and 8) and ue-
building blocks (in 7 and 9). Products 7 and 8 were
synthesized under the same reaction conditions, except for a
slight difference between the molar ratios of CoCl,-6H,0 and
H;btc (1.5:1 for 7 and 1.77:1 for 8). The structural differences
in these 3D MOFs indicate that the assembly process is also
dependent on the molar ratio of metal ion and ligand.

Apart from distinct structural dimensionality of 1-9 that
ranges from 0D (in 1-4) to 2D (in 5) and 3D (in 6-9), all the
obtained products also reveal a variety of topologies,
including their rare or even undocummented types. In fact, the
topological classification of the H-bonded or coordination
networks disclosed the following underlying nets: 4,5L64 in
1, pcu in 2 and 3, sxb in 4, hcb in 5, wei in 6 and 7, and
topologically unique 3D nets in 8 and 9.

Thermogravimetric analysis and PXRD results

The thermal stability of compounds 1-9 was evaluated under
nitrogen atmosphere by thermogravimetric analysis (TGA) and
the obtained plots are presented in Fig. 8. The compound 1 loses
its one lattice water molecule (exptl, 2.0%; calcd, 1.8%) in the
70-118 °C range, followed by the decomposition at 329 °C. The
TGA curves of 2, 3, and 5 indicate that these compounds are
stable up to 234, 281, and 305 °C, respectively, and then
decompose upon further heating. For 4, there are two distinct
thermal effects in the 35-241 °C range that correspond to the
removal of two lattice and one coordinated H,O molecules (exptl,
7.0%; caled, 7.1%); a dehydrated sample then decomposes at 289
°C. The MOF 6 loses four coordinated water molecules between

60

65

70

%
S

29 and 138 °C (exptl, 6.4%; calcd, 6.4%), and then decomposes
upon further heating. For metal-organic framework 7, the weight
loss associated with the removal of two crystallization pyridine
molecules is observed in the 28-120 °C interval (exptl, 12.0%;
caled, 12.2%), and then decomposes upon further heating.
Compound 8 shows the loss of one lattice and three coordinated
water molecules between 18 and 85 °C (exptl, 7.2%; calcd,
7.1%), followed by the decomposition of organic ligands. For
MOF 9, there is one distinct thermal effect in the 119-224 °C
range that corresponds to the removal of one lattice and one
coordinated H,O molecule (exptl, 2.9%; calcd, 2.9%); further
heating up to 368 °C leads to the decomposition of a dehydrated
sample.

100
X \
S 60 \
S
20+ 8 \
—9
0 T T T T T T T 1
0 100 200 300 400 500 600 700 800
T/°%

Fig. 8 Thermogravimetric analysis (TGA) curves of compounds 1-9.

The powder X-ray diffraction (PXRD) experiments were
carried out for the as-synthesized bulk materials 1-9, showing
that the experimental PXRD patterns closely match the
simulated ones from the single-crystal X-ray data, thus
confirming the purity of samples (Fig. S2, ESIY).

Luminescent Properties

The emission spectra of H;btc and compounds 1, 3, 5 and 9
were measured in the solid-state at room temperature, as
depicted in Fig. 9. The “free” H;btc ligand displays a weak
photoluminescence with an emission maximum at 362 nm if
excited at 324 nm. For compounds 1, 3, 5, and 9, the
significantly more intense emission bands are observed with
the maximum at 388 nm for 1, 450 nm for 3, 396 nm for 5,
and 542 nm for 9, with 1., of 350 nm in all cases. All bands
can be assigned to an intraligand (n*—n or =n*—m)
emission.”” The enhancement of luminescence of the four
compounds can be attributed to the binding of ligands to the
metal centers, which effectively increases the rigidity of the
ligand and reduces the loss of energy by radiationless decay.”!
It is noteworthy to mention that the compounds 5 and 9
exhibit stronger emission intensities than those of 1 and 3,
what can potentially be explained by their structural
differences. In 1 and 3, the H,btc™ blocks act as simple
terminal ligands, while in 5 and 9 the btc’™ moieties feature
intricate u4- and pg-coordination fashions, respectively. The
later make the ligands more rigid, thus reducing the vibration-
induced deactivation.’'*> The observed photoluminescence of
5 and 9 indicates that these compounds can be excellent

10 | Journal Name, [year], [vol], 00—-00
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candidates for potential applications as photoactive materials.
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Fig. 9 Solid state emission spectra of Hsbtc, 1, 3, 5, and 9 [A, was 350
nm].

Magnetic properties

Variable-temperature magnetic susceptibility studies were carried
out on powder samples of 6-8 in the 2-300 K temperature range.
For the Ni(Il) MOF 6, the .7 value at 300 K is 3.40
10 cm’-mol K, which is close to the spin only value of 3.00
em®-mol K for three magnetically isolated Ni(II) centers (S;
=1, g = 2.0). Upon cooling, the yT value drops down very
slowly from 3.40 cm®-mol™-K at 300 K to 3.00 cm®-mol K at
78 K, and then decreases steeply to 1.15 cm®mol™ K at 2 K
15 (Fig. 10). In the 11-300 K interval, the yy ' vs. T plot for 6
obeys the Curie-Weiss law with a Weiss constant 6 of —20.53
K and a Curie constant C of 3.60 cm®-mol™ K. Because of the
long separation between the adjacent Ni; subunits, the negative
value of # and the decrease of the y\7T should be attributed to
20 the overall antiferromagnetic coupling between the Ni(II) ions

within the Ni; subunit.
We tried to fit the magnetic data of 6 using the following

NAgz,uﬂ2 3+ 42 exp(4x)+18exp(—2x)+15exp(2 x) + 3exp(—6x)
okT 3+ 7exp(4x) +8exp(—2x) + 3exp(—6x) + exp(—4x)
expression®>=* for a trinickel unit:

v =

3 H==J1p(81%82)-/23(8:%83)—J13:(51%S53)

where X = J/kT, le = J23 = J, J13 =0 (le and J23 are the
exchange interactions between the “central” Ni(Il) and two
“outer” Ni(II) atoms; Ji5 is the exchange interaction between
s0 the “outer” Ni(Il) ions within a Ni; core). Using this model,
the susceptibilities for 6 above 12.0 K were simulated, leading
to J=-18.7(5) cm™" and g = 2.12 with the agreement factor R
=6.75 x 10°* (R = = (Zovs T~ Zeae 1>/ T (KopsT)?). The negative
J parameter confirms an antiferromagnetic exchange coupling
3s between the adjacent Ni(II) centers, which is in agreement
with a negative dvalue. According to the structure of compound
6, there are two sets of magnetic exchange pathways within the
trinickel(I) core, namely via the u,-H,O and uy-y'in'-
carboxylate (syn-syn) bridges (Fig. 5b), which can be
40 responsible for the observed antiferromagnetic exchange.

3

7 Tiem’mol 'K
M
1fy fem mol

1 1 1
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Fig. 10 Temperature dependence of ymI (O) and 1/pwm(C)) vs. T for
compound 6. The red line represents the best fit to the equations in the

45 text. The blue line shows the Curie-Weiss fitting.
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For MOF 7, the T value of 9.46 cm®-mol™" K at 300 K is
much larger than the value (5.61 cm®-mol™"-K) expected for
the two magnetically isolated high-spin Co(II) ions (S =3/2, g
= 2.0). This is a common phenomenon for Co(Il) ions due to

so their strong spin-orbit coupling interactions.'"* Upon
cooling, yu7 decreases gradually and reaches a minimum of
7.21 cm®*mol K at 59.9 K. Below 59.9 K, however, the T
value increases sharply to a maximum of 31.34 cm’-mol™"-K
at 27.9 K, and then drops to 3.85 cm’-mol 'K at 2 K (Fig.
ss 11). Between 75.9 and 300 K, the magnetic susceptibilities
can be fitted to the Curie-Weiss law with C = 9.03 c¢cm®-mol-
'K and @ = +8.86 K. The positive # value indicates the
presence of dominant ferromagnetic interactions between the
Co(II) ions within the Co; subunit. As in the case of 6, there
0 are also two sets of magnetic exchange pathways within the
tricobalt(II) core of 7, namely via the u,-H,O and pp-n':n'-

carboxylate (syn-syn) bridges. These pathways can be
responsible for the observed ferromagnetic exchange.
32 32
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6s Fig. 11 Temperature dependence of ym7 (O) and 1/ym()) vs. T for

compound 7. The red line shows the Curie-Weiss fitting.

The temperature-dependent magnetic properties of MOF 8
are shown in Fig. 12 in the form of yT vs. T curve. The yuT
value of 13.94 cm’-mol™"K at 300 K is much larger than the

n value (6.54 cm®mol".K) expected for three and a half
magnetically isolated high-spin Co(II) ions (S = 3/2, g = 2.0).
Upon lowering the temperature, the yyuT parameter rapidly
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decreases to a minimum value of 8.43 cm®-mol 'K at 57.9 K,
and then abruptly increases to a sharp maximum (13.94
cm3-m01’1-K) at 2.9 K, and then finally decreases on further
cooling. Between 200 and 300 K, the magnetic susceptibilities
can be fitted to the Curie-Weiss law with C= 13.6 cm® mol™
K and € = -2.1 K. The negative § value clearly indicates an
antiferromagnetic exchange between the adjacent Co(II)
centers. Because of the long separation between the adjacent
Co, and Cos subunits, the negative value of & should be
attributed to the overall antiferromagnetic coupling between
the Co(II) atoms within the Co, and Cos cores. According to
the crystal structure of 8 (Fig. 6), there are two sets of
magnetic exchange pathways within the Cos subunit (one is
through carboxylate bridges and the other one is via u;-OH™
bridges), whereas the Co, subunit shows only carboxylate
bridges.

Conclusions

The current study has shown that biphenyl-2,4,4'-tricarboxylic
acid can act as a versatile main building block toward the
generation, by a hydrothermal self-assembly pathway, of a
series of novel metal(Il) (Zn, Ni, Co, Cd, and Pb)
coordination compounds. Hence, by selecting different
metal(II) nodes and adjusting the molar ratio between metal
ion, H;btc block, NaOH, and/or the type of the aromatic N-
donor ancillary ligand, we have assembed a diversity of new
compounds using water as reaction medium. The obtained
vary from the intricate 3D metal-organic
frameworks 6-9 to 2D coordination polymer 5 and discrete
0D monomers 1-4. The structures of 1-5 are further extended
[0D—3D (1-4) and 2D—3D (5)] into various H-bonded
networks by means of conventional hydrogen bonds. Besides,
product 1 is the first Zn(II) containing coordination compound
derived from H;btc, whereas complexes 1-4 represent the first
compounds with the H,btc™ or Hbtc’™ moieties acting as
terminal ligands. The generated products 1-9 not only
represent distinct dimensionality but also reveal a high
diversity of topological types. In fact, some topologically
unique multinodal nets have been found in the very complex
3D metal-organic frameworks of Co(II) and Pb(II) contaning
products, thus providing a contribution toward the
identification of new topological types in crystal engineering
research. Further exploration of biphenyl-2,4,4'-tricarboxylic
acid and derived flexible building blocks toward the
construction of functional metal-organic networks is currently
in progress.
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This contribution reports the hydrothermal self-assembly synthesis, characterization,

thermal stability, structural and topological features, and luminescent or magnetic

properties of a new series of nine coordination compounds, including very complex

and topologically unique MOFs.
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