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Six lanthanide complexes based on 5-azotetrazolyl salicylic acid were synthesized and
their crystal structures, magnetic and photochromic properties were reported.
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Six lanthanide complexes based on 5-azotetrazolyl salicylic acid (H3;ASA) ligand of
{[Er(H,ASA)(HASA)(H,0)s]-6H,0} (1), {[Ln(H,ASA)(HASA)(H,0),],-6H,0} [Ln = Er (2),
Ho (3)], [Ln(H,ASA)(HASA)(H,0),4] [Ln = Nd (4), Gd (5)] and {[Dy(ASA)(H,0)s]-5H,0} (6)
have been synthesized and characterized by single crystal X-ray diffraction analysis. In 1-6,
the carboxyl group act as different coordinating or bridging modes resulting in a mononuclear
structure for 1, two dinuclear structures for 2 and 3 and three one-dimensional structures for 4-
6, and the unusual m —n stacking between tetrazolate anions and phenyl rings and various
hydrogen bonding interactions are observed. The energies for m —x stacking interactions were
calculated and demonstrated at MP, level using Gaussion 09 suite. The magnetic properties of

2—6 and photochromism for aqueous solutions of 1-6 were investigated.

Introduction

Currently, the assembly of wvarious novel transition or

lanthanide metal complexes with optical, electrical and
magnetic properties give rise to considerable interest among
researchers due to their potential applications as functional
materials.! An efficient approach for generation of such type of
functional complexes is to assemble appropriate organic ligands
into different metal systems by coordination bond and the assist
of noncovalent intermolecular m—m stacking and hydrogen
bonding interactions.”® Because ligands can control the
structures and properties of the complexes by different
coordinating and bridging modes, the judicious choice and
design of appropriate ligands containing varied functional
groups is strategy.

Carboxylates have been proven to be excellent ligands in the

particularly important for synthetic
design and construction of magnetic and optical functional
lanthanide complexes, because they can coordinate to Ln(III)
ions through monodentate, bidentate, and tridentate types of
coordination modes and efficiently transmit energy and
coupling by bridge.® the

carboxylates, salicylic acid and its derivatives are particularly

magnetic carboxyl Among

desirable ligands because both carboxyl and phenolic hydroxyl
groups in salicylate ligands can act as bridges or take part in the

This journal is © The Royal Society of Chemistry 2013

formation of intra- and/or intermolecular hydrogen bonds to
assist the formation of multidimensional assemblies.'™ Despite
the extensive investigations carried out on various carboxylate
analogues, studies on metal complexes of 5-azotetrazolyl
salicylic acid (H;ASA) are rare.® The H;ASA is one of
especially desirable organic functional ligand, because it
possesses carboxyl, hydroxyl, azo, and tetrazole functional
moieties, and can not only be partly (H,ASA™ and HASA®) or
fully (ASA™) deprotonated but also exhibit trans-cis isomers
originating from photoisomerization reactions of azo linker
(Scheme 1).%* Azo functional linker is known to all to be an
efficient electronic bridge, which prompts the creation of
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Scheme 1. The doubly deprotonated and photoisomerization reactions of
H;ASA.
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extended-conjugated systems, and azo based compounds can

undergo reversible  trans-cis  isomerization and  show
photochromic property upon light irradiation.” Very recently,
the pronounced bathochromic absorption and photochromism
for azo based compounds including 1,1'-azobis-1,2,3—triazole,
1,1'-azobis-tetrazole and 5,5'-azotetrazolate based complexes
were reported.'® Here, six Ln(III) complexes based on H;ASA
ligand of 1-6 were synthesized and their crystal structures,

magnetic and photochromic properties were reported.

Experimental Section

Materials and Physical Measurements

All the commercial reagents and solvents were used without
further purification unless otherwise stated. IR spectra were
recorded as pressed KBr pellets on a Bruker Tensor 27
spectrophotometer. Elemental analyses for C, H and N were
performed on a Perkin-Elmer 240 CHN elemental analyzer.
The magnetic measurements of the sample of 2-6 were carried
out using a SQUID magnetometer in the temperature range of
2-300 K at a constant magnetic field (1000 Oe). UV-vis
absorption spectra of 1-6 in aqueous solution were recorded
with a U-1800 Ultraviolet-Visible Spectrophotometer.

X-ray crystallography and data collection

The crystals were filtered from the solution and immediately
coated with hydrocarbon oil on the microscope slide. Suitable
crystals were mounted on glass fibers with silicone grease and
placed in a Bruker Smart APEX(II) area detector using graphite
monochromated Mo-Ka radiation (A = 0.71073 A) at 296(2) K.
The structures were solved by direct methods and successive
Fourier difference syntheses (SHELXS-97) and refined by full-
matrix least-squares procedure on F° with anisotropic thermal
parameters for all non-hydrogen atoms (SHELXL-97). Organic
hydrogens were generated geometrically (C-H 0.96 A);
hydrogen atoms in the azotetrazolyl and in the water molecules
were located from difference maps and refined with isotropic
temperature factors. In 5, two N atoms in azo bond were found
to be disordered over two positions with an occupancy factor of
0.500/0.500 (N7 and NB8), 0.500/0.500 (N13 and NI14).
Although routine checks strongly suggested that the space
group for 4 and 5 should be the centrosymmmetric C2/c space
group instead of the reported Cc. This would place the metal
atom on a twofold axis in the C2/c space group, but would
result in significant H3ASA ligand disorder. Crystallographic
data has been deposited in the Cambridge Crystallographic
Database Centre: CCDC 975945 for 1, 975946 for 2, 993757
for 3, 975949 for 4, 993758 for 5, 993759 for 6. The summary
of crystallographic data and structural refinements for 1-6
should read Table 1.

Computational details

All the quantum-chemical calculations were done with the
Gaussian 09 suite.!" The calculations of m—r interactions were
performed using MP2 at 6-31G level based on the crystal
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structures obtained in this work. The interaction energies were
counterpoise corrected with the procedure of Boys and
Bernardi, in order to account for the basis set superposition
error (BSSE)."?

Synthesis of H;ASA

5-azotetrazolyl salicylic acid was synthesized according to the
reported method in reference. '

Synthesis of {[Er(H,ASA)(HASA)(H,0)¢|-6H,0} (1)

10 mL aqueous solution of Er,0;(0.0382 g, 0.1 mmol) and HCI
(6 mol-L", 2d) was added to a solution of 5-azotetrazolyl
salicylic acid (0.0504 g, 0.2 mmol) in 10 mL of water and 10
mL of ethanol and stirred for 2 h. The pH of mixture solution is
about 4. The resulting mixture was filtered. The filtrate was
allowed to evaporate slowly under ambient conditions for
several days. The obtained yellow crystals were isolated by
suction filtration and washed with ethanol. Yield: 56.61%
(based on Er*"). Anal. Calcd. for 1 of C;¢H33N,0sEr (%): C,
22.62; H, 3.89; N, 19.79. Found(%): C, 22.53; H, 3.93; N,
19.75. FT-IR (KBr, cm™): 3193s, 1678m, 1631m, 1580s, 1539s,
1486s, 1444s, 1385s, 1258s, 1179s, 901m, 835m, 808m, 681s,
562m.

Syntheses of {[Ln(H,ASA)(HASA)(H,0),],-6H,0} [Ln = Er (2),
Ho (3)]

10 mL aqueous solution of MCl;-6H,0O (0.1 mmol) was added
to a solution of 5-azotetrazolyl salicylic acid (0.0504 g, 0.2
mmol) in 10mL of water and 10mL of ethanol and stirred for 5
min. Then a drop of dilute NH;-H,O (2 mol-dm>) was added to
adjust the pH to about 5 and stirred for 2 h. The resulting
mixture was filtered and block crystals were obtained by slow
evaporation of the filtrate after several days and washed with
ethanol with yields of 42.31% for 2 (based on Er*"), 39.82% for
3 (based on Ho*"). Anal. Calcd. for 2 of C3,Hy6N,4046Er, (%):
C, 25.31; H, 3.03; N, 22.14. Found(%): C, 25.29; H, 3.09; N,
22.10. FT-IR (KBr, cm™): 3209s, 1676m, 1629s, 1580s, 1487s,
1443s, 1385s, 1259m, 1178s, 835m, 681s, 561m for 2. Anal.
Calcd. for 3 of C;HysN»40,6Ho0x(%): C, 25.38; H, 3.04; N,
22.21. Found(%): C, 25.39; H, 3.01; N, 22.26. FT-IR (KBr, cm”
"): 3190s, 1605s, 1547s, 1487m, 1419s, 1394s, 1333s, 1271s,
1188s, 1151s, 1082m, 838m, 758s, 671m, 613m, 577m.

Syntheses of [Ln(H,ASA)(HASA)(H,0)4] [Ln = Nd (4), Gd (5)]

10 mL aqueous solution of MCl;-6H,O (0.1 mmol) was added
to a solution of 5-azotetrazolyl salicylic acid (0.0504 g, 0.2
mmol) in 10mL of water and 10mL of ethanol and stirred for 5
min. Four drop of dilute NH;-H,O (2 mol-dm ™) was added to
the mixture solution. And then dilute HCI (2 mol-dm™>) was
added to adjust the pH to about 6 and stirred for 2 h. The
resulting mixture was filtered. Yellow block crystals of 4 and
yellow block crystals of 5 formed in the filtrate by slow
evaporation of the solvents within several days and were
isolated by filtration. Yields: 41.2% for 4 (based on Nd**) and
32.5% for 5 (based on Gd**). Anal.Calcd. for 4 of
C16H17N1,0oNd (%): C, 28.17; H, 2.49; N, 24.65. Found(%): C,
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28.16; H, 2.48; N, 24.63. FT-IR (KBr, cm™):3319s, 1624m,
1562s, 1466s, 1387s, 1247s, 1149m, 1031m, 850m, 805m, 754s,
702m, 664s, 570m, 528m for 4. Anal. Calcd. for 5 of
Ci6H17N1,010Gd (%): C, 27.64; H, 2.45; N, 24.18. Found(%): C,
27.69; H, 2.42; N, 24.19. FT-IR (KBr, cm™"): 3213s, 1672m,
1625m, 1580s, 1537s, 1483s, 1442s, 1385s, 1258s, 1177s,
901m, 836m, 807m, 682m, 562m, 523w.

Synthesis of {{Dy(ASA)(H,0)s]-5H,0} (6)

10 mL aqueous solution of Dy(OAc);-10H,O (0.1 mmol) was
added to a solution of 5-azotetrazolyl salicylic acid (0.0252 g,
0.2 mmol) in 10mL of water and 10mL of ethanol and stirred
for 5 min. Four drop of dilute NH;-H,O (2 mol-dm™®) was
added to the mixture solution. And then dilute HCOOH (2
mol-dm ) was added to adjust the pH to about 7 and stirred for
2 h and filtered. The filtrate was allowed to evaporate slowly
under ambient conditions, and yellow crystals suitable for X-
ray analysis were obtained by slow evaporation of the solvents
within several days. Yields: 29.5% for 6 (based on Dy*"), Anal.
Calcd. for 6 of CgH,3DyNO1; (%): C, 16.73; H, 4.01; N, 14.64.
Found(%): C, 16.84; H, 3.96; N, 14.73. FT-IR (KBr, cm™):
3203s, 1606s, 1549m, 1524w, 1485s, 1421s, 1334s, 1266s,
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Fig. 1 (a) ORTEP view (30% thermal ellipsoids) of 1, all H atoms and
lattice water molecules have been omitted for clarity, (b) the 7 —=n stacking
interaction in 1, (c) the 3D supramolecular structure of 1.
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1189s, 1152m, 1084w, 841m, 760m, 675m, 615w, 577m, 532w
for 6.

Results and discussion

Crystal structure of 1

Table 1 gives crystallographic data for complexes of 1-6.
Complex 1 crystallizes in the triclinic space group PI. Each Er’*
coordinates to four carboxyl oxygen atoms from two anionic
ligands of HASA? and H,ASA™ and six oxygen atoms from
water molecules to give an eight-coordinated square antiprism
(Fig. 1a). The H,ASA” and HASA?” anions show a monodentate
ligand and 1 displays a mononuclear structure. The bond
lengths of C2-O3 (phenol) = 1.342(3) A and C10-O6 (phenol) =
1.334(3) A indicate an enol isomer for H,ASA™ and HASA”
anions. A slipped face-to-face alignment between tetrazolate
anions and phenyl aromatic rings with the separated interplanar
center to center distances of 3.496(2) and 3.711(2) A, behaves
as a unusual w —= stacking interactions in 1 (Fig. 1b). Another
edge-to-face m—m stacking interactions are also observed with

@ N N
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Fig. 2 (a) ORTEP view (30% thermal ellipsoids) of 2, all H atoms and
lattice water molecules have been omitted for clarity, (b) the m —n stacking
interaction in 2, (¢) the 3D supramolecular structure of 2.
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the shortest atom-to-atom distances of 3.291(4) and 3.481(4)
A.There are five kinds of hydrogen-bonds of O-H:--O
(carboxyl), O—H---O (hydroxyl), O-H:--N, O-H:---O (lattice
water molecules) and O—H:---O (coordination water molecules)
among the H,ASA", HASA” anionic ligands, lattice water
molecules and solvent water molecules (Fig. S1, ESIf). The
shortest distances of O—H:---O (carboxyl), O-H:---O (hydroxyl)
are 2.734(3) and 2.873(3) A, respectively. The n—n stacking
and hydrogen bonding interactions are responsible for the
stabilization of 3D supramolecular structure (Fig. 1c¢).

Crystal structures of 2 and 3

Single-crystal X-ray analysis reveal that complexes 2 and 3 are
isomorphous and the crystal structure of 2 is described as the
example. Complex 2 crystallizes in the triclinic space group P1
with each unit cell consisting of two Er’" ions, two H,ASA
anion, two HASA? anion, four coordination water molecules
and three lattice water molecules (Fig. 2a). Each Er’" ion
coordinates to eight oxygen atoms, including four carboxylic
oxygen atoms from two , bridging HASA® anions and a
chelating bidentate HASA™ anion and four oxygen atoms of
water molecules. The coordination geometry around the metal
center can be described as a distorted square antiprism. The
dimeric compound lies about an inversion center. Two L,
bridging carboxylic groups links two Er’’ ions to give a
dinuclear structure with the separation of Er*"---Er’* distance of
4.929(7) A (Fig. 2a). The dihedral angles between the tetrazole
and phenyl ring of H,ASA™ and HASA? anions are 7.96(9)°
and 1.78(9)°, respectively, which indicate an approximately
coplanar structure. A slipped face-to-face m—m stacking
interaction is observed between tetrazolate anions and phenyl
aromatic rings with the separated interplanar center to center
distances ranging from 3.625(5) to 3.733(6)A (Fig. 2b). There
are six kinds of hydrogen-bonds of O-H:--O (carboxyl), O—
H---O (hydroxyl), O—H (hydroxyl)---O (carboxyl), O—H---N,
O-H---O (lattice water molecules) and O—H---O (coordination
water molecules) among the H,ASA", HASA? anionic ligands,
lattice water molecules and solvent water molecules (Fig. S2,
ESIt). The distances of O-H:--O (carboxyl), O-H:--O
(hydroxyl) and O-H(hydroxyl)---O (carboxyl) are 2.885 (5),
2.860(3) and 2.998(3) A, respectively. The m —m stacking and
hydrogen bonding are responsible for the stabilization of 3D
supramolecular structures (Fig. 2c).

Crystal structure of 4 and 5

X-ray diffraction analysis reveals that 4 and S are isomorphic.
So, 4 is employed as a representative complex to be described
in detail. It crystallizes in the monoclinic system and space
group Cc. As shown in Fig. 3a, an asymmetric unit of 4 consists
of a Nd*" ion, a H,ASA™ anion, a HASA? anion and four
coordination water molecules. Each Nd*" ion coordinates to
eight oxygen atoms from four carboxylic oxygen atoms from
two H,ASA™ anion and two HASA?® anion ligands and four
oxygen atoms from four water molecules to give a distorted
square antiprism. The dihedral angle between the tetrazolate
rings and phenyl aromatic rings of H,ASA™ and HASA® are

4| J. Name., 2012, 00, 1-3
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18.66(43)° and 13.49(44)°, respectively. Both H,ASA™ and two
HASA? anions act as i, bridging ligands with each anion links
two different Nd** ions to give one dimensional linear chain
structure with the separation of Nd**---Nd*" distance of 5.067(1)
A. A face-to-face alignments between the tetrazolate anions and
phenyl aromatic rings with the separated interplanar center-to-
center distances of 3.755(1) A is observed, which displays a n
—n stacking interactions (Fig. 3b). Another edge-to-face mn—m
stacking interactions are also observed with the shortest atom-
to-atom distances of 3.211(17) and 3.454(17) A. Four
coordination water molecules are linked with nitrogen atoms in
tetrazolyl by the O-H:---N hydrogen-bonds with the O---N
distances of 2.711(10) to 2.968(12) A (Fig. S3, ESIf). The n°—x
stacking and O—H:--N hydrogen bonding interactions link the
1D structures into a 3D supramolecular structure (Fig. 3d).

(a) g N0
VAR \
m\f‘\ /_& 03&_\_/5{5\,1 NS
v —\ 08 02 [/ -

13757 34541 1321 ;
’:‘ i I ! a

Fig. 3 (a) ORTEP view (30% thermal ellipsoids) of 4, all H atoms have
been omitted for clarity, (b) the m —n stacking interaction in 4, (c) the
3D supramolecular structure showing the n —n stacking interaction.

Crystal structure of 6

Complex 6 crystallizes in the monoclinic space group P21/n.
Fig. 4a gives its atomic labeling diagram. Each Dy’
coordinates to a phenolate, two carboxylate oxygen atoms and
four water molecules to give a distorted eight-coordinated
square antiprism. In this complex, the ASA®" anion behaves as a

This journal is © The Royal Society of Chemistry 2012
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W, bridging ligand coordinating to two different Dy*" ions with
the separation of Dy*"--Dy*" being 5.817(5) A, resulting in a
1D zigzag chain structure. The ASA* anions show trans-enol-E
isomers. The dihedral angle between the tetrazolate anionic
rings and phenyl aromatic rings of ASA™ is 5.07(15)°. A face-
to-face m —x stacking interaction between the tetrazolate anionic
and phenyl rings with the separated interplanar center-to-center
distances of 3.408(5) to 3.552(5) A in ASA® anions is also
observed (Fig. 4b). Four kinds of hydrogen-bonds of O-H---O
(hydroxyl), O—H---N, O-H:--O (lattice water molecules) and
O-H---O (coordination water molecules) among the ASA*
anionic ligands, lattice water molecules and solvent water
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Fig. 4 (a) ORTEP view (30% thermal ellipsoids) of 7, all H atoms and
lattice water molecules have been omitted for clarity, (b) the © —n stacking
interaction in 7, (c) the structure of cage-shaped water cluster of (H,0),, in
7, (d) the 3D supramolecular structure showing the n—m stacking
interaction..

This journal is © The Royal Society of Chemistry 2012

ARTICLE

molecules are also observed in 6 with shortest distances of
2.685(5), 2.687(5), 2.729(18) and 2.750(7) A, respectively (Fig.
S6, ESIT). A cage-shaped dodecameric water cluster of (H,0);,
with the O---O distance range of 2.648(12) to 2.990(64) A is
found and shown in Fig. 4c. The O—O-O angles in this (H,0),,
cluster range from 80.6(5)-119.8(3)°. The dodecameric water
cluster described here is different from previously identified
cyclic ring structures and other cage-like structures, which
represents a novel conformation of (H,O);, cluster not yet
predicted.'® In this complex, the 7 —x stacking together with the
O--*N and O---O hydrogen bonding interactions link the 1D
complex chain into a 3D supramolecular network structure (Fig.
4d).

Comparison of the structures

Different methods of synthesis were used to prepare complexes
1-6, so complexes with different structures were obtained,
especially for 1, which has mononuclear structure, for 2 and 3,
which have dinuclear structures, for 4 and 5, which have one-
dimensional structures while 6 also has an one-dimensional
structure in which hydroxyl group coordinates to Dy(III) ion.
When preparing 1, H3ASA and rare earth oxides with
hydrochloric acid replacing rare earth salts were used and the
pH of reaction solution was 4. When preparing 2 and 3, H;ASA
and rare earth salts were used and the pH of reaction solution
was adjusted to about 5. H3ASA and rare earth salts were also
used in preparing 4 and 5, while the pH of reaction solution was
adjusted to about 6. The H;ASA ligand were not completely
deprotonated in 1-5 because of the acidic reaction solution.
However, when the pH of reaction solution for preparing
complex 6 was adjusted to 7, H;ASA was deprotonated
completely, which increased the coordination opportunity of the
H3ASA ligand. It indicates that the solution acidity might play
important role in designing and synthesising different structure
complexes.'’

The energies for 7 —x stacking interactions in 1-6

As shown in Table 2, the calculated @ —n interaction energies
between tetrazolate anions and phenyl aromatic rings in 1-6
range from -16.2457 to -43.8113 kJ-mol™' which are stronger
than the general m—m interactions.'® The results clearly
demonstrate that the n—x interactions increase the likelihood of

formation of n—r stacked crystal structures.

Table 2 The structural parameters and interaction energies of 1-6

Complex Distance(center to Energy (kJ-mol™)
centre)(A)
1 3.496 -16.2457
2 3.626 -43.8113
3 3.633 -30.5457
4 3.755 -41.4081
5 3772 -40.4960
6 3.550 -32.8837

“centre of tetrazolate anions ring to centre of phenyl aromatic ring

J. Name., 2012, 00, 1-3 | 5
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Magnetic properties

{[Er(H,ASA)(HASA)(H,0),],-6H,0} (2). The temperature
dependence of magnetic susceptibilities of 2-6 have been
measured on microcrystalline samples over the temperature
range 2—300 K under an applied direct current (dc) magnetic
field of 1000 Oe. The y,,7T and y,, versus T plots for Complex 2
are shown in Fig. 5. The y,,T value for 2 at 300K is 22.49 cm’
K mol!, which is close to the value expected for two
noninteracting Er** ions (*I;sp, S = 3/2, L = 6, g = 6/5, y T =
11.48 cm® K mol™). Upon cooling, the y,T value gradually
decreases and reaches a minimum of 12.09 cm® K mol™ at 2 K.
The lowering of y,,T" values with decreasing temperature may
arise from the depopulation of Stark sublevels and/or
antiferromagnetic interactions between the Er** ions in 2. The
feasible fit of the experimental data for the plot of y,,vs. T in
the range 50-300 K, following the Curie—Weiss law [x;,= C/(T
-0) + xol, yielded the Curie constant C = 22.726 ¢cm® K mol”,
the Weiss constant 6§ = -8.019 K, and the background
susceptibility y,= 0.00138 cm® mol™!. To estimate the magnetic
exchange coupling constant, the dinuclear structure is modelled
with the spin Hamiltonian:

A

A A~ A 2 A~
A=-2J58, =& -3§)
i=1

74406240J/W +609062I0J/W + 49146182J/W +3900€156l kT
+3036e"4 12310 417107 41224747 18407/ H

4 - Ngzﬂz 1546077 13300374 1180027 F 18461274 13008 M 4 62! M
3kT 3120 | Q21 0IAT 4 07 JIS2IKT | 05 56 /KT | 23 320K | 51,1107 /KT
119209 KT L 17T KT 15567 KT | 130927 /KT | {10307 /KT 4 p200 /KT
17T 58K | 3 20 KT
%Er

T 1=z Ng* By

In these expressions, J is magnetic exchange coupling constant,
N, g, B, and k have their usual meanings, zJ' is the total
exchange parameter. The best fitting of the susceptibility data
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Fig. 5. Plots of yyT (o) and yy, (/) vs. T for 2. The red lines represent the
fitting results.
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in the temperature range 50—-300 K gives J=-0.107 cm™, zJ' = -
3.930x10% cm?, g = 1187, R = Z[(xDobsa
D carcd 721X Dopsal*= 2.039x10°%. The negative value of zJ'
and 6
interactions between Er’* ions.
{[Ho(H,ASA)(HASA)(H,0)4],'6H,0} (3). Complex 3
present a similar magnetic behavior to complex 2 (Fig. 6). The
xuT value for 3 at 300K is 28.08 cm® K mol™', which is close to
the value expected for two noninteracting Ho** ions (’Is, S = 2,
L =6, g =5/4, x,T = 14.08 cm® K mol™"). Upon cooling, the
xuT value gradually decreases and reaches a minimum of 17.12
cm® K mol”! at 2 K. The decrease of the y,,7 values when
lowering the temperature may arise from the depopulation of

indicate the presence of weak antiferromagnetic

Stark sublevels and/or antiferromagnetic interactions between
the Ho®" ions in 3. The feasible fit of the experimental data for
the plot of y,,vs. T in the range 50-300 K, following the Curie—
Weiss law [y,= C/(T -6) + xol, yielded the Curie constant C =
27.632 cm® K mol™!, the Weiss constant 6 = -6.073 K, and the
background susceptibility y, = 0.0033 cm® mol™. To estimate
the magnetic exchange coupling constant,the dinuclear
structure is modelled with the spin Hamiltonian:

A AA A~ 2 A
H=-2JSS,=-J(S; -D>.S%)
i=1

8976624 1 74406074 1 609002 AT 4 49146'2AT 1 390057 /4T
+3036¢" 4T +2310" 4T +1710e™ 4T +1224€™ /4T + 840 /1T

Ngzﬁz +546e™ K 13306 4T 118002 /T 48462 KT 13068 /KT 4 62 /KT
- kT 332K | 3 MOIKT | 9QRRI0IKT | 2 JISUWAT 4 55 1560 IKT | 231320 1KT 4 o 110J /KT
F19¢% /KT 4 1777 KT {15567 /KT 13420 1KT {1300 /KT | o200 /AT
472 KT 58T KT L 320 AT 4 g
X

I(:—
I — e INg By

In these expressions, J is magnetic exchange coupling constant,
N, g, B, and k have their usual meanings, zJ' is the total
exchange parameter. The best fitting of the susceptibility data
in the temperature range 50—-300 K gives J=-0.075 cm™, zJ' = -

5 -1 — =
8.159x10° cem”, g = 1235, R = Z[(#Dobsa -
28
N {0.06
26
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g 2] - 10.04G
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5 o
ME 22_ ﬁ E
5 A 0.023
I:s 20{ % N
R \o
18 gS AAANAAANAAAAAANNANDAAAN —0.00
16
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Fig. 6. Plots of yuT (0) and yur (Dvs. T for 3. The red lines represent the
fitting results.
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D catecd 72X Dopsal> = 4.812x107. The negative value of zJ'
and 0 indicate that an antiferromagnetic interactions between
Ho’" ions is operative.
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Fig. 7. Plots of yyT (o) and yy, ({hvs. T for 4. The red lines represent the
fitting results.

[Nd(H,ASA)(HASA)(H,0)4] 4). The temperature
dependence of magnetic susceptibility for 4 is studied and
shown in Fig. 7, and the y,,T value at 300 K is 1.68 cm® K mol™,
which is agreement with the expected value of 1.68 cm® K mol
! for an uncoupled Nd** ion (I, S=3/2, L =6, g =4/5, y, T =
1.68 cm® K mol™) in the ground state. Upon decreasing the
temperature, the y;,7 value decrease continuously and reaches a
minimum of 0.54 cm® K mol”, which may arise from the
depopulation of Stark sublevels and/or antiferromagnetic
interaction between Nd*" ions.'” A nonlinear fit via [y, = C/(T -
0) + xo] in the temperature range 50-300 K gives the Curie
constant C = 1.475 cm® K mol’!, the Weiss constant 6 = -37.008
K, and the background susceptibility y, = 0.00125 cm® mol”', R
= {2 Dobsa - XDeated N Dopsal’=1.263x107. The negative
value of 0 indicates the presence of weak antiferromagnetic
interactions between Nd*" ions.

ymWOOOOOOOOOOOOOOOOOOOOOO
{a

2, Tlem’Kmol”

-

11 e 1o

150 200 250 300

T/K

100

Fig. 8. Plots of yuT (o) and yy (Dvs. T for 5. The red lines represent the
fitting results.

[GA(H,ASA)(HASA)(H,0)4] (5). For 5, as the temperature
is lowered from 300 to 90 K, the y,,7 value is almost constant

This journal is © The Royal Society of Chemistry 2012

with a small scale of 7.86 to 7.78 cm® K mol™' which is close to
the theoretical value for an uncoupled Gd** ion (®S;,, S=7/2, L
=0, g=2, I =7.88 cm® K mol’" ). Below 90 K, y,,T shows a
sharp decrease with decreasing temperature to reach a value
7.38 cm® K mol" at 2 K. The reciprocal susceptibilities data
(1/xa) conforms well to Curie-Weiss law (y;,= C/(T - 0)) in the
range of 2-300 K and give the negative Weiss constant 0 = -
0.52 K and Curie constant C = 7.85 cm® K mol™ (Fig S7, ESIY).
These data, in combination with the changing tendency of y,,7-
T, lead to the conclusion that the magnetic coupling between
the neighbouring Gd** ions bridged by H;ASA ligand is
antiferromagnetic. The theoretical y,, is given by the following
expression, which is based on the spin Hamiltonian H = —
JESiSi+1 with the quantum numbers Sgq= 7/2: '
2 2
_Ne B Irugio,y
3kT 1-u

chain

where y = coth(J_ S(S +1)/kT)—kT/J_S(S +1)

In these expressions, J. is magnetic exchange coupling
constant, S, N, g, B, and k have their usual meanings. The best
fitting of the susceptibility data in the temperature range 2—-300
K gives J. = -0.0041 cm”, g = 1979, R = Z(¥obsa -
Zeated) = (Kobsd)*= 2.303x107%. The magnitude of J, is small but
is of the same order as other Gd** complexes.'’ The reason for
this may be that the 4f electrons lie closer to the metal center
than the 5d and 6s electrons and are less influenced by the
surrounding environment. The negative value of J,. further
confirms the antiferromagnetic coupling between the Gd*" ions.

{IDY(ASA)(H,0)s]-5H,0} (6). As illustrated in Fig. 9, the
xuT value for 6 at 300 K is 14.18 cm® K mol", which is
consistent with the expected value of 14.18 cm® K mol™ for an
uncoupled Dy*" ion (*H;s, S=5/2, L =5, g =4/3, yT = 14.18
cm’® K mol™"). When the temperature is lowered, the y,,T value
decrease very slowly to 13.87 cm® K mol™ at ca. 35 K. Below
35 K, yuT decreases rapidly down to 11.00 cm® K mol™ at 2 K.
The decreasing values of y,,T is most likely due to depopulation
of the Stark sublevels and/or antiferromagnetic interaction

14.5 7
14.0 Oooooooooooooooooooooo 16
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g i
£ 13.0 1%
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= ] 3]
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Fig. 9. Plots of yuT (o) and yur (Dvs. T for 6. The red lines represent the
fitting results.
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between Dy*" ions. A nonlinear fit via y,= C/(T - 6)+ y, in the
temperature range 2-300 K Curie constant C= 13.849 cm® K
mol!, Weiss constant # = -0.498 K and the background
susceptibility y, = -0.0012cm® mol”, the agreement factor R =
E(Kobsi—Zeatod) /= (Fobsa)*= 1.27x10™. The negative value of 0
indicates the presence of weak antiferromagnetic interactions
between Dy*" ions.

The photochromism of aqueous solution of 1-6

Fig. 10 gives the changes of UV-Visabsorption spectra of the
alkaline aqueous solution of 1 with concentration of 2.0x107
under 365 nm UV light
temperature. Upon irradiation of the alkaline aqueous solution
of 1 with UV light (365 nm), the absorption peaks around 450
nm decrease in intensity and two absorption peaks around 260

mol-dm™ irradiation at room

and 350 nm increase in intensity and three regions with two
isobestic points at 279 and 380 nm can be distinguished. When
the UV light irradiation continuously increases for 15 minutes,
the absorption intensity at 350 nm peak largely increase. When
the time of UV light irradiation increases for 35 minutes, the
original absorption peaks at 450 nm become unresolved. The
phenomenon of maximum absorption peak transfer from 450 to
350 nm should be attributed to a photoisomeric reaction of
anionic ligands (scheme 1).** The alkaline aqueous solution of
2-6 show similar photochromic properties with 1 (Fig. S8,
ESIY).

—— Omin

— 5min
10min
—— 15min
20min
——— 25min
—— 30min
35min
———40min
——45min
—— 50min
j —— 55min
—— 60min
65min

400 450 500 550

350
Wavelength(nm)

250 300

Fig. 10. UV-vis spectral changes of 1 in alkaline aqueous solutions with
the concentration of 2.0x10”° mol-dm™ upon repeated irradiation at 365 nm
at 5 min intervals at room temperature.

Conclusions

In summary, six novel lanthanide complexes based on H;ASA
ligand have been synthesized and reported. The H3;ASA has
both m-system capable of forming m —n stacking interactions
between tetrazolate anions and phenyl rings and the ability for
formation of intra- and/or intermolecular hydrogen bonds.
These supramolecular interactions are responsible for the

8 | J. Name., 2012, 00, 1-3
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The
magnetic and photochromic properties of these complexes were
analysied and demonstrated. This study suggests that H;ASA
ligand can act as a good building block and may provide new
insights into the design and assembly of varied supramolecular

stabilization of these 3D supramolecular structures.

architectures.
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Table 1 Crystal data and structure refinement for 1-6
1 2 3 4 5 6
formula Ci6H33ErN;;O1s CaHugEraNygOgs  CaHagHooN2sOss  CisHisN12NdOyg - CiH17GdN ;019 CgHa3DyNeOy3
Formula weight 848.80 1517.45 1512.79 681.66 694.67 573.82
Temperature/K 296(2) 296(2) 296(2) 296(2) 296(2) 296(2)

VA 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

Crystal system triclinic triclinic triclinic monoclinic monoclinic monoclinic
Space group P1 P1 P1 Cc Cc P2,/c

a/A 12.9043(8) 9.7064(14) 9.6936(4) 16.2248(7) 16.3059(18) 10.8529(13)

b/A 13.7369(8) 12.0080(17) 11.9920(4) 14.2682(6) 14.2088(16) 6.9013(9)

/A 18.1170(10) 12.7434(18) 12.8118(4) 10.0232(4) 10.0240(9) 27.181(3)

a° 85.446(3) 110.523(6) 110.378(3) 90.00 90.00 90.00

Bl 77.264(3) 94.782(7) 94.930(4) 105.746(2) 105.473(6) 112.490(6)

VP 83.393(3) 105.108(7) 104.916(3) 90.00 90.00 90.00

Volume/A? 3106.9(3) 1317.6(3) 1323.48(8) 2233.28(16) 2238.3(4) 1881.0(4)
z 4 1 1 4 4 4
PealeMg/mm?’ 1.815 1.912 1.898 2.027 2.061 2.026
m/mm’’ 2.797 3.272 3.076 2410 3.048 4.050
F(000) 1700.0 750.0 748.0 1348.0 1364.0 1132.0
Reflections 47911 20387 20025 8855 8969 16013
collected
Independent 14304 6112 6153 5133 5107 4338
reflections
Flack
parameters — — — 0.050(2) 0.043(3) —

Rint 0.0227 0.0245 0.0339 0.0273 0.0201 0.0418
Goodness of-fit 1.036 1.037 1.045 1.039 1.069 1.005
Final R indexes R; =0.0249, ¢ R; =0.0220, R; =0.0337, R; =0.0351, R, =0.0262, R; =0.0318,

=20 ()]  WR,=0.0615"  wR,=00529  wR,=0.1015  wR,=0.0774 wR, —00620 wR, =0.0798
Final R indexes R; =0.0298, R; =0.0244, R, =0.0397, R; =0.0405, R, =0.0292, R, =0.0429,
[all data] wR, =0.0634 wR, =0.0539 wR, =0.1058 wR, = 0.0805 wR, =0.0642 wR, =0.0944

R=YI[Fo-Fell/ TIFol. "WR, = [EW(Fo™- F*)* Yw(F,")’]"”

This journal is © The Royal Society of Chemistry 2013
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