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abstract

To further explore the research of the coordination possibilities of lanthanide ions with m-/p-hydroxy-
benzoic acid isomers in the presence of chelating N-donor ligand 1,10-phenanthroline (phen), six lan-
thanide supramolecular frameworks based on 3- and 4-hydroxybenzoic acids, namely [Dy(m-L)(m-HL)
(phen)]-H20 (1) (m-H2L = 3-hydroxybenzoic acid), [Ln(m-HL)3(phen)] (Ln = Gd for 2 and Tb for 3),
[Ln(p-HL)3(phen)(H20)] (Ln = Dy for 4, Gd for 5, and Tb for 6; p-H2L =4-hydroxybenzoic acid), were syn-
thesized and characterized. Structural analyses reveal that complex 1 has a two-dimensional (2-D) sheet
structure while complexes 2 and 3 take the dinuclear structures in the 3-hydroxybenzoate derivatives. In
the 4-hydroxybenzoate derivatives, complexes 4—6 are isostructural and incorporated by monomeric
units. Finally, all the complexes exhibit three-dimensional (3-D) supramolecular frameworks (bcu net
for 1; bct nets for 2, and 4-6; hex net for 3) with the aid of abundant hydrogen bonding, P-- -p and
C—H-- -p interactions. The results reveal that the different positions of the —OH substituent and coordina-

tion modes of hydroxybenzoic acids adjust the final coordination networks. Moreover, the magnetic and

luminescent properties of the complexes have also been investigated and discussed.

1. Introduction

The synthesis of coordination complexes are becoming one of
the most active topics due to their various potential magnetic,
sorption, catalytic, electric, and fluorescent applications [1-5].
The main building bricks used for the construction of coordination
complexes are organic ligands, metal ions, counter ions, and
solvent molecules [6]. Among them, the organic ligands act as
bridging organic groups between the metal ions, which may differ
from each other in their charges (neutral or anionic) [7.8], shapes
(rigid or not) [9,10], lengths [11], positions of functional groups
[12] and so on. In our preliminary work, we investigated the
coordination possibilities of lanthanide ions (Dy"™ and Gd"") with
2-hydroxybenzoic acid (o-H,;L) and 1,10-phenanthroline (phen)
[13]. To further explore this research and evaluate the influence
of positional isomeric effect on the formation of the coordination
complexes, we chose the position isomers of 2-hydroxybenzoic
acid, 3- and 4-hydroxybenzoic acids (m-H,L and p-H,L), as the
organic ligands in this work. On one hand, the hydroxybenzoic
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acids (o-H,L, m-H,;L, and p-H,L) are good candidates for the
construction of coordination networks based on the following con-
siderations: (i) the carboxylate group may exhibit diverse coordi-
nation modes; (ii) the hydroxyl group may provide the additional
binding site to connect metal atoms; (iii) the carboxylate and
hydroxyl groups are good candidates for hydrogen bonds to
construct supramolecular structures with higher dimensionality.
Furthermore, these three polycarboxylate ligands are closely
related and only differentiated by the positions of the —OH sub-
stituent, which may afford different supramolecular assemblies
in view of their isomeric effect. On the other hand, the introduction
of 1,10-phenanthroline (phen) as auxiliary co-ligand into the
metal—carboxylate reaction systems will lead to the formation of
abundant PP stacking and C—H ‘P interactions. In fact, besides
coordination bonding, weak intra- or intermolecular interactions
are powerful secondary interactions that can further connect low
dimensional motifs into higher-dimensional supramolecular
frameworks. In these contribution, we herein reported six new
lanthanoid(III) coordination complexes based on mixed 3- or 4-
hydroxybenzoic acid and phen co-ligand. The effect of positional
isomerism on the supramolecular structures, the magnetic, and
luminescence properties of the complexes have been investigated
and discussed in detail.



Table 1

Crystallographic data and structure refinement summary for complexes 1-6.
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Complexes reference 1 2 3 4 5 6

Chemical formula C26H19N207Dy Ce6HasN4O15Gd2 Co6HasN4O15Tbo C33H2sN>00Dy C33HsN2010Gd C33HasN>010Tb
Formula weight 633.93 1497.57 150091 772.05 766.80 768.47
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P2i/c P2i/c P2i/c P2i/c P2i/c P2i/c

a(A) 11.9829(7) 14.2648(2) 14.2874(2) 12.7726(5) 12.7907(2) 12.7941(4)
b (A) 15.8574(10) 12.6555(2) 11.76480(18) 12.0546(4) 12.0822(2) 12.0812(2)
c(A) 12.8148(6) 20.2106(4) 17.5713(3) 20.7515(11) 20.8110(5) 20.7989(8)
a(®) 90.00 90.00 90.00 90.00 90.00 90.00

b (°) 105.911(6) 126.9510(10) 99.5231(15) 110.756(4) 110.675(2) 110.704(3)
Cc () 90.00 90.00 90.00 90.00 90.00 90.00

Unit cell volume (A%) 2341.7(2) 2915.76(8) 2912.83(8) 2987.7(2) 3009.00(10) 3007.23(16)
No. of formula units per unit cell (2) 4 2 2 4 4 4

Deale (gcmfz) 1.798 1.706 1.711 1.716 1.693 1.697
Absorption coefficient (mm™!) 3.242 2.336 2.489 2.565 2.268 2.415
F(000) 1244 1484 1488 1532 1524 1528

Rin 0.0286 0.0274 0.0245 0.0315 0.0284 0.0309
Final R\" values (/> 2r(1)) 0.0220 0.0251 0.0198 0.0267 0.0264 0.0257
Final wR® (F2) values (I > 21(I)) 0.0284 0.0410 0.0448 0.0310 0.0301 0.0289
Goodness of fit (GOF) on F? 0971 0.837 1.043 0.744 0.946 0.873

*R1 = R||Fo| — |Fe||/R|Fo|.

® WRa = [Rw((Fo|? — |Fe|DI/RIw(Fo)?| 2, where w = 1/[IF2(F2)s+ (aP)? + bP]. P = (F 4 2F2)/3.

2. Experimental
2.1. General information and materials

All the starting reagents and solvents for synthesis were com-
mercially available and used as received without further purifica-
tion. Elemental analyses (C, H, and N) were performed on a Vario
EL III Elementary analyzer. IR spectra were recorded in the range of
4000-400 cm™! on a Tensor 27 OPUS (Bruker) FT-IR spectrome- ter
with KBr pellets. The powder X-ray diffraction (XRPD) patterns of
1-6 were recorded on a Bruker D8 Advance diffractometer (Cu
Ka, k = 1.54056 A) at 40 kV and 30 mA, by using a Cu-target tube
and a graphite monochromator. The powder samples were pre-
pared by crushing the crystals and the intensity data were
recorded by continuous scan in a 2h/h mode from 3° to 80° with
a step size of 0.02° and a scan speed of 8° min~!. Simulation of
the XRPD spectra was carried out by the single-crystal data and
diffraction-crystal module of the mercury (F/g) program available
free of charge via the Internet at http://www.iucr.org. Magnetic
measurements were carried out in the Unitat de Mesures Magne-
tiques (Universitat de Barcelona) on polycrystalline samples (circa
30mg) with a Quantum Design SQUID MPMS-XL magnetometer
equipped with a 5 T magnet. Diamagnetic corrections were calcu-
lated using Pascal’s constants and an experimental correction for
the sample holder was applied. The emission/excitation spectra
wererecorded onan F-7000 (HITACHI) spectrophotometer atroom
temperature.

2.2. Synthesis of complexes

2.2.1. [Dy(m-L)(m-HL)(phen)]-H,O (1) and [Ln(m-HL)s3(phen)]
(Ln = Gd for 2 and Tb for 3)

A mixture of Ln, O3 (Dy.03: 0.05 mmol, 18.7 mg for 1; Gd,Os:
0.05 mmol, 18.1 mg for 2; Tb4O7: 0.025 mmol, 18.7 mg for 3), phen
(9.0 mg, 0.05 mmol) and 3-hydroxybenzoic acid (13.8 mg,
0.1 mmol) in H,O (8 mL) was sealed in a 15 mL Teflon-lined stain-
less steel container, which was heated at 170 °C for 3 days, and
then cooled to room temperature. After washed by water, ethanol,
and ether, the block crystals of 1-3 which are suitable for X-ray
structure analysis can be further separated successfully under a
microscope manually. For 1: Yield: ~30% based on Dy. 4nal. Calc.
for C;6H19N,O7Dy: C, 49.26; H, 3.02; N, 4.42. Found: C, 49.35; H,
2.94; N, 4.50%. IR (KBr pellet, cm™!): 3261m (br), 1596m, 1565s,

1534m, 1434s, 1395s, 1303w, 1269m, 1143w, 1105w, 999w,
968w, 940w, 897w, 865w, 826m, 771m, 727m, 687w, 425w. For
2: Yield: ~30% based on Gd. Anal. Calc. for CeHysN4O3Gds: C,
52.93; H, 3.10; N, 3.74. Found: C, 52.87; H, 3.15; N, 3.80%. IR
(KBr pellet, cm™!): 3261m (br), 1564s, 1532m, 1434s, 1395s,
1345m, 1302m, 1251m, 1104w, 999w, 941w, 897w, 844m,
825m, 770m, 727m, 687w, 420w. For 3: Yield: ~40% based on
Tb. Anal. Calc. for CeHusN4O13Tb,y: C, 52.81; H, 3.09; N, 3.73.
Found: C, 52.87; H, 3.15; N, 3.66%. IR (KBr pellet, cm™'): 3383m
(br), 1576m, 1526s, 1406vs, 1343w, 1303w, 1228m, 1106w,
998w, 938w, 893w, 843w, 816w, 770m, 726m, 684w, 425w.

2.2.2. [Ln(p-HL)s(phen)(H,0)] (Ln = Dy for 4, Gd for 5 and Tb for 6)

The synthesis methods of4—6 are similarto thatfor 1-3 except
forthe use of4-hydroxybenzoic acid (13.8 mg, 0.1 mmol) instead
of 3-hydroxybenzoic acid (13.8 mg, 0.1 mmol). After washed by
water, ethanol, and ether, the block crystals of 4—6 which are suit-
able for X-ray structure analysis can be furtherseparated success-
fullyunderamicroscope manually. For4: Yield: ~40% based on Dy.
Anal. Calc. for C33H,5N,00Dy: C,51.34; H,3.26;N,3.63. Found: C,
51.29; H, 3.22; N, 3.67%. IR (KBr pellet, cm~!): 3235m (br), 1605m,
1543m, 1502m, 1419s, 1391s, 1345m, 1284m, 1219m, 1166m,
1142w, 1101w, 864m, 842m, 792m, 768w, 726m, 707w, 627m,
554w, 508w. For 5: Yield: ~30% based on Gd. Anal. Calc. for C33Hss-
N,0,0Gd: C, 51.69; H, 3.29; N, 3.65. Found: C, 51.63; H, 3.36; N,
3.69%. IR (KBr pellet, cm™!): 3239m (br), 1605m, 1543m, 1501m,
1417s, 1391s, 1345m, 1286m, 1221m, 1166m, 1141w, 1102w,
864m, 842m, 792m, 768w, 727m, 707w, 629m, 554w, 509w,
419w. For 6: Yield: 40% based on Tb. Anal. Calc. for C33H,5sN,Oy0- Th:
C,51.58; H, 3.28; N, 3.65. Found: C, 51.64; H, 3.22; N, 3.60%. IR
(KBr pellet, cm™!): 3228m (br), 1606s, 1541s, 1501m, 1418vs,
1390vs, 1345w, 1286m, 1219m, 1165m, 1142w, 1103w, 863m,
841w, 790m, 727m, 706w, 632m, 554w, 417w.

2.3. X—ray crystallographic study

Diffraction intensities for complexes 1-6 were collected on
Oxford Xcalibur Eos diffractometer with graphite-monochromated
Mo Ka radiation (k=0.71073 A) at 294(2) K. Multi-scan absorption
corrections were performed with the CrysAlisPro program [14].
Empirical absorption corrections were carried out using spherical
harmonics, implemented in SCALE3 ABSPACK scaling algorithm.
solved by direct methods, and all

The structures were
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Fig. 1. (a) View of the local coordination environment (left) and coordination polyhedron (right) of Dy(III) ion in 1. The atoms labeled with the suffixes A and B are generated by the
symmetry operations (—x+2, —y, —z + 1) and (x, —y + 1/2, z + 1/2). (b) View of the (4,4) 2-D sql coordination array with the P-- ‘P (pink dashed lines) and C-H: - P (yellow
dashed lines) interactions. (c) View of the 3-D supramoleuclar framework formed by O-H-- -O hydrogen-bonding interactions (red dashed lines) around lattice water molecules
between adjacent layers with the different 2-D arrays shown in blue and orange colors (left) and a local view of the O—H-- O hydrogen-bonding interactions (right).

(d) Schematic view of the 3-D bcu net, in which the coordinated bonds and supramolecular interactions are depicted as purple solid and yellow dashed lines, respectively.

(Color online.)

non-hydrogen atoms were refined anisotropically on F? by the full-
matrix least-squares technique using the surixTr crystallographic
software package [15]. The hydrogen atoms were generated theo-
retically and refined with isotropic thermal parameters riding on
the parent atoms. The details of the crystal parameters, data collec-
tion, and refinements for the complexes are summarized in Table 1,
and selected bond lengths and angles are listed in Table S1.

3. Results and discussion
3.1. Synthesis

Complexes 1-6 were prepared by assemblies of 3- or4-hydroxy-
benzoic acid, 1,10-phenanthroline, and different rare earth oxide as
the metal sources under hydrothermal conditions. Complexes 3 and
6 have the metal/acid/phen ratio 0 0.5:2:1, while other complexes

have the metal/acid/phen ratio of 1:2:1. In the synthetic cases of
these complexes, no target products were found under lower reac-
tion temperatures or shorter reaction times. After several attempts,
the hydrothermal reaction conditions were intended to be heated at
170 °C for3 days.Forthe preparationofall complexes, the crystals of
complexes always mixed with a mass of insignificant precipitation.
Thus, the bulk synthesized materials were obtained after washed by
water, ethanol, and ether. Furthermore, the crystals ofall complexes
which are suitable for X-ray structure analysis should be further sep-
arated under a microscopemanually.

3.2. Structure descriptions
3.2.1. Crystal structure of [Dy(m-L)(m-HL)(phen)] H,O (1)

Single-crystal X-ray diffraction reveals that 1 has a 2-D coordi-
nation array, which is further connected by hydrogen-bonding
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Fig. 1 (continued)

interactions to form a 3-D supramolecular bcu network. The asym-
metric unit of 1 contains one Dy(III) ion, one phen, one m-L, one m-
HL ligands, one coordinated and one lattice water molecules. The
central Dy(III) ion is eight-coordinated by two hydroxyl oxygen
atoms from two different m-L ligands, four carboxylate oxygen
atoms from three distinct m-HL ligands and two nitrogen atoms
from two phen ligands to form a distorted square antiprismatic
coordination geometry [16] (Fig. la). In 1, the m-H,L ligands are
partially (only the carboxylate group is deprotonated) and fully
deprotonated (both the carboxylate and hydroxyl groups are
deprotonated) to take the m-HL and m-L forms, respectively. The
m-HL ligand links two Dy(IIl) ions (Scheme la) through the
1,-g':g' carboxylate group. The m-L ligand shows the I5-bridging
mode (Scheme 1b) through the 1,-g':g' carboxylate group and
I,-bridging hydroxyl group. The Dy(Ill) ions are connected by
the linkage of m-HL and m-L ligands to form a 2-D coordination
layer (Fig. 1b). The neighboring Dy(III) ions which are bridged by
two Iz-g‘:g‘ carboxylate groups and two l,-bridging hydroxyl
groups can be regarded as the isolated node with a Dy Dy dis-
tance of 3.6 A. Thus, the 2-D coordination layer is simplified as
an sql (square lattice) layer [17,18]. In addition, the pP-- P and
C—H-- -p interactions are found in the 2-D sheet. The face-to-face
PP interactions between the neighboring phenanthrolinic and
benzenic rings are characterized by the dihedral angle of 7.9° and

the centroid ‘centroid distance of 3.6 A, while those between the
adjacent parallel phenanthrolinic rings are characterized by the
dihedral angle of 0.0° and the centroid--centroid distance of 3.6 A
(Table S2) [19]. The C—H: ‘P interactions between the C19-HI19A
of phen ligand and adjacent benzenic rings (C9-C10-C11-C12—
C13-C14) from m-L ligand are characterized by the H ‘Cg separa-
tion of 2.70 A and C—H- Cg angle of 157°, respectively (Cg, the
centroid of the ring) (Table S2) [19]. Furthermore, the adjacent par-
allel 2-D coordination layers are linked by hydrogen-bonding
interactions involving the lattice water molecules to form a 3-D
supramolecular structure (Fig. 1¢) (O3—-H3 --O7; O7-H7W --- 05"
i=x-, y, z; O7T-H8W- 02 i =%+ 1, y + 1/2,—= + 1/2; see
Table S3 for the details) [19]. From the topological view, each
dinuclear unit connects other eight ones via both coordination
linkages and weak interactions. Thus, the structure of 1 can be
described as an 8-connected 3-D non-interpenetrating network
with the Point (Schlidfli) symbol (4%4-6%) calculated by toros pro-
gram (Fig. 1d) [20], which corresponds to a bcu (body-centered
cubic lattice net) topology [17.21].

3.2.2. Crystal structure of [Gd(m-HL);3(phen)] (2)
X-ray crystallographic study reveals that the structure of 2 is
made up of neutral centrosymmetric dinuclear units which are

further linked through hydrogen-bonding, P-- -P, and C-H-- -p
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(b)

(d)

Scheme 1. Coordination modes for different forms of m-HzL and p-HzL ligands in 1-6.

interactions to form a 3-D supramolecular bct network. The asym-
metric unit of 2 consists of one Gd(I1I) center, three m-HL ligands,
and one chelating phen ligand. The Gd(III) ion is eight-coordinated
and exhibits distorted square antiprismatic coordination geometry
[16], which is surrounded by six oxygen atoms from five distinct
m-HL ligands as well as two nitrogen atoms from one chelating
phen ligand (Fig. 2a). For m-H,L ligand in 2, only the carboxylate
group is deprotonated to take the m-HL form. There are two differ-
ent types of coordination modes for m-HL ligands in 2: m-HL-A
links two Gd(IIl) ions by />-g':g' bis-monodentate carboxylate
group (Scheme la); m-HL-B coordinates to one Gd(III) ion through
the /,-g':g' chelating carboxylate group (Scheme Ic). In 2, two
adjacent Gd(III) ions are connected by four bridging m-HL ligands
to afford a centrosymmetric dinuclear unit with the Gd ‘Gd dis-
tance of4.3 A. Significantly,a careful analysis ofthis structure indi-
cates that the O6-H6A -O1’ hydrogen bonds (i = x, y + 1, z; see
Table S3 for details) between hydroxyl group of m-HL-A and car-
boxylate oxygen of m-HL-B link the dinuclear units to generate a 1-
D chain (Fig. 2b) [19]. The O3-H3B ‘©2' hydrogen bonds (i
=x—t 1, y ¥2, z + 1/2; see Table S3 for the details) between
hydroxyl group and carboxylate oxygen of m-HL-A ligands further
connect the adjacent 1-D chains to generate the 2-D layered net
(Fig. 2b) [19]. If assuming the binuclear units as isolated nodes,
the 2-D sheet can be regarded as a 2-D hxl (hexagonal lattice in 2-
D net) layer (Fig. 2b) [17,22]. Furthermore, the 2-D sheets stack in
the interdigitated fashion to generate a 3-D supramolecular

(e)

array by P—pP and C—H-- ‘P interactions (Fig. 2c). The face-to-face
PP interactions between the neighboring phenanthrolinic and
the benzenic rings are characterized by the dihedral angle of 3.4°
and the centroid-centroid distance of 3.7 A, while those between
the adjacent benzenic rings are characterized by the dihedral angle
of2.7°and the centroid-- -centroid distance of3.7 A (Table S2)[19].
The C—H - P interactions between the C30-H30A of phen ligand
and adjacent phenanthrolinic rings (N1-C22-C23-C24-C25-C33)
are characterized by the H-€g separation of 2.84 A and C-H -Cg
angle of 148°, while the H' Cg separation and C—H'Cg angle of
C17-H17A - Cg2 interactions between H17A from m-HL ligand
and adjacent phenanthrolinic ring (N1-C22-C23-C24-C25-C33)
are 2.93 A and 146°, respectively (Table S2) [19]. To further briefly
understand the structure of 2, each binuclear unit connects ten
other ones and can be regarded as 10-connector. Hence, the overall
structure of 2 is a 10-connected 3-D net, as shown in Fig. 2d. The
Point (Schlidfli) symbol for the net is (3'2.42%.5%) calculated by
TOPOS program [20], which corresponds to a bct (body-centered
tetragonal lattice net) topology [17.23].

3.2.3. Crystal structure of [Tb(m-HL)s;(phen)](3)

X-ray crystallographic study reveals that complex 3 crystallizes
in space group P2,/c (see Table 1) and consists of neutral cen-
trosymmetric dinuclear units, which are further connected by
weak interactions to form a 3-D supramolecular hex network.
The asymmetric unit of 3 contains one Tb(III) ion, one phen, and
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three m-HL ligands. As shown in Fig. 3a, the central Tb(III) ion is
eight-coordinated by six oxygen atoms from four distinct m-HL
ligands as well as two nitrogen atoms from one chelating phen
ligand to form a distorted
sphere [16]. Similar to 2, the two types of m-HL ligands are in
bridging (m-HL-A, Scheme la) and chelating (m-HL-B,
Scheme 1lc¢) modes, respectively. Unlike 2, the centrosymmetric
dinuclear unit in 3 is made of two adjacent Tb(III) ions and only
two bridging m-HL ligands with the Tb-- -Tb distance of 5.4 A.
The dinuclear units are further linked through O6-H6A:- -O7
hydrogen bonds (i=x, y+1, z, H-- -O/O-- -O distance = 1.90/2.70 A,
angle = 164°) (Table S3) and C11-H11 - - P interactions (H'-Cg sep-
aration: 3.00 A; C-H-Cg angle: 99°) (Table S2) to form 1-D chain
(Fig. S1) [19]. Then, the 2-D sheets are formed by the linkage of
hydrogen bonds (O3-H3-- 05 i=x, -y +5/2,z—1/2, H-- :O/O-* -O

square antiprismatic coordination

distance = 1.94/2.74 A, angle = 163°), p--p (Cg, the centroid of
the ring; Cgl: N1-C22-C23-C24-C25-C26; Cg2: Cl1-C2-C3-
C4-C5-C6; Cg-- -Cg separation: 3.69 A; dihedral angle: 14.6°), and
C-Hp interactions (Cg3: C15-C16-C17-C18-C19-C20; H''Cg
separation: 2.72 A; C-H''Cg angle: 122°) (Tables S2, S3, and
Fig. 3b) [19]. To simplify the 2-D network, each dinuclear unit
can be regarded as isolated node and the 2-D network can be sim-
plified as an hxl (hexagonal lattice in 2-D net) layer (Fig. 3b)
[17,22]. Furthermore, the adjacent parallel 2-D sheets are linked
by the O9-H9A- O3’ hydrogen-bonding interactions to form a 3-
D supramolecular structure (Fig. 3¢c) (i = »+ 2, y—+ 2, z+ 2; H
070 O distance = 1.96/2.78 A, angle = 177°) (Table S3) [19].
From the topological view, each dinuclear unit connects to other
eight ones and can be regarded as 8-connected node. Thus,
the structure of 3 can be described as an 8-connected 3-D

(b)

Fig. 2. (a) View of the local coordination environment (left) and coordination polyhedron (right) of Gd(III) ions in 2. The atoms labeled with the suffix A is generated by the symmetry
operation (—x, —y + 1, —z). (b) View of the (3,6) 2-D hxl supramoleuclar network formed by O—H: - ‘O hydrogen-bonding interactions (green dashed lines) in 2 with the distinct

1-D chains shown in blue and orange colors. (¢) View of the 3-D supramoleuclar framework formed by P-- ‘P and C—H-- -P interactions between adjacent layers

with the different 2-D arrays are shown in blue and orange colors (left) and a local view of the P+ -P (pairs of P-rings are shown in the same colors) and C-H-- P interactions
(red dashed lines) (right). (d) Schematic view of the 3-D bct net, in which the intra- and inter-layer supramolecular interactions are depicted as purple and yellow dashed

lines, respectively. (Color online.)
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Fig. 2 (continued)

non-interpenetrating network with the Point (Schlidfli) symbol
(30.418.53.6) calculated by TOPOS program (Fig. 3d) [20], which
corresponds to an hex (hexagonal lattice in 3-D net) topology
[17,24].

3.2.4. Crystal structure of [Ln(p-HL)3;(phen)(H,0)] (Ln = Dy for 4, Gd
for 5, and Tb for 6)

The complexes 4—-6 were obtained by the similar procedure for
the preparation of 1-3 except using 4-hydroxybenzoic acid. The
same space group and similar cell parameters (Table 1) indicate
that complexes 4-6 are isostructural, so 4 is used for detailed
structural description. The structure analysis shows that 4 consists
of neutral centrosymmetric [Dy(p-HL);(phen)(H,O)] mononuclear
unit. There are one Dy(III) ion, three p-HL, one phen, and one coor-
dinated water ligand in the asymmetric unit (Fig. 4a). The central

Dy(III) ion is eight-coordinated by five oxygen atoms from three
different p-HL ligands, one oxygen atom from coordinated water
ligand, and two nitrogen atoms from phen ligand. The coordination
geometry of the Dy(III) ion can be described as a distorted square
antiprismoid (Fig. 4a) [16]. In 4, only the carboxylate group of
p-HoL is deprotonated to take the p-HL form. Each chelating
(Scheme 1d) or monodentate (Scheme le) p-HL ligand links one
Dy(11I) ion. There are abundant hydrogen-bonding, P - ‘P and
C-Hp interactions in 4. Firstly, the two adjacent mononuclear
units are linked by O10-HIW--O4’ and O10-H2W - 06’ to form
the dinuclear unit ( = x4, y, z; see Table S3 for the details)
[19]. Then, the O8-HS8--O1’ hydrogen bonds link the dinuclear
units to generate 1-D chain (i=x, y +1, z, see Table S3 for the
details), in which the C—H:'pP interactions between H24A from
phen ligand and adjacent benzene ring of p-HL are found (see
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Fig. 3. (a) View of the local coordination environment (left) and coordination polyhedron (right) of Tb(III) ions in 3. The atoms labeled with the suffix A is generated by the symmetry
operation (—x + 1, —y + 2, —z + 2). (b) (left) View of the (3,6) 2-D hxl supramoleuclar network formed by O-H: -O hydrogen-bonding (green dashed lines), P ‘P (pink dashed

lines), and C—H-- -P (yellow dashed lines) interactions in 3 with the distinct 1-D chains shown in blue and orange colors. (right) The local view of the weak
interactions in 3. (¢) View of the 3-D supramoleuclar framework formed by O9-H9A-- -O3 hydrogen-bonding interactions (green dashed lines) with the different 2-D arrays

are shown in blue and orange colors. (d) Schematic view of the 3-D hex net. (Color online.)
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Fig. 4. (a) View of the local coordination environment (left) and coordination polyhedron (right) of Dy(III) ion in 4. (b) View of the (3,6) 2-D hxl supramoleuclar network
formed by with the O—H:-- -O hydrogen-bonding (green dashed lines) and C—H-- -pP (yellow dashed lines) interactions (left) and a local view of the O—H-- -O hydrogen-bonding
interactions (right). (¢c) View of the 3-D framework formed by hydrogen bonds between adjacent layers with the different 2-D arrays are shown in blue and orange colors (left)
and a local view of the hydrogen bonds (green dashed lines) (right). (d) Schematic view of the 3-D bct network, in which the intra- and inter-layer supramolecular

interactions are depicted as purple and yellow dashed lines, respectively. (Color online.)



M. Chen et al. / Polyhedron 113 (2016) 132—143 141

16
©600000000000000000000000 14- 500000000000000
(@] ooooO
14. 655§O Complex 1 OOOO Complex 4
o
. §? 12- 6559
5 12- s
o <] .
E .9 £ 80
X o X 0.
o 10- - §
£ o] £
s -8 s g
- 8.5 F. 8
— 2 i §
6_0 s
o 6.0
4
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T (K)
(@) (b)
6- o O N
) Complex 1 OOOOO o O .. Complex 4 o © o ©O
5- 00° 00°
o 00
- o 50°
o -
4- S 6 e
o
_ 3- © — Oodj
z - © z4 7
= 2. 0] =1 @)
o o
2- O
1- S
. -0
0- 0- g
0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
Field (Oe) Field (Oe)

(c)

(@

Fig. 5. T'vs. T plots for 1 (a) and 4 (b) at an applied dc field of 1.0 T. Magnetization vs. field plots for 1 (¢) and 4 (d) at 2 K.

Table S2 for the details) [19]. Furthermore, adjacent 1-D chains are
connected by O7-H7 ©4' to generate the 2-D structure (i = x -
+2,y+1/2,=+3/2, Table S3) (Fig. 4b) [19]. Finally, the 2-D motifs
are further linked by hydrogen bonds to generate the 3-D structure
(Fig. 4c). The O9—-H9- 06’ hydrogen bonds involve in monodentate
p-HL ligands (i==x+ 2,y + 1/2, =+ 3/2, Table S3) [19]. To simplify
the structure of 4, each dinuclear unit linked by O10-H1W -O4’
and O10-H2W--O6' hydrogen bonds is treated as the isolated
node. Each node connects to other eight ones via weak interactions
to obtain an 8-connected 3-D network with the Point (Schléfli)
symbol (3'2.428.55) calculated by rtoros program (Fig. 3d) [20],
which corresponds to a bct (body-centered tetragonal lattice net)
topology [17.,23].

3.3. Comparison of the structures for complexes 1-6

It is noteworthy that a variety of coordination structures can be
achieved on the basis of the hydroxybenzoate isomers with differ-
ently oriented hydroxyl groups, lanthanoid(IlI) ions, and phen co-
ligand. The phenomenon of supramolecular structural diversifica-
tion in 1-6 may arise from the different coordination modes and
positions of hydroxyl groups for organic ligands. Firstly, the
hydroxybenzoate isomers exhibit several coordination patterns
(Scheme 1). In 1, the m-H,L ligands exhibit the m-HL and m-L
forms. The carboxylate and hydroxyl groups are both deprotonated
in the m-L form which connects three Dy(III) ions (Scheme 1b).
Meanwhile, the m-H,L or p-H,L ligands in other complexes are par-
tially deprotonated and only the carboxylate oxygen atoms coordi-
nate to lanthanoid(III) ions (Scheme la, c, d and e). Because of the

additional binding site from the hydroxyl group, complex 1 shows
a 2-D coordination network while others are dinuclear or mono-
meric units. Secondly, the differently oriented hydroxyl groups in
hydroxybenzoate isomers may play significant roles in the direc-
tion of formation of hydrogen bonds. In 1, the hydrogen bonds
between the lattice water molecules and carboxylate/hydroxyl
groups connect the 2-D layers to form 3-D supramolecular net-
work. The hydrogen bonds between the hydroxyl and carboxylate
groups link the dinuclear units to generate only 2-D layer in 2,
while those link the dinuclear units to form the 3-D supramolecu-
lar framework in 3. For 4—6, the monomeric units firstly form the
dimer through the hydrogen bonds around the coordinated water
ligands. Then, the dimers were further connected by hydrogen
bonds between the carboxylate and hydroxyl groups to obtain 3-
D supramolecuar network.

3.4. Magnetic and photoluminescence properties of the complexes

To confirm whether the crystal structures are truly representa-
tive of the bulk materials, powder X-ray diffraction (PXRD) exper-
iments have been carried out for complexes 1-6. The experimental
and simulated PXRD patterns of the corresponding complexes are
depicted in Fig. S2. Although the experimental patterns have a
few unindexed diffraction lines and some peaks are slightly broad-
ened in comparison with those simulated from the single crystal
data, it still can be considered favorably that the bulk synthesized
materials and the as-grown crystals are homogeneous for 1-6.

Magnetic susceptibility data for the crushed crystalline samples
of complexes 1 and 4 were collected at an applied field of 1.0 T in
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Fig. 6. Solid-state emission spectra of complexes 3 and 6 at room temperature: (a)
for 3, (b) for 6.

2-300 K. As shown in Fig. 5a, the VT product of 1 has a value of
15.37 cm?3 K mol™! at 300 K, slightly above the expected 14.2 cm? -
K mol™! for one isolated Dy(Ill) ion (°H;sp, S=5/2, L=35, J=15/2,
g7 = 4/3). The VT product is nearly constant as the temperature
decreases, until a sharp drop is observed below 50 K. The magneti-
zation vs. field behavior of complex 1 at 2 K is shown in Fig. 5¢. The
saturation reaches at a value of 5.9 I B, below the expected for one
Dy(I1I) ion due to the spin orbit coupling and anisotropy. The Dy
(IIT) ion possesses usually strong spin—orbit coupling, and as usual
for lanthanide ions, the coupling between metal centers is weak.
Complex 1 is a 2-D network consisted of Dy> units. The Dy(III) ions
in the Dy, units are linked by two monoatomic oxygen bridges
from the hydroxyl groups of m-L ligands (Dy-O-Dy angle is
102.59°) and two syn,syn-carboxylate bridges. This should lead to
a competition between weak ferromagnetic and weak antiferro-
magnetic coupling. The Dy, units are linked via a meta substituted
aromatic ring, which should in turn provide an efficient pathway
for weak ferromagnetic coupling [25]. Due to the structure of 1 it
is not possible to model the magnetic data. The interactions in 1
are so weak that can only be observed in the lowest range of tem-
peratures (below 4 K). As shown in Fig. 5b, The VT product of 4 has a
value of 14.08 cm?® K mol™! at 300 K, as expected for one isolated
Dy(IIl) ion (°Hyspp, S =5/2, L =5,J=15/2, g;= 4/3). The VT product of
4 is nearly constant as temperature decreases, and below 100 K a
drop is observed due to the depopulation of the excited stark sub-
levels. The magnetization vs. field behavior of complex 4 at 2 K
is shown in Fig. 5d. The magnetization does not follow the Bril- louin
law and not reaches the saturation even at 5 T applied dc field, due
to the inherent spin—orbit coupling and anisotropy of Dy(III) ion.

The solid-state luminescent spectra of complexes 3 and 6 were
investigated at room temperature (Fig. 6). The emission spectra of

the free ligands m-H,L, p-H>L, phen are shown in Fig. S3. The free
m-H,L. and p-H,L ligands show the emission bands 346 nm
(kex = 324 nm) and 424 nm (K = 327 nm), whereas the phen
ligand shows the fluorescent emission bands at 363, 382, 403 nm
(kex = 345 nm). Under excitation at 354 nm, complexes 3 and 6 give
typical Tb(III) emission spectra containing the expected sequence
of ° Dy ? 'F, (J= 6, 5, 4, 3) transitions, respectively, and the
D, ? 7Fs transition is the strongest emission (Fig. 6).

4. Conclusions

Through the self-assembly of m-/p-hydroxybenzoic acid iso-
mers with phen and different rare earth oxides (Dy for 1 and 4,
Gd for 2 and 5, and Tb for 3 and 6), two series of lanthanide
supramolecular frameworks were obtained, respectively. Crystal
structures as well as magnetic and luminescent properties of com-
plexes 1-3 have also been investigated. The results reveal that the
structural versatility of 1-3 and 4—6 can be tuned by the position
isomers and coordination modes of hydroxybenzoic acid. This
work expanded the research of the coordination possibilities
related to the position isomers of hydroxybenzoic acid. Further
work is in progress to prepare new coordination complexes based
on the position isomers of hydroxybenzoic acid with novel topo-
logical networks and interesting chemical and physical properties.
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