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ABSTRACT: The preparation and X-ray crystal structure of four 2,2′-bipyrimidine
(bpm)-containing copper(II) complexes of formula {[Cu2(μ-bpm)(H2O)4(μ-OH)2][Mn-
(H2O)6](SO4)2}n (1), {[Cu2(μ-bpm)(H2O)4(μ-OH)2]SiF6}n (2), {Cu2(μ-bpm)-
(H2O)2(μ-F)2F2}n (3), and [Cu(bpm)(H2O)2F(NO3)][Cu(bpm)(H2O)3F]NO3·2H2O
(4) are reported. The structures of 1−3 consist of chains of copper(II) ions with
regular alternation of bis-bidentate bpm and di-μ-hydroxo (1 and 2) or di-μ-fluoro (3)
groups, the electroneutrality being achieved by either hexaaqua manganese(II) cations
plus uncoordinated sulfate anions (1), uncoordinated hexafluorosilicate anions (2), or
terminally bound fluoride ligands (3). Each copper(II) ion in 1−4 is six-coordinated in
elongated octahedral surroundings. 1 and 2 show identical, linear chain motifs with
two bpm-nitrogen atoms and two hydroxo groups building the equatorial plane at each
copper(II) ion and the axial position being filled by water molecules. In the case of
3, the axial sites at the copper atom are occupied by a bpm-nitrogen atom and a bis-
monodentate fluoride anion, producing a “step-like” chain motif. The values of the
angle at the hydroxo and fluoro bridges are 94.11(6) (1), 94.75(4) (2), and 101.43(4)° (3). In each case, the copper−copper
separation through the bis-bidentate bpm [5.428(1) (1), 5.449(1) (2), and 5.9250(4) Å (3)] is considerably longer than that
through the di-μ-hydroxo [2.8320(4) (1) and 2.824(1) Å (2)] or di-μ-fluoro [3.3027(4) Å (3)] bridges. Compound 4 is a
mononuclear species whose structure is made up of neutral [Cu(bpm)(H2O)2F(NO3)] units, [Cu(bpm)(H2O)3F]

+ cations,
uncoordinated nitrate anions, and crystallization water molecules, giving rise to a pseudo-helical, one-dimensional (1D)
supramolecular motif. The magnetic properties of 1−3 have been investigated in the temperature range 1.9−300 K. Relatively
large, alternating antiferro- [J = −149 (1) and −141 cm−1 (2) across bis-bidentate bpm] and ferromagnetic [αJ = +194 (1) and
+176 cm−1 (2) through the dihydroxo bridges] interactions occur in 1 and 2 [the Hamiltonian being defined as H = −J∑i=1

n/2

(S2i·S2i−1 − αS2i·S2i+1)]. These values compare well with those previously reported for parent examples. Two weak intrachain
antiferromagnetic interactions [J = −0.30 and αJ = −8.1 cm−1 across bpm and the di-μ-fluoro bridges, respectively] whose values
were substantiated by density functional theory (DFT)-type calculations occur in 3.

■ INTRODUCTION
Molecule-based magnetic materials continue to draw consid-
erable attentions for their relevance in the understanding of
magneto-structural correlations as well as in the development
of new functional systems. One-, two- and three-dimensional
(nD, n = 1−3) compounds have been extensively studied in
the past not only because of their aesthetic architectures but
especially because of the magnetic properties that they exhibit.1−6

In this area, ordered systems containing different bridging moieties
deserve particular attention because alternating magnetic couplings
differing in sign and magnitude can occur, depending on the nature
and geometry of the ligands.7−9 In that respect, homometallic 1D
compounds with two alternating intrachain antiferromag-
netic interactions (Ji and Ji+l) are well-known,

7,8 while chains

with alternating Ji and Ji+l of different sign are still fairly
uncommon.9−12

Ligands such as cyanide, azide, cyanate, thiocyanate, hydroxide,
oxalate, and 2,2′-bipyrimidine (bpm) have been extensively used
in magneto-structural studies because of their remarkable ability
in mediating magnetic interactions between paramagnetic centers
bridged by them and also because of the intriguing magnetic
networks that they can originate when adopting different co-
ordination modes in the same structure or when two of them
coexist in the corresponding mixed-ligand systems.11,13−17 In the
present contribution, we particularly concentrate on mixed-ligand
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1D complexes of Cu(II) comprising a bpm-bridged dimetallic
core.
Focusing on bpm and hydroxide as bridges in copper(II)

complexes, whereas the former is able to mediate relatively
large antiferromagnetic interactions when adopting the bis-
bidentate coordination mode,11,13−19 the latter one is a
ferromagnetic coupler for values of the angle at bridgehead
hydroxo-oxygen atom (θ) ≤ 97.5° (case of accidental orthog-
onality between the interacting magnetic orbitals).20 In the litera-
ture, structural data can be found regarding three copper(II)
chains with regular alternating di-μ-hydroxo and bis-bidentate
bpm bridges and corresponding alternating intrachain ferro-
antiferromagnetic couplings, all of which contain nitrate as the
counterion.11a,b A first magnetic report on a complex of the same
family with perchlorate counterion was reported by Hatfield et al.
in the early 1990s.11c

Multidimensional systems containing M(II) cations (M = Mn,
Fe, Co, or Cu) with bridging bpm and pseudohalide anions (X−)
such as N3

−, NCO−, or NCS− have been characterized and
magneto-structurally investigated.14,15a,c,16 In these cases the
magnetic coupling through X is usually antiferromagnetic when
X exhibits the end-to-end (EE) coordination mode or ferro-
magnetic through the end-on (EO) bridging mode. With the
azide anion, in particular, 2D honeycomb compounds of general
formula {[M2(bpm)(N3)4]}n [M = Mn(II) Fe(II), Co(II)]14b−d

could be obtained showing alternation of antiferro- and ferro-
magnetic coupling through the bis-bidentate bpm and the EE-
azide bridges, respectively. In the Cu(II) 2D complexes of
formula {Cu2(μ-bpm)(N3)4}n

14a and {Cu2(bpm)(NCO)4}n,
15a

however, each featuring both EE and EO pseudohalide bridges,
no ferromagnetic coupling is observed through the EE moiety
because of an axial−equatorial asymmetric geometry of the
bridge (not in-plane exchange pathway).
By combining bpm with other potentially suitable ions for

the construction of alternating magnetic systems, that is, chloride
and bromide, asymmetric halide bridges have been observed,
again, in the Cu(II) complexes [Cu2(bpm)Cl4]n and [Cu2-
(μ-bpm)Br4]n,

18a,b which do not exhibit a linear motif but a 2D
honeycomb network similar to that found in the Mn(II), Fe(II),
and Co(II) examples with bpm/azide mentioned above.14b−d It
thus appears hydroxo groups are the most appropriate ligands for
the propagation of a bpm-bridged dicopper(II) unit into chains
with intrachain “ferro-antiferromagnetic” couplings.
Although such systems have been proven to be quite elusive,

we recently came up with unconventional synthetic strategies
that afforded two new compounds of this type. As part of this
work, we also reconsidered the possibility of utilizing fluoride
anions to create a similar alternating system. As far as we know,
no examples of fluoro-bpm mixed-ligands polynuclear systems
have been reported to date.
Herein, we present the preparation, structural character-

ization, and magnetic study of three novel copper(II) chains of
formula {[Cu2(μ-bpm)(H2O)4(μ-OH)2][Mn(H2O)6](SO4)2}n
(1), {[Cu2(μ-bpm)(H2O)4(μ-OH)2]SiF6}n (2), and [Cu2(μ-
bpm)(H2O)2(μ-F)2F2]n (3) exhibiting alternating μ-bpm and
di-μ-hydroxo (1 and 2) or di-μ-fluoro (3) bridges. The crystal
structure of the mononuclear complex [Cu(bpm)(H2O)2F-
(NO3)][Cu(bpm)(H2O)3F]NO3·2H2O (4), which cocrystal-
lizes with 3, is also included. Density functional theory (DFT)
type calculations have been performed on complex 3 to support
the structure−function correlation study.

■ EXPERIMENTAL SECTION
Materials and Methods. All chemicals were purchased from

commercial sources and used as received without further purification.
Infrared spectra were recorded on a PerkinElmer 1750 FT-IR spec-
trometer as KBr pellets in the 4000−400 cm−1 region. The relative
intensity of reported signals are defined as s = strong, br = broad, sh =
sharp, m = medium, and w = weak. Elemental analysis (C, H, N) were
performed by the Microanalytical Service of the Universita ̀ della
Calabria.

Synthesis of {[Cu2(μ-bpm)(H2O)4(μ-OH)2][Mn(H2O)6](SO4)2}n (1).
Pale blue hexagonal prisms of compound 1 were obtained by slow
evaporation of an aqueous solution (20 mL) containing CuSO4·5H2O
(1 mmol), MnSO4·H2O (1 mmol), and bpm (0.5 mmol). The pH of
the mother liquor was brought to 6.5−7.0 with 1 M NaOH. Yield:
about 80%. Anal. data for 1 (C8H28Cu2MnN4O20S2, MW = 373.24)
Calcd: C, 12.87, H, 3.78, N, 7.51%. Found: C, 12.95, H, 4.02, N,
7.72%. FTIR (KBr pellet/cm−1): 3200br, 1662w, 1596sh, 1427s,
1232sh, 1088s, 1068s, 983sh, 710w, 692sh cm−1.

Synthesis of [Cu2(μ-bpm)(H2O)4(μ-OH)2]SiF6}n (2). Royal blue
prismatic crystals of 2 were obtained by slow diffusion in an H-shaped
tube at room temperature of an aqueous solution of Cu(NO3)2·3H2O
(0.15 mmol) and bpm (0.15 mmol) into an aqueous solution containing
NaF (0.4 mmol). X-ray quality crystals were obtained within two weeks.
Yield: about 50%. Anal. data for 2 (C8H16Cu2F6N4O6Si, MW = 266.71)
Calcd: C, 18.01, H, 3.02, N, 10.50%. Found: C, 18.25, H, 2.94, N,
10.75%. FTIR (KBr pellet/cm−1): 3490sh, 3104w, 1667w, 1593s/sh,
1424s/sh, 1232sh, 1043sh, 958s, 713s, 686s cm−1.

Synthesis of [Cu2(μ-bpm)(H2O)2(μ-F)2F2]n (3) and [Cu(bpm)-
(H2O)2F(NO3)][Cu(bpm)(H2O)3F]NO3·2H2O (4). Pale blue-green
cubes of compound 3 (main product, yield ca. 50%) and blue
parallelepiped-shaped crystals of 4 (a few crystals) were obtained
by slow evaporation of an ethanolic solution (20 mL) containing
Cu(NO3)2·3H2O (1 mmol), n-Bu4NF (4 mmol), and bpm (2 mmol).
The crystals were filtered and separated by hand. Anal. data for 3
(C4H5CuF2N2O, MW = 198.64) Calcd: C, 24.19, H, 2.54, N, 14.10.
Found: C, 24.31, H, 2.78, N, 14.59%. FTIR (KBr pellet/cm−1): 3110br,
2949br, 1575s/sh, 1564s/sh, 1409s/sh, 1224sh, 1146sh, 1025sh,
881s, 822sh, 737s/sh, 689sh, 665s/sh cm−1. Anal. data for 4
(C16H26Cu2F2N10O13, MW = 731.55) Calcd: C, 26.27, H, 3.58, N,
19.15. Found: C, 26.35, H, 3.70, N, 19.65%. FTIR (KBr pellet/
cm−1): 3098br, 1647w, 1579s/sh, 1558s/sh, 1402s/sh, 1354s,
1306s, 1219sh, 1043sh, 1019sh, 832s, 757s/sh, 689sh, 668sh cm−1.

Magnetic Measurements. Variable-temperature (1.9−300 K)
magnetic susceptibility and magnetization measurements on poly-
crystalline samples of 1−3 were carried out with a Quantum Design
SQUID susceptometer using an applied magnetic field ranging from
0 to 5 T. Diamagnetic contribution of the constituent atoms of 1−3
per two copper(II) ions were estimated from Pascal’s constants21 as
−380 × 10−6 (1), −263 × 10−6 (2), and −194 × 10−6 cm3 mol−1 (3).
A value of 60 × 10−6 cm3 mol−1 was used for the temperature-
independent paramagnetism of the copper(II) ion. The magnetic data
were also corrected for the sample holder.

Computational Details. Calculations for compound 3 were
performed through the Gaussian03 package using the B3LYP
functional,22 the quadratic convergence approach and a guess function
generated with the Jaguar 6.5 code.23 The triple-ζ all electron Gaussian
basis sets proposed by Schaefer et al. were employed for the metal
atoms.24 Similar basis of double-ζ quality was used for the rest of the
atoms.24 More details about the use of the broken-symmetry (BS)
approach to evaluate the magnetic coupling constants can be found in
the literature.25

Since 3 is a periodic system with regular alternating bis-bidentate
bpm and di-μ-fluoro bridges, two models have been built from the
experimental crystal structure to evaluate the corresponding coupling
constants. To avoid some electronic effects on the values of the
calculated magnetic couplings when the periodic system is cut, we have
included the nearest-neighbors metal ions in our models, being then
the tetranuclear motifs I and II shown in Figure 1. Each model has
been used to evaluate only one magnetic coupling, that is, the magnetic
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interaction between the copper(II) ions placed in the middle of the
molecular model of choice. With this in mind, DFT calculations have
been done on the quintet state (++++) and the BS singlet states when the
local spin moments on the right of the models are opposed to those on
the left (++−−).
X-ray Crystallographic Analysis. X-ray diffraction data were

collected with a Bruker-Nonius APEXII CCD area detector diffractometer
using graphite-monochromated Mo-Kα radiation (α = 0.71073 Å). Data
for compounds 1−4 were processed through the SAINT26 reduction and
SADABS27 multiscan absorption softwares. The structures were solved by
Patterson methods and subsequently completed by Fourier recycling
using the SHELXTL software package.28All non-hydrogen atoms were

refined anisotropically. The hydrogen atoms of the bpm ligand were
placed in calculated positions and refined as riding atoms, while those
on the water molecules (1−4) and hydroxo groups (1−2) were found
and refined with restraints with a common fixed isotropic thermal
parameter. The sulfate anion in 1 and, partially, the hexafluorosilicate
anion in 2 were found disordered and modeled over multiple sites.
Two sets of oxygen atoms (with occupancy factor of 0.5 each) were
defined for the sulfate ion in 1. These were first located on the ΔF
map and then refined with restraints on bond lengths and angles.
Similarly, two of the three independent fluoro atoms on the
hexafluorosilicate anion in 2 [(F(2) and F(3)] were modeled over
two positions, with refined occupancy factors of 0.262 and 0.773,
respectively. The final full-matrix least-squares refinements on F2,
minimizing the function ∑w(|Fo| − |Fc|)

2, reached convergence with
the values of the discrepancy indices given in Table 1. The final geo-
metrical calculations were carried out with the PARST9729 program
whereas the graphical manipulations were performed with the
DIAMOND30 program and the XP utility of the SHELXTL system.
CCDC reference numbers 843437−843440 (1−4). See Supporting
Information for the crystallographic data in CIF format.

■ RESULTS AND DISCUSSION

Synthesis and IR characterization. The rational synthesis
of alternating “ferro-antiferromagnetic” couplings in homo-
metallic chains has been one of our reseach topics because of
the difficulty of getting this uncommon spin topology in a
regular alternating fashion. In general, the presence of a double
hydroxo bridge in a dicopper(II) unit is one of the safest ways
to get ferromagnetic coupling for values of the angle at the
hydroxo bridge θ ≤ 97.5°. Two limitations concerning this unit
are the need to work exclusively in aqueous media and to avoid
the precipitation of copper(II) hydroxide. With counterions
able to stabilize complexes with the same metal-to-bpm ratio
found in the alternating chain of interest (i.e., 2:1), then, the

Figure 1. Models used in the evaluation of the magnetic exchange
couplings through the bpm (Ja, top) and di-μ-fluoro (Jb, bottom) bridges
in 3. The copper, nitrogen, oxygen, fluoro, carbon, and hydrogen atoms
are represented as pale blue, deep blue, red, green, gray, and white
spheres, respectively.

Table 1. Summary of the Crystal Data for {[Cu2(μ-bpm)(H2O)4(μ-OH)2][Mn(H2O)6](SO4)2}n (1), {[Cu2(μ-bpm)(H2O)4-
(μ-OH)2]SiF6}n (2), [Cu2(μ-bpm)(H2O)2(μ-F)2F2]n (3), and [Cu(bpm)(H2O)2F(NO3)][Cu(bpm)(H2O)3F]NO3·2H2O (4)

1 2 3 4

formula C4H14CuMn0.50N2O10S C4H8CuF3N2O3Si0.5 C4H5CuF2N2O C16H26Cu2F2N10O13

Mr 373.24 266.71 198.64 731.55
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/c C2/c P21/n Cc
a/Å 11.2224(3) 13.3364(8) 8.0661(1) 22.4518(4)
b/Å 8.2587(2) 8.2735(8) 7.6108(2) 14.2483(4)
c/Å 13.2628(4) 14.999(1) 10.0272(2) 8.6925(2)
α/deg 90 90 90 90
β/deg 99.2450(10) 97.258(5) 111.5350(10) 106.161(1)
γ/deg 90 90 90 90
V/Å3 1213.26(6) 1641.8(2) 572.59(2) 2670.8(1)
Z 4 8 4 4
Dc/g cm−3 2.043 2.158 2.304 1.819
T/K 298(2) 298(2) 295(2) 295(2)
F(000) 758 1064 392 1488
μ(Mo−Kα)/mm−1 2.519 2.766 3.775 1.69
refl. collected 27905 23450 6212 14234
refl. indep. (Rint) 4609 (0.0258) 3085 (0.0190) 1786 (0.0196) 7522 (0.0223)
refl. obs. [I > 2σ(I)] 3310 2641 1653 6904
R1
a [I > 2σ(I)] (all) 0.0347 (0.0506) 0.0238 (0.0280) 0.0198 (0.0221) 0.0251 (0.0283)

wR2
b [I > 2σ(I)] (all) 0.1039 (0.1149) 0.0759 (0.0809) 0.0561 (0.0570) 0.0600 (0.0612)

Flack parameter 0.003(6)
goodness-of-fit on F2 1.046 1.065 1.139 0.996
Δρmax, min/e Å−3 0.764/−0.765 0.735/−0.481 0.540/−0.252 0.274/−0.410

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = {∑w(Fo

2 − Fc
2)2/∑[w(Fo

2)2]}1/2 and w = 1/[σ2(Fo
2) + (mP)2 + nP] with P = (Fo

2 + 2Fc
2)/3, m = 0.0567 (1),

0.0507 (2), 0.0249 (3), 0.0263 (4), and n = 0.8819 (1), 0.6186 (2), 0.2958 (3), 0.0000 (4).
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fate of the reaction basically relies on the value of the pH of the
solution. According to our experience,11,31,32 the “ideal” pH for
the formation of the alternating bpm/double hydroxo copper-
(II) chains resides in a small window, typically around 5.0,
where precipitation of Cu(OH)2 can already occur. The
counterion of choice seems to have an influence on this pH,
most likely because of crystal packing forces stabilizing a certain
motif versus another. In the case of the nitrate counterion, three
chain compounds of this type could be obtained in the past11a,b

with the anion acting either as coordinating or noncoordinating
group, proving that even small variations in the reaction
conditions can be crucial for the final outcome.
In the course of synthetic attempts with the sulfate coun-

terion, we noted the sporadic formation of small, blue hexagonal
crystals (traces) together with big but very unstable dark green
blocks (main product) identified as the dinuclear species
{[Cu2(bpm)2(H2O)4(μ-OH)2]SO4·11H2O}n. Preliminary
structural investigations revealed the trace compound to be a
chain with formula {[Cu2(μ-bpm)(H2O)4(μ-OH)2][Cu(H2O)6]-
(SO4)2}n.

31 In spite of the hygroscopicity/low stability of the
dimer, fairly common for this class of complexes,11,31−33 the
chain, containing both sulfate and hexaaqua copper(II) ions,
appeared particularly stable in air over time. Inspired by this
finding, we sought to investigate the possibility to couple the
sulfate anion with hexaaqua cations different from the elusive
[Cu(H2O)6]

2+. This study provided us with the structure of
complex 1.
The reaction between CuSO4·5H2O, MnSO4·H2O, and bpm

in a 1:1:0.5 ratio resulted in the crystallization of green
prismatic crystals of the previously reported 3D polymer {[Cu-
(bpm)(SO4)]H2On

19c together with a few royal blue hexagonal
prisms of 1, the starting pH of the mother liquor being around
4.8. Addition of NaOH to the initial reaction mixture to
increase the pH value to 6.5−7.0 afforded crystals of complex 1
in a good yield [ca. 80% based on Cu(II)] with only a minimal
precipitation of Cu(OH)2 being observed in such conditions.
The parallel investigation of mixed bpm/halide systems going

on in our laboratory during the course of this work inspired the
synthesis of complex 2. The in situ formation of hexafluoro-
silicate is known to occur through the slow decomposition of
BF4

− in water followed by the attack of the glass beaker by the
fluoride ions.34 The use by us of Cu(BF4)2 as the copper(II)
source did not result here in the formation of alternating chains,
though neither could we observe in situ formation of SiF6

2−

anions. Thus, we set out to explore the direct use of a fluoride
salt as starting material, a procedure uncommon in the literature.35

The reaction of stoichiometric amounts of Cu(NO3)2·3H2O,
bpm, and NaF [2:1:2 Cu(II)/bpm/F− molar ratio] in water
produced a blue microcrystalline precipitate after a few
minutes of stirring of the reaction mixture under gentle
heating (40 °C). Blue block crystals with matching infrared
spectrum (IR) and microanalytical composition were then
obtained by slow diffusion in a H-shaped tube of an aqueous
solution of Cu(NO3)2·3H2O and bpm into an aqueous
solution containing slight excess NaF over the course of two
weeks, and identified as complex 2 by X-ray analysis.
Finally, complexes 3 (main product) and 4 (minor species)

resulted from the reaction between Cu(NO3)2·3H2O, bpm, and
an organic fluoride salt (n-Bu4NF) in ethanol at room temperature,
the reaction being entirely conducted in a plastic vessel. Specif-
ically, an excess of n-Bu4NF [2:1:4 Cu(II):bpm:F− molar ratio]
was employed to increase the solubility of the bpm-bridged
dicopper(II) unit in ethanol. Precipitation of possible “Cu-bpm”

species was avoided by reacting copper(II) nitrate with the
fluoride salt prior to the addition of the bpm ligand. Once
formed, both complexes resulted totally insoluble in water,
ethanol, or any other alcohol. Complex 3 was quite stable in the
open air for weeks, while compound 4 undergoes a rapid crystal
decomposition because of solvent loss. Of note, any effort to
produce mixed bpm/Cl- or bpm/Br- 1D systems failed up to
this point, the previously reported 2D honeycomb complexes
[Cu2(μ-bpm)X4]

18a,b being the only isolable products,
regardless of the reaction conditions.
The bulk composition of 1−4 was determined via IR and

elemental analysis, and confirmed by magnetic investigation
(1−3). The most characteristic band in the IR spectra of
complexes 1 and 2 is the strongly asymmetric doublet around
1580 cm−1, diagnostic of a bridging bpm ligand, while a quasi-
symmetric doublet typically associated with the presence of
terminal chelating bpm appears at a similar frequency in the IR
spectrum of complex 4, as expected.15a A sharp, symmetric
doublet centered at 1569 cm−1 is found in the spectrum of 3,
which still features a bis-chelating bpm molecule: this apparent
contradiction is due to the asymmetry of the bpm bridge in this
complex, with each Nbpm atom occupying an equatorial or axial
position in the metal coordination sphere. Intense bands indic-
ative of the presence of uncoordinated sulfate or hexafluor-
osilicate anion in the spectra of 1 and 2 appear at 1068 cm−1

with shoulders at 1088 and 1042 cm−1, and at 686 cm−1 with
shoulders at 713 and 650 cm−1, respectively.36 Bands at 1354,
1306, and 832 cm−1 in the spectrum of 4 are due to the pre-
sence of the nitrate ion.36

Description of the Structures. {[Cu2(μ-bpm)(H2O)4(μ-
OH)2][Mn(H2O)6](SO4)2}n (1) and {[Cu2(μ-bpm)(H2O)4(μ-
OH)2]SiF6}n (2). Compounds 1 and 2 consist of linear, cationic
chains of copper(II) ions linked together by regular alternating
coplanar bis-bidentate bpm and di-μ-hydroxo bridges (Figure 2).

Charge balance is provided by either sulfate (1) or hexa-
fluorosilicate (2) anions. In the case of 1, discrete [Mn(H2O)6]

2+

Figure 2. View of the alternating μ-bpm/di-μ-hydroxo copper(II)
chains running along the b axis in both 1 (a) and 2 (b) with the atom
numbering scheme. Thermal ellipsoids are plotted at the 30%
probability level. [Symmetry codes for 1: (a) = 1−x, 2−y, −z; (b) =
1−x, 1−y, −z; (c) = x, 1+y, z. Symmetry codes for 2: (a) = 1−x, y,
−0.5−z; (b) = 1−x, 1+y, −0.5−z; (c) = x, 1+y, z; (d) = x, 1−y, z].
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cations are also present. 1 crystallizes in the monoclinic space
group P21/c, whereas 2 packs with symmetry C2/c, with minor
implications on the copper atoms environments (vide infra). In
both cases, the chains grow along the crystallographic b axis. The
two linear motifs are akin to each other and very similar to the
perchlorate-containing species of formula {[Cu2(μ-bpm)(H2O)4-
(μ-OH)2](ClO4)·2H2O}n, whose magnetic properties were sub-
ject of the early report by Hatfield et al.,11c while their skeleton
somewhat differs from the literature linear or quasi-linear nitrate-
containing compounds {[Cu2(μ-bpm)(μ-OH)2(NO3)2]·2H2O}
(5a),11a,b {[Cu2(μ-bpm)(H2O)2(μ-OH)2](NO3)2} (5b),11b and
{[Cu2(μ-bpm)(H2O)2(OH)2(NO3)2]·2H2O} (5c),11b basi-
cally because of the presence of a coordinating counterion
(5a and 5c) and/or five-coordinated metal ions (5a and 5b)
in these latter cases.
Each copper(II) ion in 1 and 2 adopts a distorted CuN2O4

octahedral coordination, where two Nbpm and two OOH atoms
form the equatorial plane, while two water molecules are co-
ordinated in the axial positions, with final (4 + 1 + 1) or (4 + 2)
geometries for 1 and 2, respectively. The equatorial Cu−OOH
[1.930(1)−1.939(1) Å in 1 and 1.919(1)−1.920(1) Å in 2] and
Cu−Nbpm [2.025(2)−2.036(2) Å in 1 and 2.037(1) Å in 2]
bond distances are in agreement with the values found in 5a,
5b, and 5c.11a,b The axial Cu−Ow bonds are significantly longer,
but they remain within the literature values [2.609(2) and
2.445(2) Å for Cu(1)−O(1w) and Cu(1)−O(2w) in 1, 2.583(1);
2.557(1) Å for Cu(1)−O(1w) and Cu(2)−O(2w) in 2].
The largest deviations from the N(1)N(2b)O(5)O(5a) (1)
and N(1)N(1a)O(1)O(1a) and N(2b)N(2c)O(1)O(1a) (2)
equatorial mean planes are 0.099(1), 0.103(1), and 0.095(1) Å,
respectively.
The copper atoms lie in the basal plane in 2, while they are

displaced by 0.029(1) Å toward the O(2w) water molecule
in 1. The dihedral angle between the dihydroxo-dicopper unit
[Cu(1)Cu(1a)O(5)O(5a) in 1, Cu(1)Cu(2)O(1)O(1a) in 2]
and the metal equatorial plane is about 4.5° in 1 and 4.2° in 2
[values for 5a, 5b, and 5c are 3.0, 5.9, and 4.1°, respectively].11a,b

The bridging bpm ligand, as a whole, is planar in both com-
plexes, and its bond distances and angles are as expected. The
angles subtended at the copper atom by the chelating bpm are
82.0(1)° (1) and 81.7(1)−81.8(1)° (2), values which are very close
to those found in complexes 5a−5c [range 81.4−81.9°].11a,b
Two adjacent bpm ligands are perfectly coplanar, for symmetry
reasons.
The metal−metal separations through the di-μ-hydroxo bridge

in 1 and 2 [2.832(1) and 2.824(1) Å, respectively] are shorter
than those found in 5a [2.886(1) Å], 5b [2.854(1) Å], and 5c
[2.860(1) Å]. Consequently, the angles at the hydroxo bridge
[θ = 94.1(1)° in 1 and 94.7(1)° in 2], are smaller than those in
5a, 5b, and 5c [96.2(2), 96.1(2), and 95.0(1)°, respectively].11a,b

The intrachain copper−copper separations through bpm are
5.428(1) (1) and 5.449(1) Å (2). Again, these values are some-
what shorter than the corresponding ones in 5a [5.471(1) and
5.474(1) Å], 5b [5.461(2) Å], and 5c [5.452(2) Å].11a,b

In both compounds, a combination of intra- and interchain
hydrogen bonds involving the coordinated water molecules
results in the formation of a linear “C2” motif.37a By linking
adjacent copper(II) chains together, these interactions give rise
to supramolecular 2D layers that extend parallel to the bc (1)
ab (2) planes (Figure 3). The sulfate (1) and hexafluorosilicate
(2) groups further stabilize these motifs, generating a water-
counterion H-bonding pattern in which supramolecular six-
membered rings [O4O′2 (1) and O4F2 (2)] can be noted, which

grow into “T6(2)” tapes37b by sharing two water molecules with
each adjacent ring (Figures 3 and 4). Neighboring water-
counterion T6(2) tapes in the ab (1) and bc (2) planes are
either joined together by means of hydrogen bonds with the
hexaaqua manganese(II) cations (1) or connected through the
hexafluorosilicate anions (2), each one participating with a total
of four F atoms (2 + 2) to the closure of two vicinal rings.
This creates more or less complicated water-counterion

extended layers, as shown in Figure 4, which lie between the
(di-μ-hydroxo)(μ-bpm)copper(II) chains and are connected to
them through the coordinated water molecules, ensuring the
supramolecular 3D arrangement. Additional hydrogen bonds
between the hydroxo and the sulfate (1) or hexafluorosilicate
(2) groups, further contribute to the cohesion between the

Figure 3. View of the supramolecular 2D motifs growing in the bc
(1, a) and ab (2, b) planes. Hydrogen bonds are shown as dashed
lines. Sulfate (1) and hexafluorosilicate (2) ions are depicted in yellow
and green, respectively; for clarity, only one set of atoms is shown for
each ion. The hydrogen atoms of the bpm molecules are omitted.

Figure 4. Supramolecular 2D motifs generated through hydrogen
bonds (dashed lines) between water molecules and counterions in 1
(a) and 2 (b). Sulfate (1) and hexafluorosilicate (2) ions are depicted
in yellow and green, respectively; for clarity, only one set of atoms is
shown for each ion. Hexaaqua manganese(II) cations in 1 are depicted
in sky blue.
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supramolecular layers containing the copper(II) chains and
those containing the counterions and the coordinated water
molecules.
[Cu2(μ-bpm)(H2O)2(μ-F)2F2]n (3). The structure of 3

consists of “step like” chains of copper(II) ions with regular
alternating perpendicular bis-bidentate bpm and di-μ-fluoro
bridges. Each copper atom in 3 has a distorted CuN2O4 octa-
hedral (4 + 1 + 1) coordination: one Nbpm [N(1)], a water
molecule [O(1w)], one bridging [F(1b)], and one terminal
[F(2)] fluorine atom form the equatorial plane, with the second
bpm-nitrogen [N(2a)] and bridging fluoro [F(1)] atoms occupy-
ing the axial positions (Figure 5). As a consequence, adjacent

copper equatorial planes are parallel to each other and basically
perpendicular to both the bpm and di-μ-fluoro bridges [dihedral
angles of 89.2(1) and 94.1(1)°, respectively].
The di-μ-fluoro bridge is asymmetric, with each fluoro atom

simultaneously occupying either an equatorial or one axial site
at the metal atoms in the di-μ-fluorodicopper unit, with Cu−F
distances coherent with literature values [Cu−Feq = 1.917(1)
and Cu−Fax = 2.336(1) Å]. The Cu−Nbpm and Cu−Ow also
assume expected values. The bpm bridging ligand, as a whole, is
planar, and its bond distances and angles are as expected. The
angle subtended at the copper atom by the bridging bpm ligand
is 74.1(1)°, a value which as far as we know, is the shortest one
observed in Cu-bpm complexes. Two adjacent bpm ligands are
parallel, with a plane-to-plane distance of about 1.94 Å.
The intrachain metal−metal separations are 5.925(1) (through

bpm) and 3.303(1) Å (across the di-μ-F bridge). The shortest
Cu−Cu distances observed for 1 and 2 (5.428 and 5.449 Å) are
significantly shorter than the corresponding observed for 3.
This is because the nitrogen atoms of the bpm in compounds
1−2 are in the equatorial position whereas the copper atom in
3 has a distorted CuN2O4 octahedral coordination, in which
only one Nbpm nitrogen atom occupies the equatorial plane, with
the second bpm-nitrogen atom occupying the axial position.
Each chain, in 3, interacts with a total of four neighboring

ones by means of extensive hydrogen bonds in which the co-
ordinated water molecules act as donor toward both bridged
and terminal fluoro atoms (Figure 6a). Adjacent chains are
virtually rotated with respect to each other by 180° around the
crystallographic b axis (see Figure 6b), this orientation pre-
cluding the formation of a 2D building similar to that found in
the [Cu2(μ-bpm)X4] compounds [X = Cl− and Br−].18a,b

[Cu(bpm)(H2O)2F(NO3)][Cu(bpm)(H2O)3F]NO3·2H2O
(4). Compound 4 is a discrete species comprised by two
distinct mononuclear units, one neutral and the other positively

charged with formula [Cu(bpm)(H2O)2F(NO3)] and [Cu-
(bpm)(H2O)3F]

+, respectively (see Figure 7). Charge balance

is reached by means of a free nitrate anion. A total of two extra
water molecules of crystallization per asymmetric unit are also
present in the structure.
In each mononuclear unit, the copper(II) ions [Cu(1) and

Cu(2)] are six-coordinated with two Nbpm atoms, three oxygen
atoms, and a fluoro atom building an elongated octahedral
environment. The major difference between the two units

Figure 5. View of the alternating chain 3 with the atom numbering
scheme. Thermal ellipsoids are plotted at the 30% probability level.
[Symmetry codes: (a) = 1−x, 2−y, −z; (b) = 2−x, 2−y, −z].

Figure 6. (a) View of the crystal packing of 3 along the crystallo-
graphic a axis. (b) A view of the respective orientation of adjacent
chains in 3. The hydrogen bonds are drawn as dashed lines.

Figure 7. Crystal structure of the neutral (a) and cationic (b)
mononuclear units in complex 4 with the atom numbering scheme.
Thermal ellipsoids are plotted at the 30% probability level.
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resides in one of the axial positions, occupied by a nitrate anion
in one case and a water molecule in the other.
The equatorial planes around Cu(1) [N(1)N(3)F(1)O(1w)]

and Cu(2) [N(5)N(7)F(2)O(3w)] are differently distorted
with main deviations from planarity of about 0.12 and 0.04 Å,
respectively. The Cu(1) ion is displaced by 0.123 Å out of its
equatorial plane, toward the axial O(2w) molecule, a deviation
which does not occur in the cationic unit.
The equatorial Cu−Ow bond lengths [1.973(1)−1.959(2) Å]

are close to those reported for other copper(II) complexes con-
taining terminal water molecules in the equatorial position. The
axial Cu−Ow bond distances [range 2.300(2)−2.459(2) Å] are
significantly shorter than the Cu−Onitrate [2.640(2) Å],
but these values are all very close to those reported for similar
copper(II) complexes. The equatorial Cu−Nbpm bond lengths
[range 1.995(2)−2.022(2) Å] are as expected, as well.
The bpm molecules as a whole are planar [max. deviations

from mean planes are around 0.03−0.04 Å], and they form
dihedral angles of 10.28(3) and 3.53(4)° with the copper
equatorial planes in the neutral and cationic units, respectively.
The large number of water molecules in the structure (co-

ordinated and free) induces the formation of an extended net-
work of hydrogen bonds in the overall crystal packing. In par-
ticular, hydrogen bonds involving bound and free nitrate anions,
coordinated [O(1w), O(2w), O(4w), O(5w)] and crystallization
[O(6w)] water molecules lead to the formation of a supra-
molecular pseudo-helical 1D motif running down the crystallo-
graphic a axis. NO3

−···π type interactions also contribute to
stabilize this motif, with the coordinated nitrate groups sand-
wiched between the bpm molecules of consecutive units and,
conversely, some of the bpm molecules placed between a
coordinated and a noncoordinated nitrate group (Figure 8).

Further hydrogen bonds also involving fluoro and Nbpm atoms
link adjacent chains in the ab plane, the shortest copper−
copper separation being 5.449(2) Å [Cu(1)···Cu(2a): (a) = x,
−1−y, −0.5+z]. Finally, hydrogen bonding interactions
between the free O(7w) and coordinated O(5w) water mole-
cules ensure the cohesion of the crystal lattice in the third
dimension.
Magnetic Properties of 1−3. The description and

discussion of the magnetic properties of 1 and 2 will be per-
formed first because of their structural similarity [chains of
copper(II) ions with regular alternating bpm and di-μ-hydroxo
bridges] and then, the magnetic behavior of 3 (where the

alternating bridges are bpm and two fluoride anions) will be
detailed. In this latter case, DFT type calculations on metal
fragments are also included to substantiate and properly assign
the magnetic couplings obtained by fit.

Compounds 1 and 2. The magnetic properties of 1 under
the form of χMT versus T plot [χM is the magnetic susceptibility
per two copper(II) ions] are shown in Figure 9. At room tem-

perature χMT for 1 is 5.18 cm3 mol−1 K, a value which is
somewhat below that expected for two noninteracting copper-
(II) ions plus a magnetically isolated spin sextet from a
manganese(II) ion [χMT = gCu

2SCu(SCu + 1)/4 + gMn
2SMn(SMn + 1)/

8 = 5.28 cm3 mol−1 K with SCu = 1/2, SMn = 5/2, gCu = 2.08,
and gMn = 2.0]. This value continuously decreases upon cooling
to reach a quasi plateau below 30 K with a value of χMT which
is close to that expected for a spin sextet magnetically isolated,
and it decreases slightly in the very low temperatures domain.
This curve corresponds to an overall antiferromagnetic coupling
between the copper(II) ions, the presence of the hexaaqua
manganese(II) cation in the structure accounting for the plateau
at low temperatures. The small decrease at the lower limit of the
temperatures would be due to very weak antiferromagnetic
interactions between the spin sextets of the fully solvated
manganese(II) cations.
Given the well-known ability of the bpm molecule to mediate

relatively important antiferromagnetic interactions between copper-
(II) ions (antiferromagnetic couplings ranging from −236 to
−132.2 cm−1 were reported between copper(II) ions linked
across bis-bidentate bpm when the σ in-plane dx2−y2 exchange
pathway is operative),11,13b,15c,16a,18a,b,20b,33,38−42 it is clear that
the local spin doublets of the -CuII(μ-bpm)CuII- intrachain frag-
ment will tend to cancel each other. As far as the di-μ-
hydroxodicopper(II) fragment is concerned, the relatively large
ferromagnetic interactions observed through this double bridge
in the dinuclear complexes of formula [Cu2(bpm)2(H2O)2-
(μ-OH)2(NO3)2]·4H2O (J = +114 cm−1)11a,b and [Cu2(bpm)2-
(H2O)4(μ-OH)2](ClO4)2·4H2O (J = +147 cm−1)33 (see Table 2)
with the Hamiltonian being defined as H = −J SA·SB, which
nicely fit the well-known Hatfield and Hogdson’s correlation
between J and the angle at the hydroxo bridge (θ) that predicts
a ferromagnetic coupling for θ ≤ 97.5°,20 strongly support a
significant ferromagnetic interaction within this motif in 1.
Consequently, the magnetic susceptibility data of 1 were anal-
yzed with the Hamiltonian H = −J∑i=1

n/2 (S2i·S2i−1 − αS2i·S2i+1)
were J is the exchange coupling parameter associated with a

Figure 8. Fragment of the crystal packing of 4 showing, in particular,
the hydrogen bonding interactions (dashed lines) between adjacent
units in the ab plane.

Figure 9. Thermal variation of the χMT product for complex 1: (○)
experimental data; (solid line) best-fit curve (see text).
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particular copper(II) pair and αJ is the exchange constant assigned
to the adjacent unit (the alternating parameter α being defined as
the JF/|JAF| quotient). The treatment of the magnetic data of 1 was
done by a previously reported numerical expression derived by
Georges et al.43 and based on closed spin chains of increasing
length (the calculations were limited up to 14-spin rings with local
spin doublets). The corresponding Curie law term for a S = 5/2
(that is, Nβ2gMn

2[SMn(SMn+1)]/3kT) was added to the numerical
expression to account for the presence of the [Mn(H2O)6]

2+

cation. The best-fit parameters through the analysis of the mag-
netic data of 1 in the temperature range 300−10 K are: JAF =
−149 cm−1, JF = +194 cm−1, gCu = 2.08, and gMn = 1.99. The
computed curve matches very well the magnetic susceptibility
data of 1, as shown by the solid line in Figure 9.
The magnetic properties of 2 under the form of χM versus T

plot [χM is the magnetic susceptibility per two copper(II) ions]
are shown in Figure 10. χMT for 2 at 300 K is 0.74 cm3 mol−1 K,

a value which is slightly below that calculated for two mag-
netically noninteracting copper(II) ions. This value continu-
ously decreases upon cooling, and it practically vanishes at
20 K. A rounded maximum of the magnetic susceptibility which
is centered at about 114 K occurs. The coexistence of relatively
important intrachain antiferro- (through bridging bpm) and
ferromagnetic (across the di-μ-hydroxo bridge) is expected for
2 in the light of the analysis done for 1. Consequently, the
analysis of the magnetic data of 2 were analyzed through the
above-mentioned numerical expression leading to the following
best-fit parameters: JAF = −141 cm−1, JF = +176 cm−1 and gCu =
2.08. The computed curve (solid line in Figure 10) reproduces

well the magnetic data in the whole temperature range
investigated. Relevant magneto-structural data dealing with
copper(II) complexes containing bidentate or bis-bidentate
bpm and di-μ-hydroxo bridges are listed in Table 2. One can
see in this Table that relatively large ferro- and anti-
ferromagnetic interactions between the copper(II) ions are
mediated by the di-μ-hydroxo and bis-bidentate bpm,
respectively. Both the nature and magnitude of the magnetic
coupling in these systems have been rationalized on an orbital
basis.44 So, the ferromagnetic coupling observed in the di-μ-
hydroxodicopper(II) complexes for θ ≤ 97.5° is due to the
accidental orthogonality of the magnetic orbitals ϕA and ϕB
which describe the unpaired electron on each copper(II) ion
(ϕA and ϕB being dx2−y2 type magnetic orbitals delocalized on
the equatorial bpm-nitrogen and hydroxo-oxygen atoms). The
overall overlap integral S = ⟨ϕA|ϕB⟩ is close to zero for values
of θ where the orthogonality occurs, and the singlet−triplet
energy gap, which is approximated by the expression J = 2j +
4βS [j is the bielectronic integral ⟨ϕA(1) ϕB(2)|e

2/r12|ϕA(2)
ϕB(1)⟩], is governed by the positive 2j term. The relatively
large antiferromagnetic coupling between copper(II) ions
separated by about 5.4 Å through bis-bidentate bpm (JAF in
Table 2) is due to the strong σ in-plane overlap between the
above-mentioned dx2−y2 type magnetic orbitals centered on each
copper(II) ion.11,13b,15c,16a,18a,b,20b,33,38−42 The values of JAF in
Table 2 vary in a very narrow range as expected in the light of
the similarity of the structural parameters of the Cu(μ-bpm)Cu
unit. This is not the case for those of JF which are strongly
dependent on small variations of θ, their values increasing as far
as θ decreases. The values of JF for complexes 1 and 2 are the
largest ones in the series, and they constitute suitable examples
to support the conclusion of Ruiz et al.25a about the existence of
a correlation between the out-of-plane displacement of the
hydrogen atom of the hydroxo bridge (τ) and θ: a large τ value
[55 (1) and 53° (2)] is associated with a small θ [94.2 (1) and
94.8 (2)°], which also favors a more positive value of the
magnetic coupling [+194 (1) and +176 cm−1 (2)].

Compound 3. The magnetic properties of 3 under the form
of χMT and χM versus T plots [χM is the magnetic susceptibility
per two copper(II) ions] are shown in Figure 11. At 300 K χMT
is 0.84 cm3 mol−1 K, a value which is expected for two mag-
netically noninteracting spin doublets. Upon cooling, this value
decreases first smoothly until 80 K and then abruptly at lower
temperatures to reach a value of 0.20 cm3 mol−1 K at 1.9 K. The
magnetic susceptibility exhibits a sharp maximum at 8.0 K (see
inset of Figure 11). These features are as expected for an overall
weak antiferromagnetic interaction between the copper(II)
ions.

Table 2. Selected Magneto-Structural Data for Dinuclear or 1D Di-μ-hydroxo-bridged Copper(II) Complexes Containing
Terminal or Bridging bpm, Respectivelya

compound Cu−O/Å Cu−N/Å Cu···Cub/Å θc/deg τd/deg JF
e/cm−1 JAF

f/cm−1 ref

[Cu2(bpm)2(H2O)2(μ-OH)2(NO3)2]·4H2O 1.944 2.016 2.881/- 95.7 61.3 +114 11a, b
[Cu2(bpm)2(H2O)4(μ-OH)2](ClO4)2·2H2O 1.947 2.021 2.870/- 95.0 57.8 +147 33
{[Cu2(μ-bpm)(μ-OH)2(NO3)2]·2H2O}n (5a) 1.926 2.045 2.886/5.473 96.2 37.1 +105 −140 11a, b
{[Cu2(μ-bpm)(H2O)2(μ-OH)2](NO3)2}n (5b) 1.922 2.043 2.854/5.461 95.9 59.6 +97.5 −135 11b
{[Cu2(μ-bpm)(H2O)2(μ-OH)2(NO3)2]·2H2O}n (5c) 1.940 2.039 2.860/5.452 95.0 60.2 +160 −145 11b
{[Cu2(μ-bpm)(H2O)4(μ-OH)2][Mn(H2O)6](SO4)2}n (1) 1.934 2.030 2.832/5.428 94.2 57.9 +194 −149 this work
{[Cu2(μ-bpm)(H2O)4(μ-OH)2]SiF6}n (2) 1.920 2.037 2.824/5.449 94.8 53.0 +176 −141 this work

aAverage bond distances and angles are given for each structure. bCopper−copper separation across di-μ-hydroxo/μ-bpm bridges. cθ = angle at the
hydroxo bridge. dτ = out-of-plane displacement of the hydroxo-hydrogen from the Cu2O2 plane.

eMagnetic coupling through the di-μ-hydroxo
bridge. fMagnetic coupling across the μ-bpm bridge.

Figure 10. Thermal variation of of χM (○) for complex 2. The solid
line is the best-fit curve; (○) experimental data; (solid line) best-fit
curve (see text).
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According to the structure of 3, regular alternating bis-
bidentate bpm and di-μ-fluoro bridges, its magnetic behavior
would obey that of an alternating chain. All our attempts to fit
the magnetic data of 3 through the numerical expression used
above or an alternating AF-F chain failed and only a good
match of the susceptibility data was achieved by means of the
alternating AF-AF chain model, the Hamiltonian being defined
as H = −J∑i=1

n/2(S2i·S2i−1 + αS2i
·S2i+1). In this Hamiltonian,

J and αJ are the two magnetic couplings and α is the alternation
parameter. The corresponding analytical expression for the
analysis of the susceptibility data of 3 which was derived by
Hatfield et al. is given by eq 145

χ = β + +

+ + +

N g kT A Bx Cx

Dx Ex Fx

( / )[( )

/(1 )]
M

2 2 2

2 3
(1)

with x = |J|/kT and the A−F coefficients for 0 ≤ α ≤ 0.4 being
expressed by eqs 2−7

=A 0.25 (2)

= − + αB 0.062935 0.11376 (3)

= − α + α − α
+ α

C 0.0047778 0.033268 0.12742 0.32918
0.25203

2 3

4 (4)

= + αD 0.053860 0.70960 (5)

= − − α + α
− α

E 0.00071302 0.10587 0.54883
0.20603

2

3 (6)

= − α + α − α
+ α

F 0.047193 0.0083778 0.87256 2.7098
1.9798

2 3

4 (7)

Least-squares best-fit parameters through eq 1 for 3 are
J = −8.1 cm−1, αJ = −0.30 cm−1, and g = 2.09. The calculated
curve reproduces very well the magnetic data in the whole
temperature range investigated (see solid line in Figure 11).
Two important questions concerning these weak magnetic

couplings obtained by fit are in order: (i) the first one deals
with the justification of their weakness and (ii) the second one
is their unambiguous assignment to each bridge. A simple
orbital picture provides a clear-cut answer to the first point. As
shown in Figure 12, the unpaired electron on each copper(II)
ion in 3 is of the dx2−z2 type [the x and z axes being roughly
defined by the equatorial Cu(1)−N(1) and Cu(1)−F(2)
bonds] and consequently, the spin density on the axial sites

[F(1) and N(2A)] is predicted to be very small. The two
magnetic orbitals are then localized in parallel planes which are
perpendicular to the mean bpm plane (in contrast to what
occurred in 1 and 2 where they were all coplanar) and to the
Cu(μ-F)2Cu skeleton, and because of the inversion center in
the two bridging pathways, a very poor overlap is predicted.
Consequently, according to the Kahn’s model where the
antiferromagnetic coupling is proportional to the square of the
overlap integral between the magnetic orbitals for a dicopper-
(II) unit,44 a weak magnetic coupling would be expected
through these out-of-plane exchange pathways.
Theoretical DFT calculations have been performed on the

dinuclear models I and II of 3 (see Figure 1) to provide addi-
tional support to the small size of the observed magnetic
couplings as well as to assign them to the respective bridges.
The values computed for Ja and Jb are +0.3 and −4.4 cm−1,
respectively. They compare well with the values obtained by fit
although somewhat shifted toward less negative values (see
Table 3). In the light of these results, it seems clear that the

larger coupling is mediated by the di-μ-fluoro bridge and that it
is antiferromagnetic. Values of the magnetic coupling not larger
than 0.4 cm−1 were reported for a small number of magneto-
structurally characterized di-μ-fluorodicopper(II) complexes
exhibiting the same out-of plane exchange pathway.46 The some-
what larger magnetic coupling in 3 through the difluoro bridges
is most likely due to the larger value of the angle at the fluoro
bridge [101.4(1)° in 3 versus values varying in the range
93.73(8)−97.19(8)° in the previous examples]. Finally, as
far as the very weak ferromagnetic interaction calculated for the
other pathway, its value is so small that most likely, its sign is
physically meaningless.

■ CONCLUSIONS

In this work, three novel 1D copper(II) compounds are pre-
sented. Two of these (1 and 2) show alternation of ferro- and
antiferromagnetic couplings through the di-μ-hydroxo and
μ-bpm bridges, and constitute rare examples of compounds of
this kind. In fact, structural data are available only for other

Figure 11. Thermal variation of the χMT (○) product for complex 3.
The inset shows the χM (○) versus T plot in the low temperature
domain. The solid line is the best-fit curve through eq 1 (see text).

Figure 12. Scheme showing the arrangement of the interacting
magnetic orbitals through the bis-bidentate bpm (left) and di-μ-fluoro
bridges (right) in 3.

Table 3. Selected Structural Parameters [Å and deg] for the
Bridging Ligands (Li) and Theoretical and Experimental
Magnetic Coupling Constants (cm−1) in 3a

Ji Li Cu−X1 Cu−X2 Cu···Cu Cu−F−Cu JB3LYP Jexp

Ja μ-bpm 2.070 2.401 5.925 +0.3 −0.3
Jb di-μ-F 1.917 2.336 3.303 101.4 −4.4 −8.1

aX1 and X2 represent the two Li atoms involved in the bridge [i.e.,
N(1), N(2) for bpm and F(1), F(1b) for the di-μ-fluoro moiety,
respectively].
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three parent compounds, all of which contain nitrate coun-
terions. The paucity of such type of complexes in the literature
should be attributed mainly to synthetic difficulties. The poly-
merization of the μ-bpm-dicopper(II) unit via di-μ-hydroxo
bridges is particularly sensitive to the reaction pH, and often in
competition with either the undesired precipitation of insoluble
Cu(OH)2 or the formation of alternative Cu(II)-bpm species.
The choice of the counterion has been proved to be crucial not
just for the stabilization of the crystal packing but also for the
magnetic properties exhibited by such arrangements. At the
very bottom, given the dependence of the magnetic coupling in
the di-μ-hydroxo-dicopper(II) fragment on the Cu−OH−
Cu (θ) angle, it should be noted that “not-ideal” counterions
directing the system toward a more classical situation, with
two alternating Ji and Ji+l coupling constant of the same sign
(antiferro), could eventually be found. Apart from the pub-
lished examples containing nitrate, alternating di-μ-hydroxo/
μ-bpm bridged copper(II) chains have been occasionally ob-
served in our laboratory also in the presence of counterions like
perchlorate, sulfate, or triflate, as well as sulfate/hexaaqua
copper(II) ions, but magnetic studies could not been
performed in these cases because of instability, irreproducibility,
or low yield issues. In particular, the latter complex
(isostructural to 1), could only be observed in traces. In that
respect, the easy and high yielding formation of stable crystals
of 1 is remarkable. The synthetic strategy leading to complex 2,
with the hexafluorosilicate anions produced in situ, is highly
effective but not particularly common in the literature. Subtle
structural differences between 1/2 and the nitrate-containing
literature examples (5a−5c) comprise the absence of co-
ordinated counterions, shorter Cu···Cu separations through
either the bpm or di-μ-hydroxo bridges and, more importantly,
smaller Cu−OH−Cu θ angles, this latter justifying the stronger
ferromagnetic coupling measured in 1 and 2 (see Table 2) with
respect to 5a−5c. Of note, the largest ferromagnetic coupling
for this family of complexes (either dimers or chains)
corresponds to that observed in 1 and 2.
As part of this work, we set out to explore the possibility to

substitute di-μ-hydroxo with di-μ-halo bridges, retaining the
overall magnetic behavior. Synthetic attempts with X = Cl− or
Br− only resulted in the formation of the previously reported
2D honeycomb complexes [Cu2(μ-bpm)X4],

18a,b regardless of
the reaction conditions. The reaction between Cu-
(NO3)2·3H2O, bpm, and an organic fluoride salt (Bu4NF) in
alcohol media and plastic vessels produced, instead, a series of
mono- (4) or dinuclear complexes,32 as well a 1D polymer of
the desired type, compound 3. Complexes 3 and 4 represent
the first bpm/F- complexes reported to date. Alternating μ-bpm
and di-μ-fluoro bridges are present in 3, exhibiting, however, a
mutually orthogonal arrangement as opposed to the coplanar
motif observed in the bpm/hydroxo chains 1 and 2. The axial−
equatorial coordination of the bpm at each copper(II) ion in a
centrosymmetric manner vanishes practically; this exchange
pathway in 3 and the weak antiferromagnetic coupling ob-
served, substantiated also by theoretical calculations, are
assigned to the di-μ-fluoro pathway.
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Mascaroś, J. R.; Martí-Gastaldo, C. CrystEngComm 2009, 11, 2143.
(e) Sun, H. L.; Wang, M.; Gao, S. Coord. Chem. Rev. 2010, 254, 1081.
(f) Pardo, E.; Train, C.; Lescouez̈ec, R.; Journaux, Y.; Pasań, J.; Ruiz-
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Acta 1993, 211, 227. (b) De Munno, G.; Julve, M.; Viau, G.; Lloret, F.;
Faus, J.; Viterbo, D. Angew. Chem., Int. Ed. 1996, 35, 1807. (c) Corteś,
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