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A new azido-bridged copper(II) complex, [Cu(dmp)(m1,1-N3)(m1,3-N3)]n (1) (dmp¼ 3,5-
dimethylpyrazole), has been structurally and magnetically characterized. X-ray diffraction
analysis indicates that the compound consists of double end-on (EO) azido-bridged CuII2 dimers
which are linked by single end-to-end (EE) azide bridges to form a 2-D layer-like structure.
Magnetic investigation demonstrates an overall ferromagnetic interaction in 1 and both azide
bridges (EE and EO) transmit ferromagnetic coupling. At low temperature (T5 2.5K), the
compound exhibits some metamagnetic behavior.

Keywords: Copper(II) complex; Azido-bridged; Magnetic property; Crystal structure

1. Introduction

The design, assembly, and magnetism of metal complexes have impact in chemistry,
materials science, and physics [1–3]. Azido-bridged metal complexes have been obtained
to develop effective synthetic strategy, elucidate the nature of magnetic coupling,
establish magneto-structural correlation and develop magnetic materials with potential
applications [4–7]. In azido-bridged complex systems, the azide group (N�3 ) exhibits
flexible and diverse coordination modes, and relative strong ability to transmit
magnetic coupling. Magnetic interactions mediated by the azide bridge usually result
from the various molecular topologies [8, 9].

Azido-bridged copper(II) complexes offer suitable model systems for the research
of magnetic properties because there is only one unpaired electron in copper(II).
Some reasonable empirical conclusions for magneto-structural correlation have been
proposed for special Cu-azide systems [10, 11]. However, due to the single unpaired
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electron from Cu(II), it is difficult to obtain azido-bridged molecular magnetic
materials with phase transition compared to metal ions such as Ni(II) and Mn(II)
[6c, 12, 13]. Although many Cu(II)-azide complexes have been prepared with various
topological structures and azide linking modes [14–17], 2-D Cu(II)-azide examples
[18, 19] are limited. Monodentate ancillary ligand should facilitate formation of high-
dimensional (2-D and 3-D) metal complexes [20]. Herein, we report the synthesis,
molecular structure and magnetic properties of a new 2-D copper(II) complex,
[Cu(dmp)(m1,1-N3)(m1,3-N3)]n (1), with single end-to-end (EE) and double end-on (EO)
azide bridges.

2. Experimental

2.1. Materials and physical measurements

Starting chemicals were analytically pure and used without purification. IR spectra
(4000–400 cm�1) were recorded from KBr pellets on a Nicolet 750 FT-IR spectrometer.
Elemental analyses of carbon, hydrogen, and nitrogen were carried out with an EAI
CE-440 analyzer. Magnetic measurements on single crystal powder samples were
carried out with a Quantum Design MPMS SQUID magnetometer equipped with a
helium continuous-flow cryostat. Diamagnetic corrections were estimated from Pascal
constants.

2.2. Synthesis

Caution! Perchlorate as well as azide salts were used in small quantities and handled
with care since explosions may occur.

[Cu(dmp)(m1,1-N3)(m1,3-N3)]n (1). With stirring, copper(II) perchlorate hexahydrate
(74.0mg, 0.2mmol) was added to a solution of dmp (48.0mg, 0.5mmol) and sodium
azide (39.0mg, 0.6mmol) in methanol (15.0mL). The resulting solution grew dark
brown immediately and was stirred for an additional 10min, then filtered. The filtrate
stood at room temperature and black rhombic flakes were obtained after two days in
ca 60% yield. C10H16Cu2N16: Calcd C 24.64, H 3.31, N 45.98; found: C 24.38, H 3.25,
N 45.61. IR (KBr): �(N�3 ) 2054, 2081 cm

�1.

2.3. Crystallographic data collection and refinement

The X-ray single crystal data for 1 were collected on a Rigaku R-AXIS RAPID IP
diffractometer. Crystallographic data, the conditions for the intensity data collection
and some features of the structure refinements are listed in table 1. Graphite-
monochromated Mo-K� radiation (�¼ 0.71073 Å) and the oscillation scans technique
for 1 were used to collect the data sets. The structures were solved by direct methods
using SHELXS-97 and refined by full-matrix least squares. All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were located on calculated positions by
use of the HFIX utility of the SHELXL-97 program.

Two-dimensional copper(II) azide 2973
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3. Results and discussion

3.1. Descriptions of crystal structure

X-ray diffraction analysis shows that 1 has a neutral 2-D layer-like structure.
Two identical copper(II) ions are bridged by symmetrical double EO azide bridges
and these binuclear copper(II) units are connected by single asymmetrical EE azide
linkages to form the 2-D network structure. Selected bond distances and angles
are listed in table 2. The crystal structure is shown in figures 1 and 2. The molecular
structure is similar to that of [Cu(L)(N3)2)]n (L¼benzylamine) [18e].

Each copper(II) in 1 is five-coordinate by five nitrogen atoms from two m1,1-N3,
two m1,3-N3 bridges and one ancillary bmp, yielding a slightly distorted square pyramid.

Table 1. Crystal data and structure-refinement parameters for 1.

Empirical formula C5H8CuN8

Formula weight 243.73
Temperature (K) 293(2)
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions (Å, �)
a 11.903(2)
b 10.225(2)
c 8.4420(17)
� 106.98(3)
Volume (Å3), Z 982.7(3), 4
Calculated density (gm�3) 1.647
Absorption coefficient (mm�1) 2.198
F(000) 492
� range for data collection (�) 3.21–27.48
Reflections collected 9349
Independent reflection 2249 [R(int)¼ 0.0238]
Final R indices [I4 2�(I)] 1962
R1 [I4 2�(I)] 0.0257
wR2 (all data) 0.0677
Goodness-of-fit on F2 1.055
Largest difference peak and hole (e Å�3) 0.272 and �0.294

Table 2. Selected bond lengths (Å) and angles (�) for 1.

Cu(1)–N(1) 1.9909(16) N(1)–N(2) 1.198(3)
Cu(1)–N(4) 1.9586(18) N(2)–N(3) 1.123(3)
Cu(1)–N(7) 1.9862(16) N(4)–N(5) 1.174(2)
Cu(1)–N(1A) 2.0084(17) N(5)–N(6) 1.152(2)
Cu(1)–N(6B) 2.3455(19) Cu(1)–Cu(1A) 3.111(2)
Cu(1)–Cu(1B) 5.610(2)

Cu(1)–N(1)–Cu(1A) 102.16(8) N(1)–Cu(1)–N(1A) 77.84(8)
N(5)–N(4)–Cu(1) 121.67(15) N(4)–Cu(1)–N(1) 91.73(8)
N(5)–N(6)–Cu(1C) 126.29(16) N(4)–Cu(1)–N(1A) 162.58(9)
N(8)–N(7)–Cu(1) 122.80(12) N(7)–Cu(1)–N(1) 170.17(7)
N(2)–N(1)–Cu(1) 126.81(15) N(7)–Cu(1)–N(1A) 94.28(7)
N(2)–N(1)–Cu(1A) 127.00(15) N(4)–Cu(1)–N(7) 94.42(8)
N(3)–N(2)–N(1) 179.2(3) N(6)–N(5)–N(4) 176.7(2)

Symmetry codes: A: �xþ 2, �y, �z; B: x, �yþ 1/2, z�1/2; C: x, �yþ 1/2, zþ 1/2.

2974 L.-F. Zhang et al.
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The apical position is occupied by N(6B) [x, �yþ 1/2, z� 1/2] from the EE azide bridge
with bond length of 2.3455(19) Å, the longest distance of the five Cu–N bonds. The
square base is formed by nitrogen from dmp (N(7)), two EO azido bridges (N(1) and
N(1A)) and a second EE azido bridge (N(4)). The Cu–N bond length in the basal plane
is 1.9586(18) to 2.0084(17) Å. The maximum deviation of four nitrogen atoms from the
least squares plane of N(7)–N(1)–N(1A)–N(4) is 0.0742 Å (N(1)) and Cu lies 0.185 Å
above this plane. The trigonality index �¼ 0.130 confirms the square pyramidal
character. Two EO azide bridges link above two metal centers into a symmetrical planar
entity (Cu(1)–N(1)–Cu(1A)–N(1A) [�xþ 2, �y,�z]). The two quasi-linear (N(3)–N(2)–
N(1)¼ 179.2(3)�) EO azido bridges slightly deviate (up and down) from the plane. The
two Cu(II) ions are related by an inversion center. Each binuclear entity is further

Figure 1. The molecular structure of 1 [symmetry codes: A: �xþ 2, �y, �z; B: x, �yþ 1/2, z� 1/2].

Figure 2. Arrangement of 2-D layer-like structure of 1 in the bc plane (dmp has been omitted for clarity).

Two-dimensional copper(II) azide 2975
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linked through four EE azido bridges to four neighboring dimers, resulting in a neutral
single EE and double EO alternating bridged layer-like 2-D structure. The EE azide
takes an asymmetric bridging mode with two terminal nitrogen atoms locating at
the apical and basal positions of the square pyramid surrounding two coppers, leading
to two Cu–N bonds with different length.

In the CuII2 dimer, the Cu� � �Cu separation is 3.111(2) Å and the bridging angle Cu(1)–
N(1)–Cu(1A) is 102.16(8)�. The Cu � � �Cu separation through EE azido bridge is
5.610(2) Å and the two corresponding angles are 121.59(16)� for N(5)–N(4)–Cu(1) and
126.51(16)� for N(5)–N(6)–Cu(1 C) [x, �yþ 1/2, zþ 1/2], respectively. The torsion
angle by two Cu(II) ions and pseudo-linear EE azido bridge is 67.6�. The significant
difference between 1 and [Cu(L)(N3)2]n [18e] is the Cu–N–N angle and Cu–N3–Cu
torsion. The Cu–N–N angles in [Cu(L)(N3)2]n [18e] are 121.5(3)

� and 144.6(3)�, and the
Cu–N3–Cu torsion is 102.1�, respectively.

3.2. Magnetic properties

The 	mT versus T and 1/	m versus T curves for 1 are shown in figure 3, in which 	m is
the mole susceptibility of per CuII2 unit. At room temperature, the 	mT value is
0.80 emuK mol�1, near the expected value (0.75 emuKmol�1 and g¼ 2.0) for two
uncoupled Cu(II) ions. With decreasing temperature, the 	mT value increases smoothly
until 25K. Then the 	mT value increases quickly and reaches maximum 2.90 emu K
mol�1 at 2.5K, significantly higher than the expected value of 1.0 emuKmol�1 for two
ferromagnetic coupled Cu(II) ions (ST¼ 1 and g¼ 2.0), suggesting the occurrence of
ferromagnetic ordering. Finally, 	mT decreases to 2.04 emuKmol�1 at 2.0K due to
anisotropic zero-field splitting and/or interlayer antiferromagnetic interactions.

The field-cooled magnetic susceptibilities with applied fields of 50 and 1000Oe show
a maximum at ca 2.5K (figure 4), which demonstrates that there exists a phase
transition at ca 2.5K. The absence of a peak for curves under 2500Oe shows the
metamagnetic behavior of the complex, and the critical field (Hc) to overcome the
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Figure 3. Curves for 	mT vs. T and 1/	m vs. T of 1 measured in an applied field of 1000Oe. The solid lines
represent the best fitting based on parameters discussed in the text.
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interlayer antiferromagnetic interaction is less than 2500Oe. The field-dependent
magnetization was measured up to 50 kOe at 2.0K (figure 5). The experimental curve is
significantly higher than that of the Brillouin function based on g¼ 2.0 and ST¼ 1,
which confirms the overall ferromagnetic interactions and suggests the existence of
magnetic ordering in 1. The sigmoid shape of the magnetization curve under low field
(figure 5, inset) is typical behavior of a metamagnet. The critical field is about 2500Oe,
in agreement with that obtained from field-cooled magnetic susceptibility measure-
ments. Since the phase transition temperature is very low for 1, further magnetic
measurements have not been carried out. The magnetic behavior of 1 is similar to that
of 2-D Ni(II) complex [Ni(m1,1-N3)(m1,3-N3)(L)]n (L¼N,N-diethyl-N0-methylethylene-
diamine) [12].

From the molecular structure of 1, the magnetic structure can be considered as
uniform 2-D layers formed by binuclear copper(II) units and the dominating magnetic
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Figure 5. Field dependence of magnetization of 1 at 2.0K. The solid line denotes the Brillouin function
based on g¼ 2.0 and ST¼ 1.
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Figure 4. Field-cooled magnetic susceptibilities of 1.
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coupling (J) occurring within the binuclear bridged by symmetrical basal-to-basal EO

azide linkages (scheme 1). The magnetic exchange (Js) between CuII2 units through

a single EE linkage is weaker than that of the CuII2 unit (J� Js) because of the

longer Cu–Cu distance. Based on this analysis and assumption, the 2-D sheet-like 1

can be simplified as a simple binuclear CuII–CuII magnetic model with magnetic

susceptibilities of 1 fitted by the following expression derived from the isotropic

exchange spin Hamiltonian Ĥ¼�2JŜCu1ŜCu1A. Magnetic coupling through single

EE linkage (Js) as a weak interaction together with interlayer magnetic coupling can

beclassified to intermolecular magnetic interactions (zJ0). Moreover, it is easy to

understand that Js is dominating in zJ0.

	d ¼
2Ng2�2

kTð3þ expð�2J=kTÞ
ð1Þ

	m ¼
	d

1� 	dð2zJ0=Ng2�2Þ
ð2Þ

The best-fit parameters in the whole temperature range 2–300K are J¼ 20.81(2) cm�1,

g¼ 2.05(1), zJ0 ¼ 1.20(2) cm�1 and R¼
P

[(	mT)obsd.� (	mT)Calcd]
2/
P

[ð	mTÞ
2
obsd:]¼

8.64� 10�5. The value of J, significantly larger than that of zJ0, suggests that the

above assumption of magnetic model for this compound is reasonable, and the

transmitting magnetic interaction through the asymmetric EE azide bridge is weak.
The magneto-structural correlation for 1 can be explained based on previously

reported results. Cu(II)–azide complexes with double symmetric EO bridges are

ferromagnetic for bridging angle Cu–Nazide–Cu smaller than 108�, but can change to

antiferromagnetic when the Cu–Nazide–Cu angle is larger than 108� [9a]. This empirical

conclusion was confirmed by a density functional study, in which the critical Cu–N–Cu

angle was found to be 104� [9b]. For 1, the double symmetric EO bridging angle

Cu–Nazide–Cu is 102.14(8)�, within the range of ferromagnetic interactions, and similar

to that of a 1-D copper(II) complex [Cu3(m1,1-N3)6(dmp)2]n reported recently by our

group [17d].
For complexes with single asymmetric EO and EE bridges involving short and long

Cu–N bonds, the magnetic coupling is less clear since these systems are rarely reported.

Careful examination of the few examples reported to date reveals that magnetic

exchange is either weak ferromagnetic or antiferromagnetic [21, 22]. According to

the theoretical analysis proposed by Chaudhuri et al. [23], there exist ferro- and
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N
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Scheme 1. The magnetic coupling model for 1.
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antiferromagnetic coupling channels for Cu–azide system with asymmetric EE azide
bridges at the same time, and the nature of magnetic coupling is related to Cu–N–N
bond angle and Cu–N3–Cu torsion angle. The antiferromagnetic component of the
superexchange may be drastically reduced for large Cu–N–N bond angles or large
Cu–N3–Cu torsion angle. The magnetic interactions in 1 are comparable to those of
complexes [Cu(L)(N3)2]n [18e] and [Cu(L)(m1,3-N3)(ClO4)]n [23].

4. Conclusion

Employing monodentate dmp as ancillary ligand and N�3 as bridging group, a new 2-D
copper complex with single asymmetrical EE and double symmetrical EO bridges has
been obtained. Magnetic investigation indicates overall ferromagnetic interactions in
the complex with both kinds of azide bridges (EE and EO) transmitting ferromagnetic
coupling interactions. When the temperature is below 2.5K, the complex demonstrates
some metamagnetic behavior.

Supplementary material

Crystallographic data for the structure of 1 has been deposited at the Cambridge
Crystallographic Data Center (CCDC 864802). This information can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge CB2 1EZ, United
Kingdom; Fax: þ44(0)1223-336033; E-mail: deposit@ccdc.cam.ac.uk
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J. Suárez-Varela, I.B. Maimounac, E. Colacio. Eur. J. Inorg. Chem., 1907 (2005).

[9] (a) A. Escuer, F.A. Mautner, M.A.S. Goher, M.A.M. Abu-Youssef, R. Vicente. Chem. Commun., 605
(2005); (b) X.-T. Wang, X.-H. Wang, Z.-M. Wang, S. Gao. Inorg. Chem., 48, 1301 (2009); (c) Y.-B. Jiang,
H.-Z. Kou, R.-J. Wang, A.-L. Cui. Eur. J. Inorg. Chem., 4608 (2004).

[10] (a) S.S. Tandon, L.K. Thompson, M.E. Manuel, J.N. Bridson. Inorg. Chem., 33, 5555 (1994); (b) E. Ruiz,
J. Cano, S. Alvarez, P. Alemany. J. Am. Chem. Soc., 120, 11122 (1998).

[11] S. Mukherjee, B. Gole, R. Chakrabarty, P.S. Mukherjee. Inorg. Chem., 48, 11325 (2009).
[12] C.-M. Liu, S. Gao, D.-Q. Zhang, Y.-H. Huang, R.-G. Xiong, Z.-L. Liu, F.-C. Jiang, D.-B. Zhu.

Angew. Chem. Int. Ed., 43, 990 (2004).
[13] M. Monfort, I. Resino, J. Ribas, H. Stoeckli-Evans. Angew. Chem. Int. Ed., 39, 191 (2000).
[14] (a) Y.-F. Wu, D.-R. Zhu, Y. Song, K. Shen, Z. Shen, X. Shen, Y. Xu. Inorg. Chem. Commun., 12, 959

(2009); (b) A.D. Khalaji, H. Stoekli-Evans. Polyhedron, 28, 3769 (2009); (c) K. Dhara, U.C. Saha,
A. Dan, S. Sarkar, M. Manassero, P. Chattopadhyay. Chem. Commun., 46, 1754 (2010).

[15] (a) Y.S. You, J.H. Yoon, H.C. Kim, C.S. Hong. Chem. Commun., 4116 (2005); (b) J.D. Woodward, R.V.
Backov, K.A. Abboud, D. Dai, H.-J. Koo, M.-H. Whangbo, M.W. Meisel, D.R. Talham. Inorg. Chem.,
44, 638 (2005); (c) A. Escuer, M.A.S. Goher, F.A. Mautner, R. Vicente. Inorg. Chem., 39, 2107 (2000);
(d) S. Saha, S. Koner, J.-P. Tuchagues, A.K. Boudalis, K.-I. Okamoto, S. Banerjee, D. Mal. Inorg.
Chem., 44, 6379 (2005).

[16] (a) S. Sarker, A. Mondal, J. Ribas, M.G.B. Drew, K. Pramanik, K.K. Rajak. Inorg. Chim. Acta, 358,
641 (2005); (b) M. Dakovic, Z. Jaglicic, B. Kozlevcar, Z. Popovic. Polyhedron, 29, 1910 (2010);
(c) K.C. Mondal, O. Sengupta, M. Nethaji, P.S. Mukherjee. Dalton Trans., 37, 767 (2008);
(d) S. Mukherjee, B. Gole, Y. Song, P.S. Mukherjee. Inorg. Chem., 50, 3621 (2011).

[17] (a) Z.-G. Gu, J.-L. Zuo, X.-Z. You. Dalton Trans., 4067 (2007); (b) Y.-Z. Zhang, H.-Y. Wei, F. Pan,
Z.-M. Wang, Z.-D. Chen, S. Gao. Angew. Chem. Int. Ed., 44, (2005) 5841; (c) Y.-T. Yan, F. Luo, Y.-X.
Che, J.-M. Zheng. J. Mol. Struct., 888, 253 (2008); (d) L.-F. Zhang, M.-M. Yu, Z.-H. Ni, A.-L. Cui,
H.-Z. Kou. J. Mol. Struct., 1006, 629 (2011).

[18] (a) S. Supriya, S.K. Das. Chem. Commun., 47, 2062 (2011); (b) K.C. Mondal, P.S. Mukherjee.
Inorg. Chem., 47, 4215 (2008); (c) Z.-G. Gu, Y.-F. Xu, X.-J. Yin, X.-H. Zhou, J.-L. Zuo, X.-Z. You.
Dalton Trans., 37, 5593 (2008); (d) P.-P. Liu, A.-L. Cheng, N. Liu, W.-W. Sun, E.-Q. Gao. Chem. Mater.,
19, 2724 (2007); (e) Z. Shen, J.-L. Zuo, S. Gao, Y. Song, C.-M. Che, H.-K. Fun, X.-Z. You. Angew.
Chem. Int. Ed., 39, 3633 (2000).

[19] (a) G. Lazari, T.C. Stamatatos, C.P. Raptopoulou, V. Psycharis, M. Pissas, S.P. Perlepes, A.K. Boudalis.
Dalton Trans., 38, 3215 (2010); (b) Y.S. You, J.H. Yoon, H.C. Kim, C.S. Hong. Chem. Commun., 4116
(2005).

[20] O. Sengupta, B. Gole, S. Mukherjee, P.S. Mukherjee. Dalton Trans., 39, 7451 (2010).
[21] A. Escuer, M. Font-Bardia, S.S. Massoud, F.A. Mautner, E. Penalba, X. Solans, R. Vicente.

New J. Chem., 28, 681 (2004).
[22] (a) H. Li, T.T. Sun, S.G. Zhang, J.M. Shi. J. Coord. Chem., 63, 1531 (2010); (b) X.D. Wang, Z.W. Li,

Y.H. Xu, L.C. Li, D.Z. Liao, Z.H. Jiang. J. Coord. Chem., 63, 900 (2010).
[23] T.K. Maji, G. Mostafa, T. Mallah, J.C. Boquera, N.R. Chaudhuri. Chem. Commun., 1012 (2001).

2980 L.-F. Zhang et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

37
 1

3 
O

ct
ob

er
 2

01
3 




