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Synthesis, Crystal Structures, and Magnetic Properties of 2D Manganese(II)
and 1D Gadolinium(III) Coordination Polymers with 1H-1,2,3-Triazole-4,5-
dicarboxylic Acid
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Two new coordination polymers, namely [{Mns(tda),-
(H20)6}-6H20],, (1) and [{Gd(H,0)4(Htda)}-(Hztda)-H,O], (2)
(Hstda = 1H-1,2,3-triazole-4,5-dicarboxylic acid), have been
prepared and characterized by IR spectroscopy, elemental
analysis, and single-crystal X-ray diffraction. Polymer 1 is a
novel 2D stair-like coordination polymer, while 2 is a 1D

chain. Temperature-dependent magnetic measurements
indicate the existence of antiferromagnetic interactions in
both 1 and 2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The design and construction of architectures with ap-
pealing topologies have been attracting considerable atten-
tion in supramolecular chemistry and crystal engineering in
recent years.['!l Among them, the use of metal ions as nodes
and bridging ligands as spacers has had a large impact on
the building of coordination polymers with novel structures
and is expected to lead to the development of exploitable
properties such as magnetism, molecular sensors, lumines-
cent materials, absorption materials, and so on.[?! Although
many intriguing complexes have been well documented as
1D chainsP®l and ladders, 2D grids,’ 3D frameworks, and
helical staircase networks!® in previous studies, the rational
design of specific complexes with the above-mentioned
properties is still a challenge for chemists.

The selection of polydentate organic compounds as li-
gands is a key point in the design and assembly of the ex-
pected complexes. In our previous studies, pyridine-2,6-di-
carboxylic acid, pyridine-2,5-dicarboxylic acid, pyridine-
2,4,6-tricarboxylic acid, and related derivatives have been
employed for the construction of novel structures with di-
mensionalities from discrete to 3D, and with useful proper-
ties such as luminescence.l”? This type of ligand is based on
the six-membered aromatic ring of pyridine with carboxylic
groups in different sites as substituents. As a continuation
of this work, we focus our attention here on the ligand
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based on the five-membered heterocycle dicarboxylic deriv-
ative Hstda (Hstda = 1H-1,2,3-triazole-4,5-dicarboxylic
acid). The molecular structure of this ligand is shown in
Scheme 1. Most studies of Hstda with metal ions are in the
solution state,® and only two examples of rhodium(II) and
copper(Il) complexes with crystal structures of this ligand
have been reported as far as we know.[’]
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Scheme 1.

In this contribution, two coordination polymers, namely
[{Mns(tda)>(H,0)}*6H>0], (1) and [{Gd(H,O)4(Htda)j-
(H»tda)-H»0],, (2), are reported. The metal ions manga-
nese(Il) and gadolinium(I11) were used for magnetic studies
for two reasons: (a) they possess the highest spin ground
state in transition metal ions and lanthanide metal ions
(°A 1, for Mn'" and S, for Gd""), and always show impor-
tant magnetic behaviors; (b) the first-order orbital moment
of these two metal ions is completely quenched by the li-
gand field so that the magnetic behavior can be effectively
analyzed with the expression derived from the pure spin
Hamiltonian. Both of the complexes were characterized by
IR spectroscopy, elemental analysis, and single-crystal X-
ray diffraction. Polymer 1 is a novel stair-like 2D network
based on trinuclear isosceles triangular Mn3 secondary
building units, while 2 is a 1D coordination polymer. Tem-
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perature-dependent magnetic measurements show that
there are antiferromagnetic interactions in both 1 and 2.

Results and Discussion
Description of the Structure

[ {Mn3(tda)(H,0)6}-6H>0], (1)

Polymer 1 crystallizes in the orthorhombic space group
Pmna with two crystallographically independent Mn'! ions
in the crystal lattice, as shown in Figure 1. Mnl lies in a

Figure 1. The molecular unit of 1. Hydrogen bonds and lattice
water molecules have been omitted for clarity.

a) &

distorted octahedral environment. The equatorial plane
contains Ol and O1A [Mnl1-O1(O1A) 2.219(2) A] from the
carboxylate groups and O3 and O3A [Mnl-O3(0O3A)
2.139(3) A] from coordinated water molecules. N1 and N1A
[Mnl-N1 2.240(3) A] from the tda® ligand occupy the ax-
ial direction with an N1-Mnl-N1A angle of 162.22(14)°.
Mn2 lies in a centrosymmetrical octahedral environment,
which is completed by 02, O2A, O2B, and O2C [Mn2-02
2.158(2) A] from the carboxylate groups in the equatorial
plane and 04 and O4A [Mn2-04 2.190(4) A] from the co-
ordinated water molecules in the axial positions. 02, O2A,
O2B, and O2C are perfectly coplanar, and O4, Mn2, and
O4A are completely co-linear. The tda’ ligand exhibits an
unusual hexadentate binding mode, chelating three Mn'!
ions. It should be noted that all the atoms of every tda*"
ligand are essentially coplanar. The maximum deviation
from the plane containing N1, N2, and N1A is 0.07 A, with
an average value of 0.00 A. This suggests that a conjugated
714 bond delocalized over both the triazole ring and the
carboxylate groups may exist in the structure. The
Mnl--MnlA and Mnl--Mn2 distances are 6.579(6) and
6.190(5) A, respectively. As shown in Figure 2 (a), every
tda®" ligand further bridges two crystallographically iden-
tical Mnl ions to form a 1D chain in the « direction.
Furthermore, these chains are linked through the Mn2 ions
coordinated to the carboxylate groups of tda* in the ¢ di-
rection to form a 1D ladder-like structure comprising Mn6
coordination rings. Importantly, the molecular planes of the
tda’>" anions in the 1D chain are perpendicular to each
other, and the 1D ladders are further assembled into a novel
2D stair-like network in which the plane of every ladder is
also perpendicular (Figure 2, b). This particular supramo-
lecular structure is rather rare among known molecular

Figure 2. (a) The ladder like structure of 1 viewed along the « axis. (b) The 2D stair-like structure of 1. Water molecules coordinated to

the Mn"' ions have been omitted for clarity.
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frameworks.'%l In the crystal, the 2D networks are con-
nected by hydrogen bonds to form a 3D supramolecular
architecture containing 1D channels along the b direction,
as shown in Figure 3.

Figure 3. The 3D supramolecular architecture of 1 viewed down
the b axis. Lattice water molecules in the channel have been omitted
for clarity.

[{Gd(H;0) ,(Htda) }-(H>tda)-H,0], (2)

Polymer 2 crystallizes in the monoclinic space group
C2/c. There is only one crystallographically independent

Figure 4. Diagram showing the coordination environment of the
Gd"! ion in 2. Hydrogen atoms have been omitted for clarity.

Gd™ ion in the crystal lattice. As shown in Figure 4 this
Gd™ ion is eight-coordinate, with three oxygen atoms and
one nitrogen atom from the Htda?" ligand and four water
molecules, which together form a square-antiprismatic co-
ordination environment. The Gd-N bond length is
2.582(5) A, and that of Gd-O is in the range 2.318(4)-
2.437(4) A, with an average value of 2.379(4) A. Every
Htda? ligand links two Gd™ ions to form a 1D zigzag
chain in the b direction, as shown in Figure 5. Moreover,
the 1D zigzag chains are linked by intermolecular hydrogen
bonds between the nitrogen atoms in the triazole ring and
the oxygen atoms of the carboxylate groups to form 2D
layers. These layers are further linked through the counteri-
ons of Hrtda™ and lattice water molecules into a 3D supra-
molecular network, as shown in Figure 6.

Figure 6. The 3D supramolecular architecture of 2 linked through
the counterions of Htda . Dotted lines represent hydrogen bonding
interactions.

The coordination modes of 1 and 2 are shown in
Scheme 2. The proton in the 1-position in the triazole ring
plays an important role in the formation of the two different
coordination modes. For charge neutralization, it is sug-
gested that the ligand is completely deprotonated, existing
as tda®> in 1. The nitrogen atoms in the 1- and 3-positions
in the triazole ring become identical from a chemical view-
point and the tda®" ligand therefore has C, symmetry. In 2,
the ligand is only doubly deprotonated (at the carboxylate
groups) therefore it exists as Htda?>~ and only has C, sym-

Figure 5. Diagram showing the 1D zigzag chain of 2. Hydrogen atoms have been omitted for clarity.
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metry. The different symmetries of the ligands result in dif-
ferent coordination modes.
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Scheme 2.

Infrared Spectra

The main features in the IR spectra of both 1 and 2
mainly concern the carboxylate groups and the triazole
rings. In 1, a very strong band appears at around 1595 cm™!
due to the antisymmetric stretching (v,,) of the carboxylate
group; the symmetrical stretching (v,) band of this group
appears at 1470 and 1445 cm™!, respectively. The difference
between v, and v, is lower than 200 cm™!, which indicates
the p;3-bridging mode of the carboxylate group to the
metal ion, in agreement with the X-ray crystal analysis.['!]
In 2, the v, and v, absorptions appear at 1631 and
1380 cm™!, respectively. The bands at 1499, 1464, 1016, and
781 cm™! may be attributed to the v(C—N) stretching of the
triazole ring.

Magnetic Properties

In order to understand the magnetic interactions be-
tween the paramagnetic ions via the Hstda ligand in such
1D and 2D structures, the magnetic susceptibilities (yy;) of
both compounds were measured on a Quantum Design
MPMS-5S SQUID magnetometer in a field of 1000 Oe. The
plots of yy and g vs. T are shown in Figures 7 and 8 for
1 and 2, respectively. For 1, the magnetic susceptibilities
were measured in the temperature range from 2 to 300 K.
The room-temperature value of 10.23 pg for u is close to
the value of 10.25 pp, which is the spin-only value expected
for three free Mn'! ions with isotropic g = 2.00. As the
temperature decreases, the value of u.; decreases smoothly,
and below 50 K it decreases abruptly to a minimum of
3.52 pp at 2 K. This curve is in agreement with an antiferro-
magnetic coupling between the Mn'" ions. An analytical ex-
pression of magnetic susceptibilities for this kind of 2D
Mn!' complex is not available and only an approximate ap-
proach based on both the structural and magnetic data can
be performed.l'? Here, we first use the Curie~Weiss law to
analyze the experimental data. The best fit gives a Curie
constant, C, of 4.57 emuK mol ! and a Weiss constant, 0,
4934
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of —15.47 K, which is consistent with the g vs. T curve for
the antiferromagnetic interactions in 1. Secondly, based on
the crystal data, there are two main pathways (Mn-O-C—
O-Mn and Mn-N-N-N-Mn) to transfer the magnetic in-
teractions. By considering that the isosceles triangular Mn3
unit is the basic building block, the expression derived from
the Hamiltonian H = -2J,S5(S; + S3) — 2J,S5,S3 (where J;
is the coupling constant between Mnl and Mn2, and J, is
the coupling constant between Mnl and MnlA; see Fig-
ure 1 and Scheme 3) was used to fit the data.l'3] Because
the trinuclear units further assemble into a 2D structure, a 6
parameter was considered to correct the possible secondary
effects such as the interactions between the Mn3 units and/
or the zero-field splitting of the Mn' ion.l'3] The least-
squares fit gives J; = -17.99 cm™!, J, = 9.3 ecm™!, 0 =
-39 K, and g = 2.00, with an agreement factor, R, of
9.54 X 10* (R = 2(Yobsd — Yealed) 2 obsa)- The J; value of
1 is obviously larger than other single carboxylato-bridged
Mn'" complexes, such as [{Mn(bipy),(H,O)},{(CH;)s-
NCH,CO,}](Cl04)42H,0 (g = 1.97, J = -0.193 cm !) and
[Mn(MCPA),(H>0),], (MCPA = 2-methyl-4-chlorophen-
oxyacetic acid; g = 1.90, J = —0.30 cm !).'4 The reason for
this may be that the delocalized electrons not only appear
around the carboxylate groups but also reside on the tda*"

zu!cm:” mol’

Figure 7. Plots of yy () and g (V) vs. the temperature for 1; the
solid line represents the best fit. Inset: the Curie—Weiss fit.
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Figure 8. Plots of yy () and g (V) vs. the temperature for 2; the
solid line represents the best fit.
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anion, which enhances the capability for magnetic ex-
change. By comparing the J; and J, values, the ability of
triazole for magnetic exchange is seen to be smaller than
that of the carboxylate group. These results indicate that
the tda®" anion is a favorable bridging ligand for magnetic
exchange of paramagnetic metal ions.

S2
Mn

Ji Ji

Scheme 3.

Since the Gd'" ion in 2 lies in the %S5, singlet ground
state and does not possess a first-order orbital moment, its
magnetic properties are amenable to a rather simple analy-
sis based on a spin-only Hamiltonian. The u.y value of 2
at room temperature is 7.97 pp, which compares well with
the theoretical value of 7.94 g for one isolated Gd™ ion
with an isotropic g value of 2.00. The u.; value remains
almost constant with a decrease of temperature to 2 K,
which indicates that the interactions transferred through the
Hstda ligand are very weak. The Curie—Weiss fit for the
experimental data gives a Curie constant of
7.89 emuKmol ! and a Weiss constant of —0.85 K. The
theoretical y,, is given by the following expression, which
is based on the spin Hamiltonian H = —JX.S,S;., with the
quantum numbers Sgq = 7/2:1%

NB*g?S(S+1) 1+u
Ay =S

3T 1-u
= ot 5D KT
kT JS(S+1)

Least-squares fitting of the experimental data leads to J
= -0.10 cm !, g = 2.00, and an agreement factor, R, of
6.9 X 10*. These results indicate a very weak antiferromag-
netic interaction between the Gd'" ions. The magnitude of
J is small but is of the same order as other Gd™' com-
plexes.'®! 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.

A qualitative interpretation of the magnetic interactions
in such metal ions with half-filled orbitals can be made by
the well-known Kahn model. The exchange integral (J) can
be decomposed into two terms, one involving ferromagnetic
(Jp) and the other antiferromagnetic contributions (J5g).['”!
The value of Jor is proportional to the square of the inte-
gral overlap and is always much larger in magnitude than
Jr Since the orbitals of Mn™ and Gd™! ions are both half-
filled such that the electron cloud is completely symmetri-
cal, the nonzero overlap integral of the magnetic orbitals of
Gd"™ or Mn" would result in an antiferromagnetic interac-
tion.

Eur. J. Inorg. Chem. 2006, 4931-4937
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EPR Spectra

The manganese(Il) ion has an S = 5/2 electronic spin,
and >>Mn has a high natural abundance of 100% and an
= 5/2 nuclear spin. The X-band EPR spectra of 1 in both
the solid state and dmso solution were recorded at room
temperature. Only broad bands centered at g = 2.00 were
observed, and no hyperfine pattern could be resolved. This
may be due to the strong antiferromagnetic between man-
ganese(Il) ions and/or the resonance from the zero-field
splitting.['3]

Theoretical Investigation of tda*

As mentioned in the crystal structure discussion, a conju-
gated 7}1 bond may exist in the tda® anion as all its atoms
are almost coplanar. A charge density distribution calcula-
tion was performed on tda*" at the DFT/B3LYP/6-311G*
level using the Gaussian 98 program.!'8! The atomic coordi-
nates for input were taken from the crystal data. The calcu-
lation result shows that the three negative charges are al-
most averagely delocalized over the whole tda®  anion,
which indicates the existence of a conjugated 7! bond.

Conclusions

We have synthesized two new coordination polymers
with 1H-1,2,3-triazole-4,5-dicarboxylic acid. The results
show that 1 is a novel 2D stair-like coordination polymer
based on trinuclear isosceles triangular Mn3 secondary
building units, while 2 exists as a 1D chain. Although tem-
perature-dependent magnetic measurements indicate only
antiferromagnetic interactions in both 1 and 2, the interest-
ing structures with variable coordination modes of Hstda
indicate that further studies of this ligand should be made,
especially for the construction of 3d—4f complexes.

Experimental Section

General Remarks: All reagents and solvents employed were com-
mercially available and used as received without further purifica-
tion. Hytda was synthesized according to the literature method.!')

Synthesis of [{Mn;s(tda),(H,O)¢}-6H,0], (1): A mixture of
Mn(ClOy),:6H,0 (0.145 g, 0.40 mmol), Hstda (0.156 g, 1.0 mmol),
and H,O (8 mL) was put in a 20-mL acid digestion bomb and
heated at 150 °C for three days. The colorless crystals obtained
were collected after washing with water (2X5 mL) in a yield of
52% (92 mg). CgH4Mn3N4O, (689.15): caled. C 13.94, H 3.51, N
12.19; found C 14.31, H 3.77, N 12.55.

Synthesis of [{Gd(H,0)4(Htda)}-(H,tda)-H,O0], (2): A mixture of
Mn(Cl0,),6H,O (0.091 g, 0.25 mmol), Hstda (0.039 g,
0.25 mmol), Gd(ClO,);6H,O (0.282 g, 0.25 mmol), and H,O
(15 mL) was refluxed in a 100-mL round-bottomed flask for 2 h.
The precipitate was filtered off and the filtrate was left to stand at
room temperature. Slow concentration of the resulting solution un-
der ambient conditions led to the formation of colorless single crys-
tals of 2 as the only solid with a yield of 86% (68 mg). Without
the admixture of Mn(ClO,),6H-O under the same conditions only
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Table 1. Crystal data and structure refinement for 1 and 2.

1 2
Empirical formula C3H24N6020Mn3 C8H13N6013Gd
M, 689.15 558.49
Temperature [K] 293(2) 294(2)
Crystal system orthorhombic monoclinic
Space group Pmna C2/c
a[A] 13.158(4) 35.000(10)
b[A] 7.446(2) 6.860(2)
¢ [A] 12.255(4) 14.179(4)
a[°] 90 90
A1 90 98.183(5)
y[° 90 90
V [A3] 1200.6(6) 3369.4(17)
VA 2 8
Deatea- [mgm=3] 1.906 2.202
i [mm] 1.655 4.022
01[°] 2.27-25.00 1.18-26.57
Index ranges -15=h=15 B3 =h=44
L=k=8 I=k=8
-14=1=9 -17=1=17
Reflections collected 5795 8853

Independent reflections

Max, min transmission
Data/restraints/parameters
Goodness-of-fit on F?

]217 H/Rz [[ > 20 (I)]

R, wR, (all data) .
Largest diff. peak and hole [e A3]

1112/9/97
1.076

0.0354, 0.0850
0.0501, 0.0920

1112, R(int) = 0.0445
1.000000 and 0.749560

0.413 and —0.485

3497, [R(int) = 0.0470]
1.000000 and 0.525940
3497/5/262

1.052

0.0420, 0.1052

0.0549, 0.1116

2.209 and 2211

a powder sample of 2 was obtained, as confirmed by IR spec-
troscopy, elemental analyses, and PXRD. CgH;3GdN4O;3 (545.48):
caled. C 17.21, H 2.35, N 15.05; found C 16.85, H 2.42, N 15.19.

Physical Techniques: C, H, and N analyses were obtained at the
Institute of Elemental Organic Chemistry, Nankai University. The
FT-IR spectra were measured with a Bruker Tensor 27 Spectrome-

Table 2. Selected bond lengths [A] and angles [°] for 1 and 2.
1l

Mnl-03 2.139(3) Mnl N1 2.240(3)
Mnl-Ol 2.219(2) Mn2-02 2.158(2)
Mn2-04 2.190(4)
O3A-Mnl-03  88.57(17) 02A-Mn2-02  91.35(12)
03A-Mnl-O1  91.87(11) O1-Mnl-OlA  90.87(14)
03-Mnl-O1  166.39(10) 03-Mnl-NIA  98.49(11)
Ol-Mnl-NI  72.26(9) O1-Mnl-NIA  95.04(9)
OIA-Mnl N1  95.04(9) O3A-Mnl NI  98.49(11)
NIA-Mnl-N1  162.22(14) 02-Mn2-O4A  92.96(9)
02C-Mn2 02B  88.65(12)

21b]
Gd1-03A 2.318(4) Gd1-08 2.394(4)
Gd1-07 2.347(5) Gd1-05 2.420(4)
Gd1-02A 2.365(4) Gd1-01 2.437(4)
Gd1-06 2.372(5) Gd1-N1 2.582(5)
07-Gd1-06  74.75(18) 08-Gd1-01 106.43(16)
07-Gd1-08 82.06(18) 05-Gd1-01 73.33(16)
06-Gd1-08 81.82(18) 07-Gd1-N1 80.27(18)
07-Gd1-05 146.87(17) 06-Gd1-NI1 146.51(16)
06-Gd1-05 78.22(18) 08-Gd1-NI1 72.86(16)
08-Gd1-05 75.42(17) 05-Gd1-NI1 114.82(17)
07-Gd1-01 137.39(16) 01-Gd1-N1 63.73(14)
06-Gd1-01 146.95(15)

[a] A —x+1/2,y,—=z+1/2;B:x,y+1,—=z C.—x+1, -y +1,
—z. [b]A: —x + 1/2, y + 1/2, —z + 1/2.
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ter on KBr disks. Variable-temperature magnetic susceptibilities
were measured on a Quantum Design MPMS-5S SQUID magne-
tometer. Diamagnetic corrections were made with Pascal‘s con-
stants for all the constituent atoms.

X-ray Crystallographic Studies: The structural determinations of 1
and 2 were performed by single-crystal XRD analyses. Determi-
nations of the unit cell and data collection were performed with
Mo-K,, radiation (4 = 0.71073 A) on a Bruker Smart 1000 dif-
fractometer equipped with a CCD camera. The o—¢ scan technique
was employed. Crystal parameters and structure refinements for 1
and 2 are summarized in Table 1. Selected bond lengths and angles
are listed in Table 2.

The structures were solved primarily by direct methods and Fourier
difference techniques and refined by the full-matrix least-squares
method. The computations were performed with the SHELXL-97
program.[?’l All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were set in calculated positions and refined as
riding atoms with a common fixed isotropic thermal parameter.

CCDC-290628 (for 1) and -287164 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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