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A Series of 2D Coordination Polymers Based on Unprecedented Linear
Tetranuclear Units Bridged by the Azido Anion: Syntheses,
Crystal Structures and Magnetic Properties

Li, Zuoxi Yang, Qian Li, Licun Hu, Tongliang™ Bu, Xianhe
(Department of Chemistry, and Tianjin Key Laboratory of Metal & Molecule-based Material Chemistry, Nankai University,
Tianjin 300071)

Abstract Sparked by the strategy of molecular magnets, three magnetic coordination polymers, [Co,(N3)4(L)25]e (1),
[Ni;(N3)3(NO3)(L)2 5] (2) and [Mny(N3)4(L)2 sl (3) (L=4,4"-bis(imidazol-1-yl)biphenyl), have been synthesized by em-
ploying azide as the coupling carrier and a rod-like ligand L as the magnetic insulator. Structural analysis indicates that com-
plexes 1~3 are iso-structural, and illustrate a 2D (4,4) layer based on unprecedented linear tetranuclear units bridged by the
EO-azido ions. Their magnetic measurements revealed that complexes 1~3 all present the ferromagnetic (FM) coupling,
which was due to the £O-azido linker. The corresponding exchange coupling constants have been estimated by fitting the

experimental data, which confirmed the above magneto-structural correlations.

Keywords

coordination polymer; rod-like ligand; linear tetranuclear cluster; magnetic property

1 Introduction

In recent years, magnetic coordination polymers have
attracted a great deal of attention not only for their intrigu-
ing structural diversity,!"*! but also for their potential a][o-
plications in high-density information storage devices,”’
quantum computing devices'*! and molecular spintronics.™
The developments of this area have been experiencing
great success in creating a number of molecular magnets,
such as single-molecule magnets,® single-chain magnets!”
and single-ion magnets."® Moreover, construction of novel
magnetic unit and the theoretical simulation have always
been the research hotspots of magnetic chemistry.”'%

The azide anion Nj; is a three-atom bridge that can
effectively mediate the magnetic coupling. Compared to
other small multitopic ligands, such as CN- i HCO; 2
and C,03 ,!" the azide anion exhibits variety of
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bridging modes, such as EO- and EE- patterns, to link two
or more transition-metal ions into clusters.!"*'" Thus the
azide anion provides a versatile “building block™ for the
construction of molecular magnetic materials.

In most cases, a suitable auxiliary ligand, such as long
rod-like or bulky angle ligand, is mostly utilized to prevent
3D magnetic ordering, which would contribute to low-
dimension magnetic units.'”"*! As the linear long back-
bone to isolate magnetic units, the rigid bis(imidazole)
ligands are good candidates for the exploration of magnetic
materials."”? Furthermore, the coordination chemistry of
bis(imidazole) ligands have been continuously explored in
our group, and they are liable to afford magnetic materials
owing to the coordination affinity.***"! In light of these
aspects, here, three iso-structural complexes by introducing
N3 into the systems of bivalent metal ions and ligand
4,4'-bis(imidazol-1-yl)biphenyl (L) were reported.
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2 Results and discussion

2.1 Crystal structure

Single-crystal X-ray diffraction analysis reveals that
complexes 1~3 are isomorphous, and thus only the struc-
ture of 1 is presented herein as an example. Complex 1
crystallizes in the triclinic space group P-1. The asymmet-
ric unit consists of two crystallographically independent
Co" centers, two and a half L ligands, and four azide ani-
ons. Figure la illustrates the coordination environment of
two unique Co" ions. The Co(1) ion is equatorially coor-
dinated by four £O-azide N atoms, and the axial positions
are occupied by two N atoms from two frans-coordinated
L ligands, forming an octahedral coordination environ-
ment. The coordination geometry of Co(2) ion is also oc-
tahedral. Similar to Co(1) ion, it is also axially coordinated
by two N atoms from two trans-coordinated L ligands.
However, it is equatorially surrounded by two EQO-azide
anions, one monodentate azide anion, and one
trans-coordinated L ligand. The lengths of Co—N bond
grle) i[rz15§ood agreement with those typically observed (Table

Figure 1 View of (a) the coordination environments of Co" ion (Hy-
drogen atoms omitted for clarity), (b) the 2D (4,4) layer [Cos(N3)s(L)s].
based on the tetranuclear unit [Cos(N3)s] and (c) the packing structure
with an ABAB mode
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As shown in Figure 1b, three pairs of EQO-azide link
adjacent Co" ions to form a linear tetranuclear unit
[Cos(N3)s] with Co-+-Co separation of about 3.4 A (two
monodentate azide ions balance the charge). The Co—N—
Co angles, very important for the magnitude of ferromag-
netic coupling, are 100.75(16)°, 101.97(16)° and
103.84(16)°, respectively, in accord with the reported val-
ues for the typical EO-azide complexes (Table 2).*! The
linear azide-Co unit is further connected by L ligands to
afford a 2D (4,4) layer [Co4(N3)g(L)s]., with separations of
about 17.7 and 18.0 A among the [Co(N3)s] units. Fur-
thermore, the neighboring sheets, with the shortest inter-
layer metal-metal distance of about 9.0 A, are tightly
packed in an ABAB manner through intermolecular or van
der Waals interactions, which results in a staggering struc-
ture towards the plane (131646 ) (Figure 1c).

For complex 2, it is worth to mention that the terminal
sites of tetranuclear unit are occupied by two nitrate ani-
ons. Only the IR spectrum of 2 exhibits an absorption band
at ca. 1383 cm™! characteristic of NOj ion,*”! which is
consistent with the existence of nitrate anion in the crystal
structure of 2. Furthermore, three chemical formulas are
also confirmed by elemental analysis.

2.2 Magnetic properties

The phase purity of bulk materials were confirmed by
X-ray powder diffraction (XRPD) experiments (Figure 2).
The variable temperature magnetic susceptibility data (y)
were measured on the powder samples under 1 kOe in the
range of 2~300 K.

The temperature dependence of y,, T for complex 1 as a
xuT versus T plots (yy, is the molar magnetic susceptibility)
is shown in Figure 3. At room temperature, the y;,7 value
is 12.52 cm’Kemol ', significantly higher than the spin-
only value expected for four isolated Co" ions with S=3/2
(7.50 cm’sKemol~'; g=2.0), which is attributed to the sig-
nificant contribution from the unquenched orbital momen-
tum in the octahedral field (the T, state).” Upon tem-
perature cooling, the y;,7 curve continues to increase to a
value of 31.35 cm’®*Kemol ! at 9 K, which indicates domi-
nant ferromagnetic (FM) interactions between Co" ions.
Below this temperature, due to antiferromagnetic (AFM)
interaction between Co4 units and/or zero-field splitting,
the y,,T value decreases sharply to 29.10 cm’*+Kemol ' at 2
K. Fitting of the y,, '-T data above 90 K with Curie-Weiss
law gives a C of 11.28 cm*Kemol ' and 0 of 34.94 K. The
positive @ value indicates the FM coupling between Co"
ion[sz,g]and C value is as expected for the tetranuclear clus-
ter.

To examine the long-range ordering, the temperature
dependency of alternating-current (ac) magnetic suscepti-
bility was collected at an ac field of 3.5 Oe with different
oscillating frequencies (100 Hz). However, no peak of
in-of-phase signal (y') is observed, and the value of out-of-
phase signal (") is zero, indicating no fre-
quency-dependent properties and no long-range ordering
(Figure S1).

In order to interpret the magnetic behaviour reasonably,
we have assumed two different J values (Figure 4). Indeed,
the tetranuclear unit is centrosymmetric. The central part
has distances and angles slightly different from those of the
terminal moieties. However, for the present linear
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Figure 2 The experimental and simulated XRPD patterns for 1~3
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Figure 3 Thermal dependence of y)T and 1/y,, for complex 1, and their
corresponding theoretical curves
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four-spin system, the Kambe vector-coupling method can-
not be employed to analyze the variable-temperature sus-
ceptibilit?/ data.””" Thus the magnetism package MAG-

PACKPY based on the isotropic Hamiltonian given in Eq.
(1) has been used if ignoring the orbital momentum.
H: _N1§1§2_2J2§2§3_2J1§3§4 (1)
S, S, S; S,

o

Figure 4 The magnetic pathways for the tetranuclear unit

Magnetic data (10~300 K) were fitted and resulted in
the best-fit parameters gc,=2.30, J;=12.15 cm ', and J,
=8.62 cm . The FM nature of J; and J, is surely attrib-
uted to the double EO-azido bridge and the little M-N;-M
angle of 101.97(16)°, 100.75(16)° and 103.84(16)°.1'¥

The magnetic property of complex 2 as a y,,7 vs T plots
is shown in Figure 5 inset. The value of y,,T at 300 K is
5.44 cm’sKemol ', which is in agreement with the ex-
pected for four Ni" ions with S=1 and g=2.3.% The y,, T
value increases smoothly from room temperature until 45
K and then sharply reach a maximum value of 11.18
cm’*Kemol ' at 5 K upon cooling, which is due to the FM
coupling within the Ni4 unit. Below 5 K, the y,,T value
drops to 8.89 cm’Kemol ' at 2 K, which is attributed to
zero-field splitting of Ni' ions and/or AFM coupling be-
tween Niy units. Fitting of the y,, '-T data above 75 K with
Curie-Weiss law gives a C of 5.07 cm’*Kemol ' and a 6 of
18.67 K. The positive value of 6 indicates the FM coupling
between Ni' ions.
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Figure 5 M vs H plots of complex 2 at 2.0 K. The inset shows yy I vs T

plots (0) at 1 kOe and 1/yy vs T plots (O) of the complex 2, and their
corresponding theoretical curves

At 2 K, the M versus H measurement of 2 from 0 to 50
kOe is given in Figure 5. The M values increase quickly at
low field, which implies the presence of the ferromagnetic
interactions. A magnetization of 8.46 Nf is reached at 5.0
T, in agreement with 8.0 NP expected for the ferromag-
netic arrangement of the spins. For any value of the field,
the experimental magnetization is higher than the mag-
netization calculated with the Brillouin function for S=4
(g=2.0, T=2 K); this is a further confirmation of the fer-
romagnetic interactions mediated by azide ligands."*

Similar to 1, complex 2 can be also magnetically treated
as a tetranuclear nickel cluster in which magnetic coupling

http://sioc-journal.cn 757
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is mediated through three pairs of EO-azido bridges. It is
worth mentioning that the zero-field splitting of Ni" ion is
evident in the low temperature data. Thus the experimental
xuT data have been fitted using the spin Hamiltonian given
in Eq. 2:

A Y 4 A
H=—2J,5,8,—2J,8,8—2/,838,+D) S} )

where J; describes the exchange interactions (J; =terminal
and J,=central) and D implies the zero-field splitting of
the Ni(Il) ion (assuming to be identical for the four ions).
The best MAGPACK simulation affords the magnetic pa-
rameters gn;=2.20, J;=10.00 cem !, and ,=9.53 cm !,
and |[D|=2.65 cm™ ' (single ion). The FM nature of J; and
J, is surely attributed to the £O-azido bridges which will
mediate the ferromagnetic coupling regardless of the
Ni-N-Ni angle.[**)

For complex 3, the y,T value of 19.1 cm**Kemol ' at
300 K is in very good accordance for four non-interacting
metal centers of Mn®>" with S=5/2 and g=2.0."% The y,,T
values gradually increase with temperature cooling down
reaching a maximum of 46.6 cm’sKemol ' at 2 K, which is
due to the dominant FM interactions within the Mn, cluster
(Figure 6). Fitting of the y,, '-T data above 30 K with Cu-
rie-Weiss law gives a C of 18.70 cm**Kemol ' and a 6 of
5.88 K. The Positive value of @ indicates the FM coupling
between Mn" ions.
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Figure 6 Thermal dependence of y,T and 1/y,, for complex 3, and their
corresponding theoretical curves

In order to interpret the magnetic behaviour reasonably,
we have also assumed two different J values. With this
same hypothesis as presented in complex 2, the magnetic
data of 3 were well fitted using the 2J mode based on the
spin Hamiltonian of Eq. 2. The best fit to the experimental
curve by means of the MAGPACK program gave the fol-
lowing values: J;7=-+0.49 cm™', /,=4227 cm ™', gy =
1.99 and |D|=0.36 cm ™' (single ion). The fitting results
indicate weak FM coupling, in agreement with the pres-
ence of two azido bridging ligands in end-on coordination
mode.

3 Conclusions

In summary, three isomorphous coordination polymers,
1~3, have been obtained by introducing different divalent
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metal ions (Co", Ni" and Mn") into the system of NaNj
and L. Three complexes exhibit similar 2D (4,4) layers
based on a series of tetranuclear units bridged by the
EO-azido ion. The tetranuclear clusters are arrayed in a
linear mode, which is firstly observed in the azido com-
pounds. Magneto-structural correlations have been studied,
and the results reveal that the dominant FM coupling in the
complexes is conducted by the EO-azido linker. The cor-
responding exchange coupling constants have been esti-
mated by using the MAGPACK program to fit the experi-
mental data, which also confirm the FM interactions.

4 Experimental section

4.1 Materials and general methods

All the solvents and reagents for synthesis were com-
mercially available and used as received. Ligand L was
synthesized according to the literature.”” Elemental
analyses was performed on a Perkin-Elmer 240C analyzer.
IR spectra were measured on a TENSOR 27 (Bruker)
FT-IR spectrometer with KBr pellets. The X-ray powder
diffraction (XRPD) was recorded on a Rigaku
D/Max-2500 diffractometer at 40 kV, 100 mA for a
Cu-target tube and a graphite monochromater. Magnetic
data were collected using crushed crystals of the sample on
a Quantum Design MPMS-XL SQUID magnetometer
equipped with a 5 T magnet. The data were corrected using
Pascal’s constants to calculate the diamagnetic susceptibil-
ity, and an experimental correction for the sample holder
was applied.

4.2 Synthesis of complexes 1~3

[C02(N3)4(L)25] (1). The complex was synthesized by
the  solvothermal method. The suspension of
Co(NOs),*6H,0 (0.12 mmol), NaNj; (0.3 mmol) and L (0.1
mmol) in 10 mL component solvent (Vo « Veuson=3 -
4) was sealed in a Teflon-lined autoclave and heated to 140
C for 2 d. After the autoclave was cooled to room tem-
perature at 10 ‘Csh™', purple block crystals suitable for
single crystal X-ray crystallographic analysis were ob-
tained. The mother liquor was decanted, and the crystals
were rinsed three times with ethanol (8 mL X 3) and dried
in air for 2 h. Yield: ca. 30% based on L. IR (KBr) v:
3421s, 3138m, 2071s, 2039s, 1607w, 1516s, 1412w,
1338w, 1305m, 1253m, 1125w, 1101w, 1066m, 960w,
849w, 815m, 736w, 648m cm ' Anal. caled for
C4sH35C0,Np,: C 53.95, H 3.52, N 30.76; found C 53.80,
H 3.65, N 30.65.

[Ni2(N3)3(NO3)(L)25]. (2). Single crystals of 2 suitable
for X-ray analysis were obtained by the similar method as
described above for 1. Yield: ca. 35% based on L. IR
(KBr) v: 3438m, 3124w, 2069s, 1607w, 1517s, 1417w,
1383m, 1348w, 1306m, 1250w, 1127w, 1102w, 1068m,
960w, 815m, 736w, 654w, 517w c¢cm ' Anal. calcd for
Cy4sH35NNi,O5: C 52.92, H 3.45, N 27.43; found C 53.08,
H 3.51, N 27.56.

[Mn,(N3)4(L)25] (3). This complex was prepared by the
layering method. A buffer layer of H,O : C,HsOH (V' V
=1:1, 8 mL) was carefully layered over a solution of
MnCl,*4H,0 (0.06 mmol) in H,O (6 mL). Then a solution
of L (0.05 mmol) and NaNj (0.1 mmol) in C,HsOH (6 mL)
was layered over the buffer layer. After ca. three weeks,
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colorless prism crystals appeared at the boundary. Yield:
ca. 15% based on L. IR (KBr) v: 3358w, 3140w, 2077s,
2045s, 1607w, 1518s, 1413w, 1333w, 1306m, 1256m,
1123w, 1068m, 961w, 929w, 849w, 815m, 736w, 649w,
517w cm '. Anal. caled for C4sH3sMnoNoy: C 54.39, H
3.55,N 31.01; found C 54.56, H 3.48, N 31.15.

4.3 X-ray crystallographic measurements

X-ray single crystal diffraction data of complexes 1~3
were collected on a Rigaku MM-007/Saturn 70 with
graphite monochromatic Mo-Ka radiation (1=0.71073 A).
The program SAINT™! was used for integration of the
diffraction profiles. All the structures were solved by direct
methods using the SHELXS program of the SHELXTL
package and refined by full-matrix least-squares methods
with SHELXL.”¥ Metal atoms in each complex were
located from the E-maps and other non-hydrogen atoms
were located in successive difference Fourier syntheses.
Excluded in some disordered parts, mostly non-hydrogen
atoms were refined with anisotropic thermal parameters on
F®. The hydrogen atoms of the ligands were generated
theoretically onto the specific atoms and refined
isotropically. In complexes 1 and 3, one fifth of ligand
molecules were disordered and split into two parts for each
disordered atom. Further details for structural analysis are
summarized in Table 1, and selected bond lengths and an-
gles are listed in Table 2.

Table 1 Crystal data and structure refinement parameters

Formula CysH3sC0oNp(1)  CysHisNipN»gO3(2)  CasHisMnoNx(3)
F.W. 1001.81 1021.35 993.83

Space group  P-1 P-1 P-1

alA 9.5895(19) 9.6298(19) 9.5692(19)
blA 14.091(3) 14.036(3) 14.241(3)

c/A 16.369(3) 16.269(3) 16.451(3)
(%) 107.74(3) 107.91(3) 106.86(3)
A 98.30(3) 98.39(3) 97.40(3)

7°) 96.60(3) 95.69(3) 98.01(3)

VIA® 2054.8(7) 2045.7(7) 2090.4(7)

z 2 2 2

D/(gecm ) 1.619 1.658 1.579

u/mm ! 0.875 0.994 0.671

F(000) 1026 1050 1018

Ry 0.0541 0.0523 0.0926

GOF 1.112 1.074 0.987

R/WR” 0.0689/0.1528  0.0568/0.1993 0.1220/0.2834

“R= Z(|[Fo| —|Fell) SIFof; " WR=[ = [w(Fo"— FV Z w(Fo)1"

Table 2 The important bond lengths (A) and angles (°) for 1~3¢

M= Co" Ni" Mn"

M(1)—N(11) 2.171(4) 2.136(4) 2.298(6)
M(1)—N(14) 2.198(4) 2.113(4) 2.314(6)
M(1)—N(17) 2.147(4) 2.168(4) 2.211(6)
M(2)—N(14) 2.214(4) 2.146(4) 2.303(6)
M(2)—N(17) 2.171(4) 2.154(4) 2.289(6)
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| #REX
Continued

M= Co" Ni! Mn"
M(D-N(1D)-M(D#1  101.97(16) 102.70(16) 99.8(3)
M(1)-N(14)-M(2) 100.75(16) 103.80(17) 99.4(2)
M(1)-N(17)-M(2) 103.84(16) 101.69(16) 102.9(2)
M(1)--M(1)#1 3.380(4) 3.342(4) 3.485(6)
M(1)--M(2) 3.399(4) 3.352(4) 3.520(6)

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

¢ Symmetry mode: #1, —x+1, —y+2, —z+1.

Supporting Information: X-ray crystallographic data
for 1 and 2 in CIF format, selected bond lengths and an-
gles, and the ac susceptibility components of 1.
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