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ABSTRACT: This Article reports the syntheses, structural
characterization, and magnetic studies of four different Cu(II)-
azido compounds based on imidazole or substituted imidazole
ligand. The compounds, [Cuz(ﬂlyl—N3)2(EtimiH)4(ClO4)2]
(1) (EtimiH = 2-ethylimidazole), [Cu,(u-Meimi)-
(MeimiH), (s, ;-N3), (4, 5-N3) ], (2) (MeimiH = 2-methylimi-
dazole; p-Meimi~ is the bridging mononegative anion of 2-
methylimidazole), [Cu,(p-imi~)(imiH),(p;,1-N3),(#1,3-N3) ],
(3), and [{Cuz(ﬂLl'Nz,)z(ﬂl,s'Ns)(ll'imi_)(imiH)a}’Hzo]n
(4) (imiH = imidazole; p-imi~ = bridging mononegative
anion of imidazole), have been synthesized by the self-
assembly of Cu(Il) salts, azide ion, and the corresponding
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imidazole bridging ligands. By changing the substitution on the second linker (imidazole or substituted imidazole) and varying
synthetic conditions, diverse structural and magnetic features have been achieved in compounds 1—4. Compound 1 has a double
end-on azido bridged dinuclear core, while the other compounds (2—4) have 2D networks. Compound 2 and 3 contain 1D
chains with alternate y;,-N; and p-Meimi~ bridging, and such chains are further connected through a y, ;-N; bridge to result in
the formation of the 2D network. Compound 4 is a novel 2D coordination polymer consisting of a zigzag 1D coordination chain
having (4, ,-N3),, p-imi~, and (i, ;-N3), bridging groups and the chains undergo bridging through a y, ;-N; group resulting in
the 2D network. Temperature dependent magnetic measurements show diverse magnetic properties of 1—4. Such versatile
magnetic behaviors have been correlated to the respective bridging mode of azide and the corresponding imidazole bridging

ligands.

B INTRODUCTION

Coordination polymers or metal—organic hybrid materials have
attracted significant research interest over the past few decades
as a new class of molecular materials with several promising
applications. Intensive research over the past two decades has
culminated in better understanding of the fundamental material
properties of these structurally diverse compounds. Among
these different properties, such as adsorption, luminescence,
and magnetism, magnetism remains as a subject which still
requires detailed investigations to understand the elementary
magnetic behaviors.” Especially polynuclear clusters and
extended networks of coordination polymers containing
paramagnetic metal ions have attracted extensive research
interest.” Suitable bridging ligands mediate the magnetic
exchange in these materials, and different factors such as
appropriate bridging modes, strict and accidental orthogonality
of the magnetic orbltals, spin polarization,® and delocalization
of unpaired electrons’ influence the type and magnitude of
magnetic coupling between the paramagnetic centers. Azide is
one of the well-explored bridging ligands for making efficient
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molecular bridges to furnish such molecular magnets.6 The
reason behind the excitement about the research on azide-based
molecular magnets is due to azide’s excellent ability to
propagate different kinds of magnetlc interactions, based on
the different binding modes.® The Cu-azido system demands
special attention as a handful of novel structures can be
designed owing to the flexible coordlnatlon geometry of Cu(II)
with the different binding modes of azide.*~% Our group has
been working on such problems with the motivation of
understanding of the underlying magnetic behavior and proper
structure—property relationship.>™ " Following our work in this
field, in this Article we present the structural and magnetic
study of imidazole and substituted imidazole based Cu-azido
systems. The reason behind the employment of imidazole or
similar substituted imidazole ligands as a second linker in the
Cu-azido system is threefold. First, the imidazolate (imi~) ion,
which is the deprotonated form of imidazole (imiH), is an
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Scheme 1. Formation of Versatile Cu-Azido Coordination Compounds and the Different Binding Modes of the Bridging

Ligands®

H1,3N;
monodentate
coligand

“The monodentate coligands are EtimiH for 1, MeimiH for 2 and imiH for 3 and 4 respectively. Color code: Cu, green; C, gray; N, blue; Cl, yellow;

O, red.

efficient heterocyclic bridging ligand which provides a three-
atom magnetlc pathway between the paramagnetic metal
centers.”* ? Being able to provide a stronger three-atom bridge,
the magnetic interaction would be much stronger than many
other longer bridging hgands such as 4,4’ blpyrldme,
pyrazine,” and different amines.® Second, it can be used as a
coligand with the azido ion to obtain new structural topology.
Third, it would be interesting to study the effect of substitution
(e.g, —CH,;, —CH,CHj, etc.) on the imidazole ring in a series
of resulting structures and the corresponding changes in the
magnetic behavior with the structural changes. Thus, bridging
Cu(Il) ions by these two different ligands (imidazole and
azide) would provide interesting magnetic systems with
versatile superexchange mechanisms. To the best of our
knowledge, studies on metal—azide—imidazolate coordination
polymers and their magnetic studies are limited and yet to be
properly accounted for. We have strived to furnish such novel
molecular systems and study the diversity in their structures
and magnetism with the variation of the coligand (imidazole or
substituted imidazole) and their stoichiometry. Herein we
report the synthesis, structural characterization, and detailed
magnetic properties of four new coordination compounds (see
Scheme 1): [Cu,(u;,-N;),(EtimiH),(ClO,),] (1) (EtimiH =
2-ethylimidazole), [Cu,(y-Meimi~)(MeimiH), (4, ;-N3), (4, 5-
N3)], (2) (MeimiH = 2-methylimidazole; y-Meimi~ = bridging
mononegative anion of 2-methylimidazole), [Cu,(p-imi)-
(imiH)z(//‘1,1'N3)2(ﬂ1,3'N3)]n (3), and [{Cuz(ﬂl,l'N3)2(//‘1,3'
N;) (u-imi~) (imiH);}-H,0], (4) (imiH = imidazole; y-imi~ =
bridging mononegative anion of imidazole). It should be noted
that judicious choice of the ligands and variation in the molar
ratio of different starting compounds steered diverse binding
modes and interesting structural features in 1—4.

B EXPERIMENTAL SECTION

Materials. All the reagents and solvents employed are
commercially available and were used as supplied without further

purification. [Cu,(OAc), (H,0),], Cu(ClO,),-6H,0, NaNj, imida-
zole, 2-methylimidazole, and 2-ethylimidazole were obtained from the
Aldrich Chemical Co.

Synthesis. [Cu,(u; ;-N3)y(EtimiH),(CIO,);] (1). Cu(ClO,),-6H,0
(0.5 mmol, 0.185 g) was dissolved in 10 mL of water. A 1 mmol
(0.048 g) sample of 2-ethylimidazole was dissolved in S mL of
methanol and was dropwise added to the above metal solution. The
resulting blue colored solution was stirred for 10 min. Then an
aqueous solution (S mL) of NaNj (0.5 mmol, 0.0325 g) was dropwise
added to the above reaction mixture. The resulting green colored
solution was stirred for 1 h and filtered. The filtrate was kept for slow
evaporation at room temperature, and after 1 week green crystals were
isolated. Yield: 62%, relative to Cu. Selected IR data (KBr, cm™):
3355 br, 3155 m, 3137 m, 2976 m, 2938 m, 2090 s, 1563 m, 1462 m,
1322 m, 1080 s, 780 m, 713m, 622 m (Figure S1 in the Supporting
Information. Anal. Calcd for C,0H;,Cu,N;,04CL,: C, 30.23; H, 4.06;
N, 24.68. Found: C, 30.18; H, 4.12; N, 25.18%. The phase purity was
checked by comparing the powder X-ray diffraction (PXRD) pattern
of the bulk powder sample with the simulated data from single crystal
(Figure S2 in the Supporting Information).

[Cu,(u-Meimi~)(MeimiH),(pt1 1-N3) (i1 3-N3)I, (2). An aqueous
solution (10 mL) of [Cu,(OAc),-(H,0),] (0.25 mmol, 0.099 g)
was stirred with a methanolic solution (10 mL) of 2-methylimidazole
(0.7S mmol, 0.0615 g) to mix well. To this resulting blue solution,
aqueous solution (S mL) of NaN; (0.75 mmol, 0.0487 g) was
dropwise added to result in a green colored turbid solution. The
resulting solution was stirred for 1 h and filtered. The filtrate was kept
for slow evaporation at room temperature, and after 2 weeks block-
shaped green crystals were isolated. Yield: 51%, relative to Cu.
Selected IR data (KBr, cm™): 3438 br, 2976 m, 2060 s, 1616 m, 1571
m, 1408 m, 1310 m, 1275 m, 1153 m, 762 s, 665 m, 426 m (Figure S1
in the Supporting Information). Anal. Calcd for C,H sCu,N5: C,
29.03; H, 3.05; N, 42.32. Found: C, 28.98; H, 3.12; N, 42.25%. The
phase purity was confirmed from the good correspondence of the
PXRD pattern of the bulk powder sample with the simulated data from
single crystal (Figure S3 in the Supporting Information).

[Cuy(p-imi~)(imiH) (11 1-N3)5(41,3-N3)], (3). A similar methodology
as for 2 was adopted to synthesize compound 3 except that 2-
methylimidazole was replaced by imidazole (0.75 mmol, 0.051 g).
Green color block-shaped crystals of 3 were isolated after 15 days.
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Yield: 69%, relative to Cu(II). Selected IR data (KBr, cm™"): 3137 br,
2045 s, 1542 m, 1481 m, 1460 m, 1433 m, 1330 m, 1280 s, 1257 m,
1070 s, 950 m, 855 m, 770 m, 658 m (Figure S1 in the Supporting
Information). Anal. Caled for C,H;;Cu,Ni5: C, 29.69; H, 2.43; N,
46.04. Found: C, 24.57; H, 2.38; N, 46.68%. The phase purity was
checked by comparing the PXRD pattern of the bulk powder sample
with the simulated data from single crystal (Figure S4 in the
Supporting Information).

[{Cuj(u;,1-N3)5( 1 3-N3)(u-imi~)(imiH)3}-H,01, (4). [Cu,(OAc),
(H,0),] (0.375 mmol, 0.149 g) was dissolved in 10 mL of water, S
mL of methanol, and 5 mL of acetonitrile. Then 2 mmol of imidazole
(0.136 g) was added to the metal solution, which resulted in a dark
blue colored solution. After S min, 2 mmol (0.130 g) of sodium azide
was added dropwise and the solution turned dark green. The resulting
green solution was stirred for 1 h and filtered. The filtrate was kept for
slow evaporation at room temperature, and after 7 days, dark green
colored block-shaped crystals appeared. The crystals were isolated.
Yield: 74%, relative to Cu(II). Selected IR data (KBr, cm™): 3130 br,
2949 m, 2045 s, 1541 m, 1491 m, 1322 m, 1135 m, 1064 s, 775 s, 652
s, 619 m (Figure Sl in the Supporting Information). Anal. Caled for
C,H;,Cu,N : C, 27.38; H, 3.26; N, 45.23. Found: C, 27.24; H, 3.15;
N, 45.72%. The phase purity was checked by comparing the PXRD
pattern of the bulk powder sample with the simulated data from single
crystal (Figure SS in the Supporting Information).

Caution! Although we have not experienced any problems with the
compounds reported here, azido compounds of metal ions are potentially
explosive in the presence of organic ligands and should be handled with
care.

Single-Crystal X-ray Diffraction. X-ray single-crystal structural
data of 1—4 were collected on a Bruker Smart-CCD diffractometer
equipped with a normal focus, 2.4 kW sealed tube X-ray source with
graphite monochromated Mo Ka radiation (4 = 0.710 73 A) operating
at 50 kV and 30 mA. The program SAINT'* was used for integration
of diffraction profiles, and absorption correction was made with the
SADABS'® program. All the structures were solved by SIR 92'° and
refined by full matrix least-squares method using SHELXL-97."%* All
the non-hydrogen atoms were refined anisotropically and all the
hydrogen atoms were fixed by HFIX and placed in ideal positions. All
calculations were carried out usinfg SHELXL 97, PLATON,'® and
WinGX system, version 1.70.01.'% All crystallographic and structure
refinement data of 1—4 are summarized in Table S1 in the Supporting
Information.

Physical Measurements. Elemental analyses were carried out on
a Thermo Fischer Flash 2000 elemental analyzer. IR spectra were
recorded in KBr pellets on a Bruker IFS 66v/S spectrophotometer in
the region 4000—400 cm™". Powder X-ray diffraction (PXRD) patterns
were recorded on a Bruker D8 Discover instrument using Cu Ko
radiation. The magnetic measurements for polycrystalline powder
samples of 1—4 were carried out using a vibrating sample
magnetometer (VSM) in a physical property measurement system
(PPMS; Quantum Design, USA). Susceptibility data were collected
under an external applied magnetic field of 1000 Oe.

B RESULTS AND DISCUSSION

Structural Description. [Cuj(u; ;-N3),(EtimiH),(CIO,),]
(7). Single-crystal X-ray diffraction analysis reveals that complex
1 crystallizes in the monoclinic space group P2,/n and is a
dinuclear complex with the molecular formula [Cu,(y,,-
N;),(EtimiH),(ClO,),] (Figure 1). Each of the Cu centers
locates itself in a square pyramidal geometry and is coordinated
to four nitrogen atoms and one oxygen atom. Two of the
nitrogen atoms are from 2-ethylimidazole (N4, N6), and two
are from azide ligands (coordinated through N1 and N1_a).
One oxygen atom (O2) of the perchlorate anion occupies the
apical position, while the remaining three perchlorate oxygens
remain uncoordinated. Selected bond lengths and bond angles
are given in Table 1. The equatorial bond lengths vary from
1.972(4) to 1.975(4) A, whereas the apical bond length is

Figure 1. View of the dinuclear molecular complex 1. Symmetry code:
a=1—-x1-y2—-=z

2.639(5) A. The Cul-N1—-Cul_a angle through the y,,-N;
bridge is found to be 102.4(2)° in this complex. Cisoid angles
are in the range from 77.6(2)—95.0(1)° and the transoid angles
are 170.8(2)° and 171.2(1)°, showing deviation from the ideal
square pyramidal structure. The degree of distortion of the
coordination polyhedron from square pyramid to trigonal
bipyramid can be calculated in terms of the Addison parameter
(7)."! The Addison parameter, which has been calculated for
Cul, is 0.007, indicating that the geometry around Cul is very
close to an ideal square pyramidal geometry. The pendant
oxygen atom (O2) of the perchlorate anion forms a hydrogen
bond with the —NH of the 2-ethylimidazole resulting in a two-
dimensional (2D) supramolecular sheet in the crystallographic
be plane as shown in Figure S6 in the Supporting Information.

[Cu,(p-Meimi™)(MeimiH) (p; 1-N3) (i1 3-N3)l, (2). Com-
pound 2 crystallizes in the monoclinic space group P2,/c and
the asymmetric unit consists of two crystallographically
independent Cu(II) centers, both present in a distorted square
pyramidal geometry. For Cul, equatorial coordination sites are
furnished by bridging y-Meimi~ ligand (N1), one monodentate
pendant MeimiH (N3) ligand, bridging y, 3-azido (N7), and
bridging 4, ;-azido ligand (N10), whereas N13 of y, -azido
ligand occupies the axial position. Cu2 adopts similar binding
modes, where N2, NS, N10, N13, and N9 occupy the
coordination sites, among which N9 is in the axial position
(Figure 2a). Selected bond lengths and bond angles are given in
Table 1. Equatorial Cu—N bond distances are in the range
1.964(2) — 2.037(3) A, and distances in the axial positions are
2.290(2) and 2.362(3) A for Cul and Cu2, respectively. The
Addison parameter values for Cul and Cu2 are 0.39 and 0.31
respectively, suggesting high distortion of the square pyramid
around Cul and Cu2. Cisoid angles are in the range from
72.1(1) to 98.62(1)° and the transoid angles are in the range
148.8(1)—172.1(1)°, showing deviation from the ideal square
pyramidal structure. Cul and Cu2 are connected to each other
via y-Meimi~ and asymmetric (u,,-N;), bridging alternatively
resulting in the formation of a one-dimensional (1D)
coordination polymer (Figure 2a). The angles Cul—-N13—
Cu2 and Cul—-N10—Cu2 are 98.62(1) and 106.3(1)°
respectively, and are important parameters for determining
the type and strength of the magnetic exchange. In the 1D
chain, distances between Cul and Cu2 through y, ;-azido and
p-Meimi~ bridge are 3.251 and 5.965 A, respectively. Each
chain further assembles via i, 3-azido bridging forming a 2D
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Table 1. Selected Bond Lengths (A) and Angles (deg) for
Compounds 1—4“

Compound 1
Cul-N1 1.975(4) Cul—N4 1.972(4)
Cul—-N6 1.972(4) Cul—-02 2.639(5)
N1 _a—Cul-N4 93.7(2) N1 _a—Cul-N6 171.2(1)
N1-Cul-N1_a 77.6(2) N4—Cul-N6 95.0(1)
N1-Cul—N4 170.8(2) N1-Cul-N6 93.8(2)
Cul-N1-Cul_a 102.4(2)

Compound 2
Cul—-N1 1.974(2) Cul-N3 1.976(2)
Cul-N7 2.037(3) Cul-N10 2.028(2)
Cul-N13 2.290(2) Cu2—-N2 1.964(2)
Cu2—-N$ 1.987(2) Cu2—-N13 1.990(3)
Cu2—-N10 2.035(2) Cu2—-N9 2.362(3)
N1-Cul—-N3 94.8(1) N1-Cul-N7 148.8(1)
N1-Cul-N10 87.4(1) N3—Cul-N7 92.0(1)
N3—Cul-N10 72.1(1) N7-Cul-N10 90.10(1)
N2—-Cu2—N5 96.32(1) N2—Cu2-N13 96.1(1)
N2—-Cu2—N10 149.3(1) N5—Cu2—-N13 67.62(1)
N5—Cu2-N10 88.6(1) N10—Cu2-N13 81.0(1)
N3—Cul-N10 172.1(1) N5—Cu2—-N13 167.62(1)
Cul—-N10—Cu2 106.3(1) Cul-N13—Cu2 98.62(1)

Compound 3
Cul-N1 2.016(7) Cul-N1_a 2.018(7)
Cul—-N4 2.371(8) Cul—-N7 1.989(7)
Cul-N9 1.976(6) Cu2—N10 1.972(5)
Cu2—-N11 1.985(6) Cu2—-N13 2.021(7)
Cu2—-N6 2.380(8) Cu2-N13 a 2.035(6)
N1-Cul-N4 97.3(3) N1-Cul-N7 167.8(3)
N1-Cul—-N9 92.9(3) N1-Cul—NI1 a 76.0(3)
N7—-Cul-N9 92.2(3) N1_a—Cul-N7 96.6(3)
N1_a—Cul—N9 163.8(2) N10—Cu2—-N11 93.8(3)
N10—Cu2—-N13 92.9(3) N10-Cu2—-N13_a 163.8(3)
N11-Cu2-NI13_a 95.3(3) N11-Cu2—-N13 170.1(3)
N6—Cu2—N11 91.3(3) Cu2—-N13-Cu2 a 103.5(3)
Cul-N1-Cul_a 104.0(3)

Compound 4
Cul-N1 1.969(3) Cul—-N3 2.323(3)
Cul-N6 1.983(3) Cul-N8 a 2.031(3)
Cul—N8 2.027(3) Cu2—N2 1.999(3)
Cu2—NI11 1.995(3) Cu2—-N13 1.996(3)
Cu2—N15 2.019(3) Cu2—N$ 2.625(4)
Cu2—-N17 2.664(4)
N1-Cul-Né6 94.0(1) N1-Cul-N8§_a 91.8(1)
N1-Cul-N8 163.41(1) Cul—-N3-N4 118.8(3)
N3—Cul-N6 96.32(1) N3—Cul-N8 93.3(1)
N3—Cul—-N8_a 95.6(1) N6—Cul—N8_a 168.7(1)
N6—Cul—-N8 95.30(1) N8—Cul—-N8 a 76.8(1)
Cul-N8—Cul _a 103.3(1) N2—-Cu2-N11 92.0(1)
N2—-Cu2-N13 89.4(1) N2—Cu2—N15 176.0(1)
N2—Cu2-N17 a 90.3(1) N11-Cu2—-N13 178.1(1)
N11-Cu2—-N15 92.0(1) N5—Cu2—NI11 87.2(1)
N11-Cu2-N17 88.41(1) N13—-Cu2—-N15 86.8(1)
N13—Cu2—-N17 90.3(1) NS—Cu2—-N1$ 85.41(1)

“Symmetry codes: for compound 1,a=1—x,1 —y,2 —z;for3,a=1
—x1—y1l—zfor4,a=2—-x-1—-y —=z

network lying in the crystallographic bc plane, and the 2D net
can be viewed as an assembly of repeating hexanuclear units
(Figure 2b). Topological analysis of the 2D network using
TOPOS 4.0 suggests a three-connected uninodal net and the

simplified 2D net is shown in Figure 3. In the 2D sheet, the
distance between Cul and Cu2 through y, ;-azido bridging is
5.560 A.

[Cu(p-imi™)(imiH) 5, 1-N3)5(p1,5-N3)l, (3). Compound 3
crystallizes in the triclinic space group P1. Single-crystal X-ray
diffraction analysis reveals that 3 is a 2D coordination polymer
comprised of a 1D coordination chain with alternate imidazole
and y, ,-azido bridging, similar to compound 2. In compound 3,
there are two crystallographically independent Cu(II) centers
in the asymmetric unit, both adopting distorted square
pyramidal geometry (Figure 4). For Cul, equatorial coordina-
tion sites are occupied by bridging u-imi~ ligand (N9), one
monodentate imiH (N7) ligand, and bridging y, ,-azido ligand
(N1 and its symmetry related counterpart N1_a), whereas N4
of y,;-azido ligand occupies the axial position. Similarly, Cu2
locates itself in a coordination environment similar to that of
Cul, where N10, N11, N13, and N13_a furnish the equatorial
coordination sites while N6 is present at an axial position.
Equatorial Cu—N bond distances are in the range 1.972(5) —
2.035(6) A, and the axial bond distances are 2.371(8) and
2.380(8) A for Cul and Cu2, respectively. The Addison
parameter values for Cul and Cu2 are 0.06 and 0.10,
respectively. Cul and its symmetry related counterpart
Cul_a are connected to each other by the symmetrical (y, -
N3), bridging, through N1 and N1_a atoms. Similarly N13 and
N13_a bind Cu2 and its symmetry related counterpart Cu2_a.
The angles Cul—N1-Cul a and Cu2—N13—Cu2 a are
104.0(3) and 103.5(3)°, respectively. The bridging p-imi~
creates a connection between Cul and Cu2. The structure
can be described as a 1D chain of Cul and Cu2 held together
by the bridging p-imi~ and y, ;-azido ligand alternately (Figure
5). The 1D coordination chain further constructs a 2D network
via p, ;-azido bridging through N4 and N6 atoms (Figure S).
The 2D net is composed of two different kinds of hexanuclear
building units (Figure S). In the 2D network, distances between
the Cul and Cu2 through y,;-azido and p-imi~ bridge are
3.180 and 5.981 A respectively, while the distance through y, 5-
azido is 6.183 A.

As we have previously discussed, both compounds 2 and 3
contain 1D chains with alternate y-imi~ and y, ;-azido bridging
and the 1D chains are further bridged through u,;-azido
bridging forming 2D networks. However, there are some
distinct differences between the structural aspects of 2 and 3.
First, the degree of distortion of the S-coordinated Cu(II)
centers are different. As is evident from the Addison parameters
(0.39, 0.31 for 2; 0.06 and 0.10 for 3), the Cu(II) centers in 2
are more distorted from ideal square pyramidal geometry than
those of 3. Furthermore, if we consider the hexanuclear
building unit in the respective 2D net, 2 contains only one
repeating unit while two different units are present in 3
(Figures 2b and §).

The spatial orientations of the y-Meimi~ or y-imi~ bridging
ligands in the corresponding 2D nets are also different (Scheme
1), which is expected to arise from the variation of the
substitution on the imidazole ring. The y-Meimi~ ligand in 2
tries to avoid steric hindrance because of the methyl group and
thus cannot afford the formation of hexanuclear units which are
observed in 3. Indeed, 2 adopts a more symmetric structure
with only one kind of hexanuclear building unit and eventually
crystallizes in the more symmetric monoclinic space group P2,/
¢, while 3 with two different hexanuclear units crystallizes in the
triclinic P1 space group.
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Figure 2. (a) View of the 1D alternate chain of compound 2. The coordination environments around each Cu(II) ion have also been shown. (b)
View of the 2D network of compound 2 constructed by the y, 3-azido bridging between the 1D chains.

Dinuclear Cu
w1th My, 1 N3

p#-Meimi~

,“1.3N3

= - — * C———

Figure 3. Simplified net of compound 2. The terminal monodentate
ligands are not shown.

[{Cus(ps,1-N3)5(k1,5-N3) (u-imi~)(imiH)s}-H,0], (4). Com-
pound 4 crystallizes in the triclinic P1 space group and the
structure determination by single-crystal X-ray diffraction
reveals a 2D coordination polymer of Cu(Il), the construction
of which is facilitated by different bridging azide ligands along
with a bridging imidazole ligand. In the asymmetric unit, there
are two crystallographically independent Cu(II) centers (Cul
and Cu2) having different coordination environments (Figure
6). Cul is found in a distorted square pyramidal geometry (4 +
1). For Cul the equatorial plane is occupied by four nitrogen
atoms, N1 and N6 of two different imidazole ligands and N8
and N8_a nitrogen atoms of the two symmetry related bridging
41,-N; ligands. The axial position is occupied by N3 nitrogen
atom from the bridging azide y,;-N; ligand. The degree of
distortion from the ideal square pyramidal geometry is reflected
in the angles of the equatorial plane of the Cul atom (Table 1).
The equatorial Cu—N bond lengths are in the range 1.969(3)—

Figure 4. View of the coordination environment around each Cu" ion of compound 3. Symmetry code: a=1—x,1 -y, 1 — 2.
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o

Figure S. View of the 2D network of compound 3 constructed by the ; ;-azido bridging between the 1D chains.

(11,4~Ny), bridging

pu—imi- bridging

Figure 6. View of the coordination environment around each Cu" ion of compound 4. The different bridging groups have been highlighted.
Symmetry code: a =2 —x, =1 — y, — z.

Figure 7. View of the 2D network of 4 lying in the crystallographic bc plane.

2.031(3) A, while the axial Cul—N3 distance is 2.323(3) A. bridging u, 3-Nj ligands. The equatorial Cu—N bond lengths
Cu2 is present in a distorted octahedral geometry (4 + 2), and are in the range 1.995(3)—2.019(3) A, while the axial Cu—N

the equatorial coordination sites are furnished by N2, N11, and ; .
N13 nitrogen atoms of the three imidazole ligands and N1§ bond lengths are 2.625(4) and 2.664(4) A, respectively. The

nitrogen atom of the bridging 4, ;-N; ligand. The axial positions Cu(Il) centers form a zigzag one-dimensional coordination
are occupied by NS and N17 nitrogen atoms of two different chain, the formation of which is assisted by consecutive
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bridging units having (s, ;-N3),-(p-imi~)-(p; 3-N3),-(p-imi~)
groups (Figures 6 and 8).

In the 1D coordination chain, Cul and its symmetry related
counterpart are bridged via a symmetric (u, 3-N3), group, while
a symmetric (;,-N;), group bridges Cu2 and its symmetry
related counterpart Cu2_a. Finally, Cul and Cu2 are bridged
by the p-imi~ group. The distance between Cul and Cul_a
through the bridging y,;-N; ligand is 3.182 A and the Cul—
N8—Cul_a angle is found to be 103.25(2)°. The distance
between Cul and Cu2 through the bridging u-imi~ ligand is
5.976 A. The 1D coordination chains are further connected to
each other by the y, ; bridging azido group to furnish the 2D
network along the crystallographic bc plane (Figure 7). The
simplified 2D net is shown in Figure 8. The y,; azido group
bridges Cul of one chain and Cu2 of another chain, and the
distance between these Cu(Il) centers through this y,;-N;
bridging is 6.240 A.

My zazide

imidazole

Dinuclear Cu with
Mty N bridge

Dinuclear Cu with
M3 N; bridge

Figure 8. View of different bridging groups and the simplified net of
compound 4. The terminal monodentate ligands are not shown.

Structural Correlations in 1-4. The formation of
different Cu-azido compounds (1—4) with diverse binding
modes from similar reagents is remarkable (Scheme 1). The
distinct difference of compound 1 with respect to the other 2D
compounds (2—4) in terms of dimensionality can be noted.
The reason for the formation of a discrete dinuclear complex 1
is probably due to the larger steric effect of 2-ethylimidazole,
which inhibits formation of a higher dimensional network. It is
noteworthy that we have tried to synthesize different Cu-
EtimiH-azide systems (other than 1) by employing several
reaction conditions (e.g,, changing the EtimiH:azide concen-
tration, varying solvent, etc.), but could not isolate any different
single crystal, which suggests that 1 is probably the most stable
structure without any steric crowding.

Yu and co-workers have reported a mononuclear Cu(II)-
imidazole-azido compound with the formula [Cu-
(imiH),(N;),], where pendant imidazole and monodentate
azide ligands are present.”® Our work shows that, by using such
relatively smaller coligands (imiH and MeimiH), various azido
binding modes and formation of 2D networks (in 2—4; see
Structural Description) can be observed. Under similar
synthetic reaction conditions (stoichiometry Cu(II):MeimiH/
imiH:azide = 0.5:0.75:0.75), use of MeimiH and imiH resulted
in 2 and 3 respectively, which are structurally very similar.
However, as we have discussed earlier, as a consequence of the
difference in the substitution on the respective imidazole rings,
they differ significantly in terms of the spatial orientation of the

bridging ligands and the respective 2D nets. By changing the
stoichiometry (Cu(Il):imiH:azide = 0.75:2:2) and employing
imidazole as the coligand, we were able to furnish compound 4,
which consists of even more diverse binding modes of azido
ligand than those of 2 and 3. Thus, by varying the reaction
condition slightly, higher dimensional networks having various
structural motifs could be achieved with a smaller coligand such
as imidazole. In our effort to furnish such higher dimensional
networks, we synthesized another compound with the formula
[Cuy(imiH) 4(g-imi~),(N;),), (5) by the self-assembly of
Cu(Il) salt with imiH and azide at room temperature
(stoichiometry Cu(Il):MeimiH/imiH:azide = 0.75:1.5:1).
Compound § is a 2D compound where linear 1D chains are
present with alternating dinuclear units and mononuclear units.
There are two different dinuclear units with the formulas
[Cuz(imiH)z(ﬂ'imi_)z(ﬂ1,1'N3)2(ﬂ1,3'N3)2]2_ and
[Cuz(imiH)z(ﬂ—imi_)z(/,tlyl—N3)2(N3)2:|2_ and a mononuclear
unit with the formula [Cu,(imiH),(u-imi™),(p;,-N;)]™.
Interchain p,3-N; bridging between the mononuclear unit
and the nearest neighboring dinuclear unit of the adjacent chain
results in a 2D network (Figure S7 in the Supporting
Information). Later a literature survey showed that this
compound was reported by Nakamura et al,’® where they
observed the ferrimagnetic behavior of the compound. We have
also tried to isolate methylimidazole substituted compounds
similar to 4 or S, but despite several attempts we could not
obtain any structure other than 2. We hypothesize that here the
steric factor of 2-methylimidazole plays a role which probably
inhibits formation of 2D nets similar to 4 or S. The formation
of such different compounds by changing the reaction
conditions such as stoichiometry and substitution on the
coligand suggests that versatile 2D Cu-azido systems can
indeed be fabricated with the aid of imidazole based ligands.
Magnetic Properties of Complex 1. The magnetic
properties of complex 1 as a y T vs T plot (yy is the molar
magnetic susceptibility for two Cu" ions) and the M/Nj vs H
plot (magnetization M is expressed in Nf unit where N is the
Avogadro number and f is the electronic Bohr magneton) are
shown in Figure 9. Starting from room temperature, yT values
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Figure 9. (a) Plot of T vs T for 1. The solid red line indicates the
best fit obtained (see text). (b) Plot of the reduced magnetization (M/
Np) at 2 K. The solid red line indicates the best fit obtained (see text).

gradually increase up to 15 K (Figure 9a) and the y T value at
15 K is close to 1.00 cm® mol™ K. Below 15 K, the y,T values
decrease quickly to 0.72 cm® mol™' K at 2 K. This feature is
characteristic of an intramolecular ferromagnetic coupling with
weak intermolecular antiferromagnetic interactions. Above 20
K, the 1/yy vs T plot (Figure S8 in the Supporting
Information) is well fitted by the Curie—Weiss law (y = C/
(T — 0)), with C = 0.84 cm® mol™ K and 6 = 4.9 K. The
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Figure 10. (a) Plot of y,T vs T for 2 per one Cu center. The solid red line indicates the best fit obtained (see text). (b) Plot of the reduced

magnetization (M/Nf) (per two Cu centers) at 2 K for compound 2.

positive Weiss constant indicates ferromagnetic interaction
operates in 1. The reduced molar magnetization at 2 K is
shown in Figure 9b. The saturation value at 5 T reaches a value
close to 2.0Nf (typical for two isolated or weakly coupled
copper ions).

Complex 1 is a dinuclear compound with doubly u,,-N;
bridging ligand, and the dinuclear entities are assembled
through the supramolecular hydrogen bonding interaction (as
discussed in the structural discussion). The fit of the
susceptibility data has been carried out applying a modified
Bleaney—Bowers formula, considering the mean field approach
for taking into account the intermolecular interactions.”® The
best-fit parameters obtained are J = +22.5(5) cm™,
Z'J'(intermolecular) = —1.13(1) cm™, g = 2.11(1), and R =
1.0 X 10_8 (R 21 [(){MT)obs (){MT)calc 2/2 (ZMT)obs] )
The fit of the magnetization data has been carried out by a full-
diagonalization method using the MAGPACK program." The
best-fit parameters obtained are ] = +23.2(3) cm™},
2'J' (intermolecular) = —1.21(2) ecm™, g = 2.12(1), and R =
1§ X 10_9 (R = Zi [(){MT)obs (){MT)calc] /Z ()(MT)obs] )
As can be deduced, the two independent sets of values are in
good agreement. The ferromagnetic ] value can be interpreted
as a consequence of the existence of the two azido bridges in
end-on coordination mode, which gives ferromagnetic coupling.
Ruiz et al.>* have shown from density functional theory (DFT)
based calculations that there is a correlation between the
calculated ] parameter and the Cu—N;—Cu angle. The
theoretical calculation predicted that the ] value decreases
from a maximum (J ~ +300 cm™') at about § = 90° with
increasing 0, eventually reaching an antiferromagnetic regime
for 8 > 104—105°. The Cul—N1—Cul_a angle is found to be
102.4° in 1, which is very common in this kind of complex, and
different values of J > 0 are reported for the Cu—N;—Cu
angle.’ S In order to clarify our result and compare the J value
obtained by the corresponding experimental fits, we have
carried out theoretical calculations based on density functional
theory (DFT). The ] value was obtained via the calculation of
the electronic energy of the two different spin configurations (S
=0and S = 1 spin states) arising from the coupling between
the two unpaired electrons in the dinuclear complex 1 (see ref
16). Such energy calculations were conducted with the
Gaussian 09 program,17 using the B3LYP functional'® and
the TZVP basis set for all atoms.'® The calculations suggest that
S =1 spin state is the stable state and the calculated ] value is
+23 cm™, which is in good agreement with those obtained
from fitting experimental data. The intermolecular antiferro-
magnetic interactions derive probably from the H-bonding
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interaction between the dimers through the perchlorate anions
and the NH of the 2-ethylimidazole (Figure S6 in the
Supporting Information).

Magnetic Properties of Compound 2. The plot of T
vs T for compound 2 starts at 0.4 cm® mol™" K (per one Cu
unit) at 300 K (Figure 10a), and with a decrease in temperature
there is a monotonic decreasing of yyT until 25 K. Beyond this
temperature the yyT value achieves a value close to 0 cm?®
mol™ K at 2 K. The 1/yy vs T plot shows nonlinearity (Figure
S9 in the Supporting Information). The M/Nf value at S T and
2 K reaches a maximum value of 0.34Nf (Figure 10b), which is
significantly lower than 2Nf (expected for two unpaired
electrons), corroborating the presence of an antiferromagnetic
interaction.

To apprehend the type and magnitude of the magnetic
exchange interactions, we tried to correlate the data with its
structure. Compound 2 is indeed a magnetically 2D system
formed by y, 3-N; bridging of 1D chains where Cu(II) ions are
linked together by alternative 4, ,-N; and yu-Meimi~ bridging.
So far, neither the empirical formula nor computer programs of
JuT vs T are available for fitting magnetic data of complicated
2D systems. There are two different Cu-y,3-azido bonds
(Cul=N7 and Cu2—N9) of distances 2.037 and 2.362 A,
respectively. Due to the long distance of the latter one, electron
density can be considered as almost zero for the axial position.
Thus, for having a rather good approach toward the
understanding of exchange interactions, 2 can be considered
as a pseudo-1D system, owing to the short intrachain Cu-; ;-
azido distances and long intrachain Cu-y,;-azido distances
(considering Cu2—N9 bond distance). Indeed, the copper(II)
ions are linked by imidazole (antiferromagnetic, AF) and N~
(end-on) (ferromagnetic, F), giving an alternating F—AF one-
dimensional system.

Borras-Almenar and co-workers reported in 1994 an
empirical equation for this kind of Cu(II) alternating chain."”
In this equation, the parameter @ represents the ratio Jp/IJgl.
Indeed, according to the authors, there are two possibilities for
the fit: 0 < @ <2 and 2 < o < 8. All attempts to fit the data
with the latter hypothesis (2 < a < 8) failed. On the contrary,
with the first hypothesis, 0 < o < 2, we obtained a good fit with
the following parameters: J,z = —88(2) cm™, Jz = 101(2)
em™!, g = 2.27(2), and R = 1.2 X 107, The fitting has been
made from 300 to 25 K since the formula employed here'” is
not perfectly valid at very low temperatures. Furthermore, at
low temperatures, the interchain p,;-N; bridging in 2 would
also create a deviation. The values of the fitted parameters agree
well with the structural topology of 2. The coupling through
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Figure 12. (a) Tetranuclear [Cu-(y-imi~)—Cu-(yt, ;-N3),—Cu-(p-imi~)—Cu] unit considered for modeling the magnetic data. (b) Plot of yy; vs T
for 4 per four Cu centers. The solid red line indicates the best fit obtained (see text). (c) Plot of the reduced magnetization (M/Nf) (per two Cu

centers) at 2 K for compound 4.

#1,1-N; bridging is ferromagnetic as expected,"® whereas the 2-
methylimidazole bridging ligand creates a strong antiferromag-
netic coupling (Jur = —88(2) cm™"), which agrees well with the
literature reports.”

Magnetic Properties of Compound 3. For compound 3,
the magnetic susceptibility has been measured from 300 to 2 K
(Figure 1la) and the magnetization (M vs H) has been
measured at 2 K (Figure 11b). At low temperature, the increase
in the y,; value is due to paramagnetic impurities present in the
sample. However, the quantity of the impurities must be very
small as reflected by the CHN data, and also the powder X-ray
diffraction of the sample confirms the phase purity. The 1/yy
vs T plot shows nonlinearity (Figure S10 in the Supporting
Information). Figure 11b shows the plot of the reduced
magnetization (M/Np) (per two Cu centers) at 2 K for
compound 3. The M/Nf value at 5 T and 2 K reaches a
maximum value of 0.14Nf, which is significantly lower than the
expected 2Nf (for ferromagnetically coupled Cu centers),
corroborating the presence of an antiferromagnetic interaction.

As revealed by single-crystal X-ray diffraction analysis,
compound 3 is two-dimensional. However, it is built from
one-dimensional alternating chains (similar to compound 2)
linked together by p;;-N; ligands. The important structural
feature is the coordination of the p,;-N; bridge in the axial

position in the square pyramidal geometry of Cu(Il) ions
(Cul—N4 and Cu2—N6 bonds). Thus, the unpaired electron is
placed in the x> — y* orbital, having an electronic density of
almost zero in the apical position (z* orbital), and eventually 3
can be considered as a 1D magnetic system. The chain is an
alternating antiferromagnetic (imidazole bridge, J;)—ferromag-
netic (end-on azido bridges within the chains, J,). Hence, the
previously mentioned mathematical formula'* which was used
for the analysis of compound 2 can be applied for compound 3,
too. However, the mathematical expression is made from the
method of closed spin chains of increasing length and is not
valid at low temperatures. Furthermore, fitting of the data at
low temperature would not be appropriate because of the
possible presence of paramagnetic impurities. We have fitted
the yy vs T data from 300 to 35 K. The presence of a rounded
maximum in Yy close to 75 K is indicative of the
antiferromagnetic behavior. In these cases, it is better to fit
xum than yyT. The fit under these conditions is illustrated in
Figure 11. The best values obtained are the following: IJ;| =
63.3(5), thus J; = —63.3(5) em ™. & = 1.5(1), giving, thus, ], =
98.1(2), and g = 2.11(1), with very good agreement factor, R =
226 x 107"

The value of the J; (antiferromagnetic) must be attributed to
the imidazole bridges, which is well reported in the
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: b,c,1 - . -
literature.”*'* The ferromagnetic interaction (J,) originates

from two azido ligands in end-on (EO) conformation.
According to the reported experimental and theoretical data,
this kind of geometry with the corresponding Cu—Ngo—Cu
angles would give ferromagnetic coupling,Sb as it occurs in
compound 3.

Magnetic Properties of Compound 4. The plot of y\T
vs T for compound 4 is shown in Figure 12 (considering four
Cu centers). Starting from 300 K, the y,,T values increase up to
16 K, exhibiting a maximum, and then gradually decrease.
Above 25 K, the 1/yy vs T plot (Figure S11 in the Supporting
Information) is well fitted by the Curie—Weiss law (3, = C/(T
—0)), with C = 1.47 cm® mol™" K and # = 11.9 K. The positive
Weiss constant indicates ferromagnetic interaction operates in
4.

To understand the nature and value of coupling parameters,
we have looked at the structure carefully to find an appropriate
model to fit the magnetic data. Considering the long interchain
Cu—pi, ;-azido distances, we can safely ignore magnetic
interaction between the 1D chains. Now further structural
insight into 4 reveals that, in the 1D chains, interaction through
the (u;3-N;), bridging can also be neglected due to the axial
coordination of N atom to the Cu(Il) center in Cul—N3 and
Cu2—NS bonds. We have considered a simplified tetranuclear
Cu, unit [Cu-(p-imi~)—Cu-(y, ,-N3),—Cu-(p-imi~) —Cu] (Fig-
ure 12a) which is linked to the neighboring units by different
sets of y, ;-azido bridging ligands (where J can be ignored due
to long bond distances), giving a 2D network (Figure 7). The
fitting has been made assuming the tetranuclear unit with
intermolecular interactions (zJ’), by means of the MAGPACK
program.’® The best-fit results are the following parameters:
J1(imidazolate bridge) = —28.4(2) cm™; J,[(1,-N3), bridge] =
16.2(1) em™; g = 2.11(1), 2]/ = 1.65(2) cm™’, TIP = 366 X
1075 cm™" mol™' (TIP, temperature independent paramagnet-
ism), and R = 2.38 X 107> (Figure 12). The ] values agree with
those reported in the literature for similar bridging
1igands.5b’ %% It should be noted that the best fitting gives a
small positive z']’ parameter and thus indicates a ferromagnetic
intermolecular interaction. This feature is likely due to the fact
that these intermolecular interactions are made between
magnetic orbitals with the unpaired electron in the z* and «*
— y atomic orbitals, respectively (orthogonal to each other).

The M/Np value at 6 T and 2 K does not saturate. It reaches
a maximum value of 1.7Nf} (Figure 12c), which is slightly less
than expected: 2Nf (for ferromagnetically coupled two Cu
centers). Thus, the dominant interaction between the Cu(II)
centers would be ferromagnetic in nature, with a small
contribution of an antiferromagnetic interaction, which
supports the experimental yT vs T data and our fitting results.

B CONCLUSION

The synthesis, structure, and magnetostructural correlations of
metal—azido systems so far reported have mainly focused on
longer nonbridging coligands and on several amines. The
smaller three-atom bridge imidazolate unit has not been
explored properly to date, although it has the potential to
fabricate novel magnetic systems. Here we have developed
different magnetic systems based on the imidazolate ring along
with the azido ligand. We have also shown that structural
diversities and versatile magnetic properties could be achieved
by changing the substitution on the second linker (imidazole
for our work) and employing judicious synthetic strategies.
Four Cu(Il)-azido coordination compounds with novel

12000

structural motifs and different binding modes of bridging
ligands were furnished, and their magnetic studies were studied
in detail. Structural insight into these compounds provides
explanations for the diverse magnetic behaviors of these
compounds. In future, substitution on such imidazole based
linkers or other different small organic spacers can be exploited
to furnish different metal—azido systems with novel structural
topologies and exotic magnetic properties.
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