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The alkoxo-bridged dinuclear copper(II) complexes [Cu2(ap)2(NO2)2] (1), [Cu2(ap)2(C6H5COO)2] (2) and
[Cu2(ap)2l-1,3-C6H4(COO)2(dmso)2]�dmso (3) (ap = 3-aminopropanolato and dmso = dimethyl sulfoxide)
have been synthesized via self-assembly from copper(II) perchlorate, 3-aminopropanol as main chelating
ligand and nitrite and isophthalate anions as spacers and benzoate anion as auxiliary ligand. Complexes 1
and 3 crystallize as 2D and 1D coordination polymers, respectively, and their structures consist of dinu-
clear [Cu2(ap)2]2+ units connected with nitrite and isophthalate ligands. The adjacent dinuclear units of 2
and 1D polymers of 3 are further connected by hydrogen bonds resulting in the formation of 2D layers.
The variable temperature crystallographic measurements of 1 at 100, 173 and 293 K indicate the static
Jahn–Teller distortion with librational disorder in the nitrite group. Experimental magnetic studies
showed that complexes 1–3 exhibit strong antiferromagnetic couplings. The values of the magnetic
exchange coupling constant for 1–3 are well reproduced by the theoretical calculations.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Coordination compounds forming metal–organic frameworks
via self-assembly have received great attention due to their inter-
esting architectures and potential applications in the field of catal-
ysis, conductivity, porosity, chirality, luminescence and magnetism
[1–16]. Metal–organic frameworks are infinite systems con-
structed from metal ions (and metal clusters) functioning as nodes
and organic ligands as bridges. Andruh et al. have successfully used
alkoxo-bridged dinuclear Cu(II) units as nodes in the design of
framework polymers [17–24]. The alkoxo-bridged dinuclear cop-
per(II) nodes are formed spontaneously from the reaction of cop-
per(II) salts with aminoalcohol. The lower the denticity of the
aminoalcohol ligand the higher dimensionality of the metal–or-
ganic framework can be expected [23].

The magnetic behavior of polynuclear transition metal coordi-
nation compounds have been widely studied [25,26]. The magnetic
behavior of hydroxy- and alkoxy-bridged dinuclear Cu(II) units are
well known [23,27–35]. The primary geometric factor determining
the magnitude of the exchange coupling for the hydroxy- and alk-
oxy-bridged dinuclear Cu(II) complexes, the Cu–O–Cu bridging an-
gle (h), was established by Hatfield and co-workers [27]: the larger
the angle h the stronger the antiferromagnetic coupling between
the copper(II) ions. There are several other geometric parameters
found by theoretical studies [36–42], which affect the magnetic
ll rights reserved.
coupling between copper(II) ions. For example, the planarity of
the coordination sphere around copper(II) ions, the out-of-plane
shift of the carbon atom of the bridging alkoxo group (H atom
for hydroxo complexes). Ruiz et al. [38] showed that the antiferro-
magnetic coupling diminished for hydroxy- and alkoxo-bridged
dinuclear Cu(II) coordination compounds as the out-of-plane shift
of the carbon atom increased.

Although the majority of coordination polymers are formed from
metal ions connected by oxygen atoms of carboxylate anions and/or
nitrogen atoms of pyridines [11], there are only a few coordination
structures constructed from alkoxo-bridged dinuclear Cu(II) units
(chelated with different aminoalcohols) with aromatic carboxylate
ligands [43–52]. The only reported metal–organic frameworks de-
rived from these dinuclear Cu(II) units with aromatic polycarboxyl-
ate ligands are obtained by using aminopolyalcohols [34,53–55].

We have earlier studied experimentally and theoretically the
charge densities in polymeric [Cu2(ap)2(NO2)2] (1) (ap = 3-amino-
propanolato) at 100 K [35], in which a dinuclear Cu(II) unit with a
pseudo-Jahn–Teller distorted 4 + 1 + 1 coordination was found.
Now we have determined the crystal structure of 1 at 173 and
293 K to explore the nature of this pseudo-Jahn–Teller phenomenon.

Also the syntheses and crystal structures of two new alkoxo-
bridged dinuclear copper(II) complexes derived from using 3-ami-
nopropanol (Hap) as chelating ligand and aromatic mono- or poly-
carboxylic acid, benzoic acid or isophthalic acid, as auxiliary or
bridging ligand [Cu2(ap)2(C6H5COO)2] (2) and [Cu2(ap)2l-1,3-
C6H4(COO)2(dmso)2]�dmso (3) (dmso = dimethyl sulfoxide) are
presented in this study. The structural properties of the extended
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2D coordination polymers of 2 and 3 are compared to the poly-
meric structure of 1. Finally the magnetic properties (experimental
and theoretical) of these alkoxo-bridged dinuclear copper(II) com-
plexes 1–3 are presented and discussed.

2. Experimental

2.1. Materials and physical measurements

All chemicals and solvents were purchased from commercial
sources and were used without further purification.

CAUTION: Although we have experienced no difficulties, per-
chlorate salts of metal complexes with organic ligands are poten-
tially explosive and should be handled with care even in small
quantities.

Elemental analyses were performed using a VarioEl III elemen-
tal analyzer. Variable temperature (1.9–300 K) magnetic suscepti-
bility measurements on polycrystalline samples were carried out
with a Quantum Design SQUID MPMS XL-5 device operating at
1 T from room temperature to 50 K and at 0.05 T from this latter
temperature to 2 K. The experimental susceptibilities were cor-
rected for the diamagnetism of the constituent atoms by using Pas-
cal’s tables.

2.2. Syntheses

2.2.1. Preparation of [Cu2(ap)2(NO2)2] (1)
Cu(ClO4)2�6H2O (186.7 mg, 0.50 mmol) was dissolved in metha-

nol (65 ml). To this solution Hap (98.8 ll, 1.28 mmol) in methanol
(10 ml) and NaNO2 (42.0 mg, 0.61 mmol) in methanol (25 ml) were
added. The dark green solution was allowed to stand at room tem-
perature for overnight. The dark blue crystalline product was fil-
tered and washed with ethanol and diethyl ether and dried in
air. Yield 59.6 mg (64%).

Anal. Calc. for C6H16Cu2N4O6: C, 19.62; H, 4.39; N, 15.25. Found:
C, 19.56; H, 4.21; N, 15.12%.

2.2.2. Preparation of [Cu2(ap)2(C6H5COO)2] (2)
Cu(ClO4)2�6H2O (184.3 mg, 0.49 mmol) was dissolved in metha-

nol (5 ml) and Hap (91.2 ll, 1.20 mmol) was added. To this solu-
tion, benzoic acid (148.6 mg, 1.22 mmol) and N(Et)3 (194.2 ll,
1.40 mmol) in methanol (17.5 ml) was added. Violet crystals were
formed after standing at room temperature for overnight. The vio-
let crystalline product was filtered and washed with ethanol and
diethyl ether and dried in air. Yield 70.4 mg (55%).

Anal. Calc. for C20H26Cu2N2O6: C, 46.42; H, 5.06; N, 5.41. Found:
C, 46.50; H, 4.81; N, 5.33%.

2.2.3. Preparation of [Cu2(ap)2l-C6H4(COO)2-1,3(dmso)2]�dmso (3)
Cu(ClO4)2�6H2O (187.8 mg, 0.51 mmol) was dissolved in dmso

(5 ml) and Hap (152.0 ll, 2.00 mmol) was added. To this solution
isophthalic acid (101.3 mg, 0.61 mmol) in dmso (7 ml) was added.
The dark blue solution remained clear at room temperature, but
when the solution was transferred to refrigerator (7 �C), dmso
solidified (mp. 18.6 �C) and small blue crystals started to form.
After melting of dmso, the crystals were filtered and washed with
ethanol and diethyl ether and dried in air. Yield 143.3 mg (92%).

Anal. Calc. for C20H38Cu2N2O9S3: C, 35.65; H, 5.68; N, 4.18.
Found: C, 35.25; H, 5.91; N, 4.09%.

2.3. X-ray data collection and structure refinement

Crystallographic data were collected at 173 K for 1–3 and also at
293 K for 1 with a Nonius-Kappa CCD area-detector diffractometer
using graphite monochromatized Mo Ka radiation (k = 0.71073 Å).
The data were collected by u and x rotation scans and processed
with the DENZO-SMN v0.93.0 software package [56]. Empirical
absorption corrections were performed with SADABS program [57].
The structures were solved by direct methods using the SHELXS-97
program [58] and full-matrix, least-squares refinements on F2 were
performed using the SHELXL-97 program [58] with the WinGX
graphical user interface [59]. Mean-square displacement parame-
ters for 1 were calculated using the THMA11 program [60]. Thermal
ellipsoid plots were obtained by using the DIAMOND program [61].
The partial packing diagrams were drawn with the MERCURY pro-
gram [62]. For complexes 1 and 2 the heavy atoms were refined
anisotropically. The NH hydrogen atoms of 1 and 2 were located
from the difference Fourier map and were refined isotropically
while other hydrogen atoms were constrained to ride on their par-
ent atoms. In 3, one dmso molecule was disordered over two sites
(C11, C12, O5 and S2) with equal occupancies, thus accounting for
the residual electron density in 3. The S2–C11 and S2–C12 dis-
tances of the disordered dmso molecule were fixed to 1.8 Å. The
disordered C11 and C12 atoms were refined isotropically while
other heavy atoms were refined anisotropically. Anisotropic refine-
ment of the C11 and C12 atoms did not improve the structure
model of 3. The NH hydrogen atoms of 3 were located from the dif-
ference Fourier map and were refined isotropically with fixed dis-
tances of 0.87 Å while other hydrogen atoms were constrained to
ride on their parent atoms. The crystal data for 1–3 along with
other experimental details are summarized in Table 1.
2.4. Computational details

All theoretical calculations were carried out with the hybrid
B3LYP method [63–65], as implemented in the GAUSSIAN 03 program
[66]. A quadratic convergence method was employed in the SCF
process [67]. Triple-f quality basis set proposed by Ahlrichs and
co-workers has been used for all atoms [68]. The calculations were
performed on the complexes built from the experimental geome-
tries. More detailed about the models can be found in the discus-
sion of the results. The electronic configurations used as starting
points were created using the JAGUAR 7.5 program [69].

The J value of the dinuclear complexes have been determined by
calculating the energy difference between the high spin state (EHS)
and the broken symmetry state (EBS), according to the following
equation:

EHS � EBS ¼ �SHSðSHS þ 1ÞJ=2 ð1Þ

using the Heisenberg Hamiltonian Ĥ = �JŜ1Ŝ2. Here S1 and S2 are the
spin of the paramagnetic centers.

The approach that we used herein to determine the exchange
coupling constants for polynuclear complexes has been described
in detail elsewhere [70–73].
3. Results and discussion

3.1. Syntheses

Complexes 1–3 have been synthesized via the self-assembly of
copper(II) perchlorate, 3-aminopropanol as chelating ligand, nitrite
and isophthalate anions as spacers, and benzoate anion as auxiliary
ligand. The alkoxo-bridged dinuclear [Cu2(ap)2]2+ units are easily
formed after deprotonation of the OH group of the 3-aminopropa-
nol ligand with presence of copper(II) ions. The addition of sodium
nitrite for 1, benzoic acid for 2 and isophthalic acid for 3 leads to
formation of three coordination compounds [Cu2(ap)2(NO2)2] (1),
[Cu2(ap)2(C6H5COO)2] (2) and [Cu2(ap)2l-1,3-C6H4(COO)2(dm-
so)2]�dmso (3).



Table 1
Summary of crystallographic data for 1 at three different temperatures and for 2 and 3 at 173 K.

Complex 1 (100 K)a 1 (173 K) 1 (293 K) 2 3

Formula C6H16Cu2N4O6 C6H16Cu2N4O6 C6H16Cu2N4O6 C20H26Cu2N2O6 C20H38Cu2N2O9S3

Mr 367.31 367.31 367.31 517.51 673.78
Crystal system orthorhombic orthorhombic orthorhombic monoclinic monoclinic
Space group (No.) Pbca (61) Pbca (61) Pbca (61) P21/c (14) P21/m (11)
a (Å) 8.3395(3) 8.3598(2) 8.3644(2) 12.7444(3) 7.7639(3)
b (Å) 8.5023(3) 8.5416(2) 8.6348(2) 8.3887(2) 21.6931(9)
c (Å) 17.1507(5) 17.1799(5) 17.2222(5) 10.1696(2) 8.7016(4)
a (�) 90 90 90 90 90
b (�) 90 90 90 103.579(2) 96.731(3)
c (�) 90 90 90 90 90
V (Å3) 1216.07(7) 1226.75(5) 1243.87(5) 1056.83(4) 1455.45(11)
Z 4 4 4 2 2
Dcalc (g mm�3) 2.01 1.989 1.961 1.626 1.537
l(Mo Ka) (mm�1) 3.524 3.493 3.445 2.051 1.723
Number of collected data 227 269 25 744 16 284 11 832 13 426
Number of unique data 8930 1863 1980 2600 3648
Rint 0.0421 0.0593 0.0514 0.0385 0.0615
Parameters 82 90 91 144 193
R1

b 0.0355 (0.0251)c 0.0422 (0.0296) 0.0514 (0.0337) 0.0394 (0.0311) 0.0910 (0.0552)
wR2

d 0.0641 (0.0620) 0.0591 (0.0562) 0.0725 (0.0669) 0.0727 (0.0697) 0.1224 (0.1103)
Goodness of fit (GOF) on F2 1.096 1.067 1.033 1.039 1.032
Largest difference in peak and hole (e Å�3) 1.154 and –1.180 0.368 and �0.417 0.376 and –0.343 0.286 and �0.463 1.500 and �0.710

a Data from Ref. [35].
b R1 =

P
||Fo| � |Fc||/

P
|Fo|.

c Values in parentheses for reflections with I > 2.0r(I).
d wR2 = {

P
[w(F2

o � F2
c )2]/

P
[w(F2

o )2]}1/2 and w = 1/[r2(F2
o ) + (aP)2 + bP)], where P = (2F2

c + F2
o )/3.
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The crystallization of polymeric complexes 1 and 3 is very rapid,
resulting in microcrystalline or amorphous powders for 1 and 3,
which are not suitable for single X-ray studies. In order to obtain
X-ray quality single crystals, the crystallization process was slowed
down using dilute solutions for 1 and by solidifying the solvent for
3. Although these syntheses were optimized to obtain X-ray qual-
ity single crystals the products were isolated with moderate to
high yields (based on copper(II) perchlorate).
Fig. 1. The dimeric unit of 1 (173 K) showing the atomic labeling scheme, with
thermal ellipsoids drawn at the 30% probability level. Symmetry codes: (i) –x, 1 – y,
–z; (ii) –1/2 + x, 3/2 – y, –z; (iii) 1/2 – x, –1/2 + y, z.
3.2. Description of the structures

Complexes 1 and 3 crystallize as 2D and 1D coordination poly-
mers and their structures consist of dinuclear [Cu2(ap)2]2+ units
connected with nitrite and isophthalate ligands. In complex 2,
dinuclear units are not connected by the benzoate anions, which
act as monodentate end-cap ligands. The 2D coordination polymer
layers of 1 are further stabilized by intralayer H-bonds. The adja-
cent dinuclear units of 2, and 1D polymers of 3 are further con-
nected with hydrogen bonds resulting in the formation of 2D
layers. The dinuclear units and the numbering of the atoms of 1–
3 are shown in Figs. 1–3, respectively, whereas the partial crystal
packing diagrams showing polymeric chains and hydrogen bond-
ing networks of 1–3 are shown in Figs. 4–6, respectively. Selected
bond parameters and hydrogen bond parameters are presented in
Tables 2 and 3, respectively.

As the crystal structure of 1 was reported and discussed earlier
[35], we concentrate upon its variable temperature crystallo-
graphic measurements at 100, 173 and 293 K. At the three mea-
sured temperatures, the structure shows a clear pseudo-Jahn–
Teller elongation along O3–Cu–O3ii axis and the Cu(II) coordina-
tion sphere is close to tetragonally distorted octahedral
(4 + 1 + 1) geometry. In this description, the oxygen atoms belong-
ing to the alkoxo bridging groups (O1 and O1i), the amine nitrogen
atom (N1) and an oxygen atom of the nitrite group (O2) are coor-
dinated in equatorial positions, whereas the O3 and O3ii oxygen
atoms from two nitrite anions occupy the axial positions. The var-
iable temperature crystallographic measurements also indicate
that bond lengths and angles around the Cu(II) center vary only
marginally with temperature (Table 2). Only the axial Cu–O3ii

bond distance lengthens from 2.6042(7) to 2.682(2) Å as the tem-
perature is increased from 100 to 293 K. The temperature-invariant
Cu-ligand bond lengths and the nearly perpendicular orientation of
the thermal ellipsoids of the ligand atoms towards the Cu–L bonds
are indication of the static Jahn–Teller distortion [74].

Since the bond lengths and the thermal ellipsoids of Cu–L bonds
of 1 at different temperatures show structural evidence of a static
disorder, the presence or absence of librational disorder was deter-
mined through a mean-square displacement amplitude (MSDA)
analysis [60,75]. The MSDA of a given atom is the desired mean-
square displacement amplitude of the atom parallel to the direc-
tion of a given chemical bond. The difference between the MSDA
values for the two atoms in a given bond (DMSDA or hd2i) is pro-
portional to the degree of interatomic libration along that bond.
The DMSDA for metal–ligand bond is computed as MSDA(li-
gand)–MSDA(metal), with both MSDAs calculated for the direction



Fig. 2. The dimeric unit of 2 showing the atomic labeling scheme, with thermal
ellipsoids drawn at the 30% probability level. Symmetry code: (i) 1 – x, –y, 1 – z.

Fig. 3. The dimeric unit of 3 showing the atomic labeling scheme, with thermal
ellipsoids drawn at the 30% probability level. Hydrogen atoms and disordered dmso
molecule are omitted for clarity. Symmetry codes: (i) –x, 1 – y, 1 – z; (ii) x, 1/2 – y, z;
(iii) x, 1/2 + y, 1 – z.

Fig. 4. View along c axis of the partial crystal packing diagram of 1 (173 K) showing
the 2D network and the NH� � �O2 hydrogen bonds (black dashed lines). Hydrogen
atoms are omitted for clarity.

Fig. 5. View along a axis of the partial crystal packing diagram of 2 showing the 2D
hydrogen bonding network (black dashed lines). Hydrogen atoms are omitted for
clarity.
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of the M–L bond. Values of hd2i for a bond are typically found in the
range of (10–100) � 10–4 Å2 [75]. At 100 and 173 K all bonds
around Cu(II) center of 1 have low hd2i values (Table 2) and are
consistent with a static molecular structure. However, at 293 K
the high hd2i values for Cu–O3 and Cu–O3ii bonds, along the elon-
gation axis, indicate that librational disorder is present involving
these two bonds. Also the hd2i value for Cu–O2 bond at 293 K is
twofold compared to the hd2i values at 100 and 173 K. The negative
value of hd2i for the Cu1–O1i bond at 293 K arises when MSDA
(O1i) < MSDA (Cu1). The librational disorder of the bonds at the
elongation axis, parallel to the crystallographic a axis, and the
hd2i value for Cu–O2 bond at 293 K might result from the disorder
of the nitrite group along the crystallographic (bc) plane since the
size of the unit cell becomes large primarily with the growing
along the crystallographic b and c axes (Table 1) as the temperature
increases.
The crystal structure of 2 shows that copper(II) ions have a
square-planar coordination. The square-planar coordination
sphere of Cu(II) ions in the xy-plane consists of two alkoxide oxy-
gen atoms (O1, O1i), one amine nitrogen (N1) and one oxygen atom
(O2) from the carboxylate anion. The Cu–X bond distances around
the square-planar Cu(II) centers all lie below 1.967(2) Å, indicating
the strong nature of these bonds. The shortest axial contacts
[Cu� � �O interactions] are at 2.726(2) Å, significantly longer than
the bonds in the xy-plane. In our recent experimental and theoret-
ical charge density study [35] for structures of [Cu2(ap)2(L)2]
(L– = nitrate or formate, with Cu1� � �O3 distances 2.6 and 2.7 Å,
respectively), the charge density evidence showed no significant
didentate coordination of the L– anion (the Cu1� � �O3 interaction).
Therefore, the benzoate oxygen atom did not show this axial inter-
action either.

On the similar basis, in the crystal structure of 3, Cu(II) ion has a
distorted square-pyramidal coordination sphere as the sixth donor
atom (O3) is at the distance of 2.775(3) Å. Cu(II) ions in the xy-
plane consists of two alkoxide oxygen atoms (O1, O1i), one amine
nitrogen (N1) and one oxygen atom (O2) from the carboxylate an-
ion. The fifth coordination position is occupied by O4 from dmso.

Within the dinuclear units in the series [Cu2(ap)2(L)2] (L– = ni-
trite, nitrate and formate) bond angles in the xy-plane are quite
similar [35]. In the 1–3 series (1 = [Cu2(ap)2(NO2)2]), however,
the bond angles in xy-plane vary quite a lot. For example, angles



Fig. 6. View along c axis of the partial crystal packing diagram of 3 showing 1D polymeric chains and the extended 2D hydrogen bonding network (black dashed lines).
Hydrogen atoms and disordered dmso molecules are omitted for clarity.

Table 2
Selected bond lengths (Å) and angles (�) for 1 at three different temperatures and for 2 and 3 at 173 K. The square brackets contain values of hd2i (10–4 Å2) calculated for 1.

Complex 1 (100 K)a, b 1 (173 K)c 1 (293 K)d 2e 3f

Cu1–Cu1i 2.9633(2) 2.9586(5) 2.9486(5) 3.0419(5) 3.0201(8)
Cu1–N1 1.9813(4) [15(1)] 1.979(2) [26(9)] 1.980(2) [27(11)] 1.970(2) 1.976(3)
Cu1–O1 1.9389(4) [12(1)] 1.9383(14) [11(7)] 1.936(2) [14(8)] 1.9227(14) 1.947(2)
Cu1–O1i 1.9368(4) [7(1)] 1.9369(13) [7(7)] 1.9313(15) [–16(8)] 1.9310(14) 1.938(2)
Cu1–O2 2.0197(6) [25(2)] 2.0230(14) [34(7)] 2.034(2) [63(10)] 1.9628(14) 1.990(2)
Cu1–O3 2.4762(6) [52(2)] 2.480(2) [72(10)] 2.472(2) [144(14)] 2.7253(15) 2.795(3)
Cu1–O3ii 2.6042(7) [38(2)] 2.629(2) [45(9)] 2.682(2) [95(13)] – –
Cu1–O4 – – – – 2.396(3)

Cu1–O1–Cu1i (h) 99.74(2) 99.54(6) 99.36(7) 104.25(6) 102.02(10)
O1–Cu1–O1i 80.26(2) 80.46(6) 80.64(7) 75.75(6) 77.98(10)
O1–Cu1–N1 95.91(2) 95.75(7) 95.56(8) 97.28(7) 93.98(12)
O2–Cu1–N1 90.94(2) 90.86(7) 90.72(8) 93.12(7) 94.20(12)
O2–Cu1–O1i 93.16(2) 93.20(6) 93.29(7) 93.82(6) 93.37(10)
O1–Cu1–O3ii 91.68(2) 91.76(6) 91.80(8) – –
O1–Cu1–O4 – – – – 96.02(9)
O1i–Cu1–O3ii 92.81(2) 92.67(6) 92.46(8) – –
O2–Cu1–O3ii 93.33(2) 92.95(6) 91.70(8) – –
N1–Cu1–O3ii 83.71(2) 83.61(7) 83.70(9) – –
O2–Cu1–O3 54.93(3) 54.78(6) 54.32(8) 53.69(6) 52.38(9)
O1i–O1–C1 (s) 31.88(5) 32.26(12) 32.46(13) 1.43(13) 27.5(3)

Cu1–O1–Cu1i–O2i 175.3(1) 175.56(6) 176.73(8) 179.91(7) 171.27(11)
Cu1–O1i–Cu1i–N1i 176.4(1) 176.16(7) 176.05(9) 176.30(8) 177.57(14)

a Symmetry codes for 1 (100 K): (i) 2 – x, 1 – y, –z; (ii) –1/2 + x, 3/2 – y, –z.
b Data from Ref. [35].
c Symmetry codes for 1 (173 K): (i) –x, 1 – y, –z; (ii) –1/2 + x, 3/2 – y, –z.
d Symmetry codes for 1 (293 K): (i) –x, – y, 1 – z; (ii) –1/2 + x, 1/2 – y, 1 – z.
e Symmetry code for 2: (i) –x, –y, 2 – z.
f Symmetry code for 3: (i) –x, 1 – y, 1 – z.

Table 3
Hydrogen bond parameters (Å, o) for 1–3 at 173(2) K.

Complex D–H� � �A d(D–H) d(H� � �A) d(D� � �A) d(D–H� � �A)

1a N1–H01A� � �O1i 0.84(3) 2.41(3) 3.171(2) 150(2)
N1–H01B� � �O2ii 0.86(3) 2.23(3) 3.087(2) 174(2)
N1–H01B� � �N2ii 0.86(3) 2.67(3) 3.464(3) 154(2)

2b N1–H01A� � �O3i 0.86(3) 2.20(3) 3.050(2) 169(2)
N1–H01B� � �O3ii 0.77(3) 2.30(3) 2.878(3) 133(3)

3c N1–H01A� � �O2i 0.85(2) 2.37(3) 3.100(4) 144(4)
N1–H01B� � �O4i 0.86(2) 2.11(3) 2.883(4) 151(4)

a Symmetry codes for 1: (i) 1/2 – x, 1/2 + y, z; (ii) –x, 2 – y, –z.
b Symmetry codes for 2: (i) –x, –1 – y, 2 – z; (ii) x, –1/2 – y, –1/2 + z.
c Symmetry code for 3: (i) 1 – x, 1 – y, 1 – z.
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O1–Cu1–N1 at 173 K for 1–3 are 95.56(8), 97.12(10) and
93.98(12)�, respectively and angles O1–Cu1–O1i at 173 K for 1–3
are 80.64(7), 75.90(10) and 77.98(10)�, respectively. These angle
deformations of the [Cu2(ap)2]2+ units depend on the nature of
L–. Nitrite, nitrate and formate anions are similar, but when L– is
a benzoate anion, it is able to modify bonding in the [Cu2(ap)2]2+

unit via the change of the packing requirements. Thus varying
the anionic ligand L� in [Cu2(ap)2(L)2] compounds the physical
properties of the dinuclear copper(II) compounds might be
controlled.

In the crystal structure of 1, [Cu2(ap)2]2+ units are connected by
nitrite anions as spacers leading to infinite brick wall type 2D lay-
ers. The brick wall type 2D layers are further stabilized with inter-
molecular hydrogen bonds (Table 3) involving the NH hydrogen
atoms, the alkoxo oxygen atom (O1), the nitrite oxygen atom
(O2) and the nitrite nitrogen atom (N2) within the 2D layer. In
complex 2, the neutral dinuclear [Cu2(ap)2(C6H5COO)] units are
connected by hydrogen bonds (Table 3) involving the NH hydrogen
atoms and the carboxylate oxygen atom (O3) resulting in the for-
mation of hydrogen bonded 2D layers. Complex 3 forms wavelike
infinite 1D polymeric chains constructed from dinuclear
[Cu2(ap)2]2+ nodes and didentate isophthalate ligands as spacers.
The formation of 2D coordination network between the
[Cu2(ap)2]2+ nodes and isophthalate spacers is hindered by the
dmso molecule coordinated to the axial site of the Cu(II) ion. The



Table 4
Structural parameters and calculated and observed J values for 1–3 at 173 K.

Complex Cu–O–Cu (�) s (�) Jcalc (cm�1) Jobs (cm�1)

1 99.54(6) 32.26(12) �301 �302
2 104.10(10) 1.43(13) �941 >�400a

3 102.02(10) 27.5(3) �601 >�400a

a These values cannot be accurately determined from the magnetic susceptibility
data (see text).
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wavelike 1D polymeric chains of 3 are connected through hydro-
gen bonds (Table 3) involving the NH hydrogen atoms, the dmso
oxygen atom (O4) and the carboxylate oxygen atom (O2) from
the adjacent polymeric chain to form 2D layers. The layers are par-
allel to crystallographic (ab) plane and stack in an AAA fashion
along the crystallographic c axis. The space between the layers is
occupied by disordered dmso molecules.

3.3. Magnetic properties

Complexes 1–3 have a similar planar Cu(l-OR)2Cu bridging
skeleton, in which copper(II) atoms exhibit slightly distorted
square-planar geometries and different weak axial interactions
involving donor atoms of the counteranions. DFT calculations car-
ried out on alkoxo-bridged model compounds [38,39], containing a
planar Cu2(l-O2) skeleton and a methyl group bonded to each oxy-
gen atom of the double bridge, predicted antiferromagnetic inter-
actions for the whole range of the Cu–O–Cu (h) when s values
(out-of-plane displacement of the carbon atom from the Cu2O2

plane) were smaller than 40�. Moreover, a correlation was estab-
lished between h and s, showing that small values of h are associ-
ated with the largest values of s. Therefore, the AF coupling is
favored when h increases and s diminishes. Other theoretical stud-
ies [41] have shown that the tetrahedral distortion of the square-
planar coordination environment of the copper(II) atoms reduces
the AF interaction. All these theoretical results were in good agree-
ment with the available experimental data.

The Cu–O–Cu bridging angles in 1–3 are 99.54(6), 104.10(10)
and 102.02(10)�, respectively. The s angle of 2 is close to zero,
whereas s angles of 1 and 3 indicate a significant out-of-plane shift
for the carbon atom of the alkoxo-bridge. Due to the crystallo-
graphic inversion center the Cu2(l-O)2 units are coplanar in all
three complexes. Thus the planarity of the primary coordination
sphere of the Cu atoms is quantified by the torsion angles Cu1–
O1–Cu1i–O2i and Cu1–O1i–Cu1i–N1i (Table 2). Complex 2 is clos-
est to planarity, while the complex 3 shows the greatest deviation,
with the carbonyl O2 atom lying slightly out of the plane defined
by the remaining three ligand atoms. Since the copper(II) coordina-
tion spheres for complexes 1–3 exhibit very similar Cu1–O1–Cu1i–
O2i and Cu1–O1i–Cu1i–N1i torsion angles (Table 2), the magnetic
exchange coupling will be mainly determined by the h and s
parameters. From the h and s values observed for 1–3 (Table 2),
strong AF interactions are expected in the order |J(2)| >
|J(3)| > |J(1)|.

The magnetic properties of complex 1 in the form vM versus T
(vM is the molar susceptibility for Cu2 unit) are given in Fig. 7.

The plot shows a maximum at 275 K, thus indicating the exis-
tence of strong AF interactions, as expected. Below the tempera-
Fig. 7. Temperature dependence of the vM for complex 1.
ture of the maximum, vM decreases with decreasing the
temperature. At very low temperature, however, vM increases,
which is typical of strong AF coupled systems, and indicates the
presence of a small amount of paramagnetic impurity. As expected,
the vMT product at room temperature is much lower than that ex-
pected for two uncoupled copper(II) ions with g = 2
(0.750 cm3 mol–1 K). On lowering the temperature, the vMT rapidly
decrease close to zero at 2 K. The susceptibility data for 1 were fit-
ted to the Bleaney–Bowers equation with the Hamiltonian H = –
JS1S2. A q parameter was included in the theoretical equation to ac-
count for the percentage of paramagnetic impurity. In this com-
plex, the dinuclear units are linked by nitrite bridging groups
with long interdinuclear Cu� � �Cu distances of 4.39–4.43 Å at
100–293 K. The shortest interdinuclear Cu� � �Cu distances for 2
and 3 are 5.34 and 4.94 Å, respectively. The calculated J values of
interdinuclear Cu� � �Cu interaction for similar complexes with ni-
trate and formate bridging groups were �0.047 and �0.156 cm–1

with Cu� � �Cu distances of 4.42 and 4.57 Å, respectively [35]. There-
fore, the magnetic interaction mediated through these long bridges
is very small compared to that mediated by the alkoxo-bridge. In
light of this and to avoid overparametrization, the magnetic cou-
pling through the nitrite bridging ligand was not considered in
the fitting procedure. The best-fit parameters are: J = �302 cm–1,
g = 2.01 and q = 0.05% for 1. For 2 and 3, no maximum was ob-
served in the vM versus T and therefore the AF interaction must
be larger than –400 cm–1. The uncertainty in the estimation of
the J value from the fit of the susceptibility data is very large,
and in consequence, these data were not fitted to the Bleaney–
Bowers equation. On the other hand, for these strong antiferromag-
Fig. 8. Calculated spin density distribution for the singlet broken symmetry state of
1. Grey shapes correspond to positive and blue shapes to negative spin densities.
The isodensity surface corresponds to a cut-off value of 0.001 e bohr–3.
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netically coupled systems, where the diamagnetic correction is of
the same order of magnitude as the uncorrected molar susceptibil-
ity, the uncertainty of the corrected values is large. In view of this,
we decided to perform DFT theoretical calculations to evaluate the
magnetic exchange coupling constants and to check the experi-
mental values. The J values were obtained as the intrinsic energy
difference between the broken symmetry singlet state and the cor-
responding triplet state. The computed J values for 1–3 are given in
Table 4 and compare reasonably well with the experimental val-
ues. In view of the above results, it seems that in the case of strong
AF Cu2 coupled systems with J values smaller than �400 cm–1, the
fit of the magnetic data still leads to relatively accurate J values if
the diamagnetic correction is properly performed.

The spin density surfaces for 1–3 obtained from the broken
symmetry singlet state (the spin density of 1 is given as an exam-
ple in Fig. 8, whereas those for 2 and 3 are given as Supplementary
Material) clearly show that spin density at each copper(II) atom
has the shape of a dx2�y2 orbital and it is r delocalized on the donor
atoms directly attached to the metal. Therefore, exchange pathway
is of the r type, involving the dx2�y2 magnetic orbitals of the cop-
per(II) atoms and the p orbitals of the bridging oxygen atoms.
4. Conclusions

The use of aromatic carboxylate anions in the synthesis of dinu-
clear copper(II) complexes with 3-aminopropanol leads to novel
metal–organic frameworks. The structures of alkoxo-bridged dinu-
clear copper(II) complexes of the formula [Cu2(ap)2(L)2Sn]
(L = monoanionic ligand and S = solvent, n = 0–2) depend on the
nature of the anionic L. The variable temperature crystallographic
measurements of [Cu2(ap)2(NO2)2] (1) at 100, 173 and 293 K indi-
cate a static pseudo-Jahn–Teller distortion with librational disorder
in the nitrite group. Experimental magnetic studies yielded J values
�302, >�400 and >�400 cm–1 for 1–3, respectively. The theoretical
calculations show that the magnetic exchange coupling will be
mainly determined by the h and s parameters.
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