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ABSTRACT: Two novel heterobimetallic complexes of formula [Cr(bpy)(ox),Co(Me,phen)(H,0),][Cr(bpy)(ox),]-4H,0
(1) and [Cr(phen)(ox),Mn(phen)(H,0),][Cr(phen)(ox),]-H,O (2) (bpy = 2,2"bipyridine, phen = 1,10-phenanthroline, and
Me,phen = 2,9-dimethyl-1,10-phenanthroline) have been obtained through the “complex-as-ligand/complex-as-metal” strategy by
using Ph,P[CrL(ox),]-H,O (L = bpy and phen) and [ML'(H,0),](NO;), (M = Co and Mn; L' = phen and Me,phen) as
precursors. The X-ray crystal structures of 1 and 2 consist of bis(oxalato)chromate(III) mononuclear anions, [Cr™L(ox),]”, and
oxalato-bridged chromium(III)-cobalt(I) and chromium(III)-manganese(II) dinuclear cations, [Cr"'L(ox)(u-ox)M"L'(H,0),]*
[M = Co, L = bpy, and L' = Me,phen (1); M = Mn and L = L' = phen (2)]. These oxalato-bridged Cr""M" dinuclear cationic
entities of 1 and 2 result from the coordination of a [Cr'L(ox),]” unit through one of its two oxalato groups toward a
[M"L'(H,0),]*" moiety with either a trans- (M = Co) or a cis-diaqua (M = Mn) configuration. The two distinct Cr'" ions in 1 and 2
adopt a similar trigonally compressed octahedral geometry, while the high-spin M" ions exhibit an axially (M = Co) or trigonally
compressed (M = Mn) octahedral geometry in 1 and 2, respectively. Variable temperature (2.0—300 K) magnetic susceptibility and
variable-field (0—5.0 T) magnetization measurements for 1 and 2 reveal the presence of weak intramolecular ferromagnetic
interactions between the Cr'" (S, = 3/2) ion and the high-spin Co" (S¢, = 3/2) or Mn" (S, = 5/2) ions across the oxalato bridge
within the Cr'"M" dinuclear cationic entities (M = Co and Mn) [J = +2.2 (1) and +1.2 em™ (2); H = —] S¢,'Sy]. Density
functional electronic structure calculations for 1 and 2 support the occurrence of § = 3 Cr''Co" and S = 4 Cr""Mn" ground spin
states, respectively. A simple molecular orbital analysis of the electron exchange mechanism suggests a subtle competition between
individual ferro- and antiferromagnetic contributions through the - and/or z-type pathways of the oxalato bridge, mainly involving
the d.(Cr)/d,,(M), d..(Cr)/d,,(M), d2_2(Cr)/d,,(M), d,.(Cr)/d,,(M), and d,.(Cr)/d,.(M) pairs of orthogonal magnetic orbitals
and the d¢_3(Cr)/de_2(M), d..(Cr)/d.(M), and d,(Cr)/d,(M) pairs of nonorthogonal magnetic orbitals, which would be

ultimately responsible for the relative magnitude of the overall ferromagnetic coupling in 1 and 2.

B INTRODUCTION

Multimetallic coordination compounds of variable dimension-
ality are of great interest because of their attractive physical
properties, such as ferro- and ferrimagnetism, porosity, chirality,
multiferroism, and conductivity." Besides their interest as
models for the fundamental research on electron exchange
phenomena between different metal centers through exten-
ded bridges," this class of heterobimetallic complexes could be
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also of great importance because of their future technological
applications in substitution of traditional magnets based on
mixed metal alloys and oxides.” So, it is well-known that some
paramagnetic transition metal complexes with suitably designed
ligands can be used as molecular precursors against other metal
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ions to obtain heterobimetallic coordination compounds that order
ferro- or ferrimagnetically below a critical temperature (T.).~*
Relevant examples of this class of molecule-based magnets include
heterobimetallic cyanides (Prussian Blue analogues) ,” oxalates and
dithiooxalates,® as well as oxamates and oxamidates,* with T,
values reaching up to room temperature in the former case. More
recently, coordination chemists have successfully used this
molecular-programmed self-assembly mixed-metal approach to
obtain mutlfunctlonal molecular materials, such as porous
magnets, chiral magnets, spin-crossover magnets, photo or
piezo-active magnets,8 multiferroics,” and protonic or electronic
magnetic conductors.'® They combine the magnetic and porous
properties of the anionic heterobimetallic open-framework with
the additional chiral, magnetic, dipolar, o 5ptlcal redox, and
conducting properties of the countercation.
Ogxalato-bridged heteroblmetalhc compounds, reaching from
discrete zero-dimensional (0D)'! to extended one- (1D),%'?
two- (2D),eP738c7e10b13 5 4 three-dimensional (3D),”!0<!
were obtained when using the anionic tris(oxalato)chro-
mate(III) mononuclear complex as building block because of
its potential coordination capabilities through the cis carbo-
nyl-oxygen atoms of the oxalato groups. In each case, the
[Cr'™(ox);]*~ complex acts as mono- (0D), bis- (1D), and tris-
(bidentate) (2D and 3D) metalloligand toward divalent middle
and late 3d metal ions, from manganese(Il) to copper(Il),
depending on the choice of the countercation (templating
agent). This family of multidimensional molecule-based mag-
netic materials includes some examples of single chain magnets
(SCMs) exhibiting a slow relaxation of the magnetization,'”*
as well as open-framework ma nets (OFMs) possessing a long-
range magnetic ordering.'>'* Whatever the dimensionality
is, the variety of interesting magnetic behaviors exhibited by this
class of mixed first-row transition metal bimetallic oxalates
ultimately depends on the nature and magnitude of the intra-
molecular magnetic interaction through the oxalato bridge and the
local magnetic anisotropy of the individual metal centers as well.
All these oxalato-bridged nD M"Cr™ compounds (n = 1-3)
invariably behave as ferromagnets, independently of the na-
ture of the M" ion (M = Mn, Fe, Co, Ni, and Cu). U141
fact, Okawa and co-workers have found a correlation between
the T. values in the seminal series of bimetallic oxalate 2D
ferromagnets of general formula n-Bu,N[M"Cr"(ox),]
(n-Bu,N* = tetra- n—butylammomum cation and M = Mn, Fe,
Co, Ni, and Cu)13a’ and the relative magnitude of the
ferromagnetic coupling in an analogous series of oxalato-
bridged M"Cr™ dinuclear complexes (M = Mn, Fe, Co, Ni, and
Cu), expressed by the magnetic coupling parameter (J) in the
spin Hamiltonian H = —] Sy-S¢,."> At that time, the observed
ferromagnetic coupling (J > 0) between the Cr'" and the M"
ions across the oxalato bridge was considered atypical. In gene-
ral, orbital symmetry considerations dictate that the magnetic
coupling between the octahedral Cr'" and M" ions (M = Ni and
Cu) would be ferromagnetic because of the orthogonal nature of
the interacting magnetic orbitals, that is, the the orbitals from the 3d°
Cr" ion and the e, orbitals from the high-spin 3d" M" ions [M = Ni
(n=8) and Cu (1 = 9)]."° On the contrary, an antiferromagnetic
coupling (J < 0) is expected between the Cr™ and M" ions (M =
Mn, Fe, and Co) because of the nonorthogonal nature of some of
the involved magnetic orbitals, that is, the ty orbitals from both
the 3d®> Cr'" and the high- sEm 3d" M" ions [M Mn (n = S), Fe
(n=4),and Co (n=7)].
Our strategy in this field consists of using aromatic diimine-
containing bis(oxalato)chromate(III) mononuclear complexes
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as metalloligands toward other coordinatively unsaturated
complexes of divalent 3d metal ions, from manganese(II) to
copper(Il), to preclude the formation of polymeric oxalato-
bridged heteropolymetallic species.'” Using this so-called
“complex-as-ligand/complex-as-metal” approach, a limited
number of discrete oxalato-bridged heteropolymetallic species
with nuclearities ranging from di-,'® to tri-,"” and tetranuclear,*
have been prepared following the pioneering Andruh work. In
this context, we recently showed that heteroleptic ferromagneti-
cally coupled, trinuclear chromium(III)-cobalt(Il) complexes,
{{Cr™L(0x),],Co"L}, can be rationally designed and synthesized
by using anionic bis(oxalato)chromate(IlI) mononuclear
complexes, [Cr'""L(ox),]”, as bidentate metalloligands toward
cationic cobalt(II) mononuclear complexes, [Co"L'(H,0),]*,
where L and L’ are aromatic a,a-diimine blocking ligands like
2,2"bipyridine (bpy) and 1,10-phenanthroline (phen) or their
sterically hindered J,f’-dimethyl-substituted derivatives 6,6
dimethyl-2,2"-bipyridine (Me,bpy) and 2,9-dimethyl-1,10-
phenanthroline (Me,phen) (Charts 1a and 1b).*" In the present

Chart 1. Bis(oxalato)chromate(III) Mononuclear Precursors
(a) and Resulting Oxalato-Bridged Chromium(IIT)-Cobalt(II) and
Chromium(ITT)-Manganese(II) Tri- (b) and Dinuclear Complexes
(c and d) with Various Aromatic Diimine Blocking Ligands®
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“See the boxed structure.

paper, we show that this approach can be further extended to the
preparation of homo- and heteroleptic, ferromagnetically coupled
chromium(IIT)-cobalt(II) and chromium(III)-manganese(Il) di-
nuclear complexes, [Cr'"'L(ox),M"L'(H,0),]*, where the two
coordinated water molecules occupy either trans (M = Co) or cis
(M = Mn) positions (Charts 1c and 1d, respectively).

Herein we report the syntheses, crystal structures, and
magnetic properties of the bis(oxalato)chromate(IIl) mononuclear
salts of such two novel oxalato-bridged chromium (IIT)-cobalt(IT)
and chromium(I1II)-manganese(II) dinuclear complexes of formula
[Cr(bpy) (0x),Co(Me,phen)(H,0),][Cr(bpy) (ox),]-4H,0 (1)
and [Cr(phen)(ox),Mn(phen)(H,0),][Cr(phen)(ox),]-H,0
(2), respectively. In a preliminar communication,”"” we showed
that complex 1 exhibits an intriguing solvatomagnetic behavior
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upon further removal of the two coordinated water molecules to
give the corresponding trinuclear chromium(III)-cobalt(II)
complex of formula {[Cr(bpy)(ox),],Co(Me,phen)}, which
constitutes one of the few examples of single molecule magnets
(SMM:s) belonging to the class of heterobimetallic oxalates.”” Now
we focus on a theoretical analysis of the nature and magnitude of
the magnetic coupling for 1 and 2 in the light of accurate
electronic structure calculations. In this respect, it deserves to be
noted that these two new oxalato-bridged heterodinuclear complexes
with aromatic diimine-type blocking ligands constitute the simplest
model systems for the study of the electron exchange interactions
through the oxalato bridge in a discrete Cr'™"M" entity (M = Co and
Mn), both from experimental and theoretical viewpoints.

B EXPERIMENTAL SECTION

Materials. All chemicals were of reagent grade quality. They were
purchased from commercial sources and used as received. The
bis(oxalato)chromate(III) mononuclear precursors of formula Ph,P-
[Cr(bpy)(ox),]-H,O and Ph,P[Cr(phen)(ox),]-H,O were synthe-
sized by following previously reported procedures.'****

[Cr(bpy)(0x),Co(Me,phen)(H,0),][Cr(bpy)(ox),]-4H,0 (1). A
methanolic solution (10 cm®) of Me,phen-1/2H ,0 (0.10 g 0.5
mmol) was added dropwise to an aqueous solution (5 cm?®) of
Co(NO;),-6H,0 (0.15 g, 0.5 mmol) under continuous stirring. The
resulting deep orange solution was then added dropwise to a
methanolic solution (35 cm®) of Ph,P[Cr(bpy)(ox) ,]-H,0 (0.74 g,
1.0 mmol) under continuous stirring. The final deep pink solution was
filtered off and allowed to evaporate at room temperature. X-ray quality
red prisms of 1 appeared after a few days, which were collected on filter
paper and air-dried (yield: 35%). Anal. calc. for C,,H,,CoCr,N4O,,: C,
44.07; H, 3.50; N, 7.34%. Found: C, 45.05; H, 3.59; N, 7.38%. IR (KBr):
1717, 1705, 1685, and 1670 cm™ (C=0).

[Cr(phen)(ox),Mn(phen)(H,0),l[Cr(phen)(ox),]‘H,O0 (2). A
methanolic solution (10 cm®) of phen (0.09 g 0.5 mmol) was added
dropwise to an aqueous solution (5 cm®) of Mn(NO,),-4H,0 (0.13 g, 0.5
mmol) under continuous stirring. The resulting pale yellow solution was
then added dropwise to a methanolic solution (35 cm®) of Ph,P[Cr-
(phen)(ox),]-H,0 (0.77 g, 1.0 mmol) under continuous stirring, The final
deep pink solution was filtered off and allowed to evaporate at room
temperature. X-ray quality pink rhombs of 2 appeared after a few days,
which were collected on filter paper and air-dried (yield: 30%). Anal. calc. for
CuH,0CoCr,N,O,,: C, 47.80; H, 2.73; N, 7.60%. Found: C, 4843; H, 2.74;
N, 7.56%. IR (KBr): 1717, 1700, 1680, and 1662 cm™' (C=0).

Physical Techniques. Elemental (C, H, and N) analyses were
performed at the Servei Central de Suport a la Investigacid
Experimental (SCSIE, Spain). FTIR spectra were recorded on a
Nicolet-5700 spectrophotometer as KBr pellets. Variable-temperature
(2.0—300 K) magnetic susceptibility measurements under an applied
field of 10 kOe (T > 25 K) and 100 Oe (T < 25 K) and variable-field
(H = 0—-50 kQOe) magnetization measurements at 2.0 K were carried
out on powdered samples with a Quantum Design SQUID magneto-
meter. The susceptibility data were corrected for the diamagnetism of the
sample holder and the constituent atoms, as well as for the temperature-
independent paramagnetism (TIP) of the metal atoms.

Crystal Data Collection and Refinement. The single-crystal
X-ray diffraction data of 1 and 2 were collected at 293(2) K on a
Nonius Kappa CCD diffractometer by using graphite-monochromated
Mo-K,, radiation (4 = 0.71073 A). Data collection and data reduction
were done with the COLLECT and EVALCCD programs.”* Em;)irical
absorption corrections were carried out using SADABS.>® The
structures were solved by direct methods and refined with full-matrix
least-squares technique on F* using the SHELXS-97 and SHELXL-97
programs.?® All calculations for data reduction, structure solution, and
refinement were done by standard procedures (WINGX).>” All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
calculated and refined with an overall isotropic thermal parameter
(except for those of the crystallization water molecules, which were
neither found nor calculated). The final geometrical calculations and
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the graphical manipulations were carried out with PARST97 and
CRYSTAL MAKER programs, respectively.”®

Computational Details. Density functional (DF) calculations on
1 and 2 in the gas phase and in solution were carried out with the
hybrid B3LYP method® combined with the broken-symmetry (BS)
approach,™ as implemented in the Gaussian 09 program.*" The molecular
geometries of the dinuclear model molecules were not optimized, but their
bond lengths and interbond angles were taken from the actual structures
determined by single-crystal X-ray diffraction. The triple- and double-{
quality basis sets proposed by Ahlrichs and co-workers were used for the
metal and nonmetal atoms, respectively.*> Solvation effects were introduced
by using a polarizable contintum model (PCM) with parameters
corresponding to both acetonitrile and dichloromethane solvents.* The
energy of the “true” lowest spin configuration was not obtained by the
projection of the BS wave function, but they were considered equivalent for
the evaluation of the magnetic coupling parameter. The calculated spin
density data were obtained from natural bond orbital (NBO) analysis.** DF
periodic calculations were done on the experimental crystal cell of 1 and 2
with the SIESTA (Spanish Initiative for Electronic Simulations with
Thousands of Atoms) program® by using the revised GGA exchange-
correlation functional of Perdew, Burke, and Erzernhof (RPBE) proposed
by Hammer et al.*® Values of S0 meV and 200 Ry were selected for the
energy shift and mesh cutoff, respectively, which provide a good
compromise between accuracy and computer time needed to calculate
the magnetic coupling parameters.”” Only valence electrons were included
in the calculations, the cores being replaced by norm-conserving scalar
relativistic pseudopotentials which were factorized in the Kleinman-
Bylander form.*® These pseudopotentials were generated from the ground
state atomic configurations of all atoms following the approach proposed by
Trouiller and Martins.*® The values of the core radii for the s, pd, and f
components of the metal atoms were 2.61, 2.61, 245, and 2.4S (Cr), 2.10,
2.10, 1.78, and 2.10 (Co), and 2.51, 2.57, 2.38, and 2.38 (Mn), respectively.
The values of the cutoff radii for all the s, p, d, and f components of the
nonmetal atoms were 147 (O), 1.48 (N), 1.56 (C), and 1.33 (H). Several
fineness values of the k-grid for the Brillouin zone sampling were used in 1.
Since similar results for the magnetic coupling were obtained in all cases,
only a single k-point was used in 2.

B RESULTS AND DISCUSSION

Description of the Structures. The crystal structures of 1
and 2 consist of oxalato-bridged chromium(III)-cobalt(II) and
chromium(I1I)-manganese(II) heterodinuclear cations, [Cr"'L-
(ox) (u-0x)M"L'(H,0),]* [M = Co, L = bpy, and L' = Me,phen
(1); M = Mn and L = L' = phen (2)], bis(oxalato)chromate(III)
mononuclear anions, [Cr™L(ox),]™ [L = bpy (1) and phen (2)],
and crystallization water molecules (Figures 1 and 2). A summary
of the crystallographic data for 1 and 2 is given in Table 1.
Selected bond distances and angles for 1 and 2 are listed in
Tables 2 and 3, respectively.

The Cr™M" dinuclear cations of 1 (M = Co) and 2 (M = Mn)
arise from the bidentate coordination of one of the two
[Cr'™L(ox),]” units [L = bpy (1) and phen (2)] through one
ofits two oxalato groups toward a [M"L'(H,0),]** moiety [M =
Co and L' = Me,phen (1); M = Mn and L' = phen (2)] with
either trans (1) or cis (2) disposition of the two coordinated water
molecules (Figures la and 2a, respectively). This situation
contrasts with that found in the related oxalato-bridged
heterotrinuclear cobalt(II)-chromium(III) complex of formula
{[C™(phen)(ox),],Co"(Me,bpy),}-1.5SH,0, whereby the two
[Cr'"(phen)(ox),]™ units coordinate to the [Co"(Me,bpy),]*"
moiety in a bidentate manner to give discrete Co"Cr'", bent
entities.>'* The values of the intramolecular Cr(1)—M(1) distance
(M = Co and Mn) across the oxalato bridge are 5.423(2) (1) and
5.3894(10) A (2).

The two crystallographically independent Cr(1) and Cr(2)
atoms in 1 and 2 adopt a more or less trigonally compressed
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Figure 1. (a) Perspective view of the cationic dinuclear unit of 1 with
the atom-numbering scheme. (b) Perspective view of two adjacent
ladder-like chains of hydrogen-bonded mono- and dinuclear units of 1
[symmetry codes: MD=1-x1 -»—z I = xy—1z (I) =1 -«
2 —y —z (IV) = x, 1 + y, z]. Hydrogen bonds are represented
by dashed lines. (c) Crystal packing view of 1 along the b axis showing the
77 stacking interactions between adjacent chains (shown in different colors).

octahedral geometry. The CrN,O, environment is formed by two
imine-nitrogen atoms from bpy (1) and phen (2), and four
carboxylate-oxygen atoms from the two oxalates. The values of the
trigonal twist angle at Cr(1) [¢p = 49.23 (1) and 50.75° (2)] are
smaller than those at Cr(2) [¢ = 57.35 (1) and 56.61° (2)], while
the values of the compression ratio at Cr(1) [s/h = 1.307 (1) and
1.303 (2)] are greater than those at Cr(2) [s/h = 1.265 (1) and
1230 (2)] (¢ = 60° and s/h = 1/3/2 = 122 for an ideal
octahedron).** The larger distortion of the octahedral (O,)
environment of the Cr'™ ions from the Cr'"M" dinuclear cations
toward trigonal prismatic (D), so-called Bailar twist, reflects the
importance of the steric requirements upon coordination to the
M"ionin 1 (M = Co) and 2 (M = Mn). The metal—ligand bond
distances from bpy and phen are similar [Cr—N = 2.054(3)—
2.067(3) (1) and 2.052(3)—2.080(3) A (2), respectively], being
somewhat larger than those from oxalate [Cr—O = 1.938(3)—
2.005(3) (1) and 1.924(2)—1.997(2) A (2)]. This situation agrees
with the stronger ligand field of the carboxylate-oxygen atoms
compared to the imine-nitrogen ones, as previously observed in
Ph,P[CrL(ox),]-H,0 (L = bpy and phen) [Cr—N = 2.057(3)—
2.083(4) A and Cr—O = 1.946(2)—1.960(2) A]2°%%P
Interestingly, the average values of the chromium to oxygen
bond distances from the bridging oxalate [Cr—O = 1.996(3) (1)
and 1.986(2) A (2)] are slightly greater than those from the
terminal ones [Cr—O = 1.952(3) (1) and 1.947(2) A (2)],
reflecting thus the differences in the electronic delocalization
onto the oxalato bridge upon coordination to the M" ion in 1
(M = Co) and 2 (M = Mn). The values of the bite angle sub-
tended by the chelating bpy and phen [N—Cr—N = 78.69(13)—
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Figure 2. (a) Perspective view of the cationic dinuclear unit of 2 with
the atom-numbering scheme. (b) Perspective view of two adjacent
ribbon-like chains of hydrogen-bonded mono- and dinuclear units of 2
[symmetry code: (I) = —x, —y— 1,1 —z; (II) = —x, — y, — z; (1) =
l+xy,z(IV)=1-x-y -z (V)=1—x—-1-y1-z].
Hydrogen bonds are represented by dashed lines. (c) Crystal packing
view of 2 along the [0,—1,—1] direction showing the 7z-7 stacking
interactions between adjacent chains (shown in different colors).

78.71(14) (1) and 79.23(11)—80.62(10)° (2)] are somewhat
smaller than those from oxalate [O—Cr—O = 82.46(10)—
83.36(11) (1) and 82.75(10)—83.61(9)° (2)], both of them
being smaller than that of an ideal octahedron (90°).

The Co(l) atom in 1 exhibits an axially compressed
octahedral environment, CoN,O,, whereby two imine-nitrogen
atoms from Me,phen and two carbonyl-oxygen atoms from the
bridging oxalate define the equatorial plane while two trans-
diaqua oxygen atoms occupy the axial positions. The axial
metal—ligand bond distances from water [Co—Ow
2.029(3)—2.088(3) A] are rather shorter than the equatorial
ones from Me,phen [Co—N = 2.149(3)-2.151(3) A] and
oxalate [Co—O = 2.152(3)—2.179(2) A], all of them being
typical of a high-spin Co" ion. The value of the metal—ligand
bond angle from the two trans axial water molecules [Ow—Co—
Ow = 174.83(14)°] slightly deviates from that of an ideal
octahedron (180°). The value of the bite angle subtended by
the chelating Me,phen [N—Co—N = 78.39(10)°] is similar to
that from oxalate [O—Co—O = 77.08(9)°], both of them being
significantly smaller than that of an ideal octahedron (90°).
This equatorial bending results in an additional rthombic (D,;)
distortion of the axially compressed octahedral environment of
the high-spin Co" ion in 1. On the contrary, the Mn(1) atom in
2 shows a trigonally compressed octahedral environment,
MnN,O,, which is built up by two imine-nitrogen atoms from
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Table 1. Summary of Crystallographic Data for 1 and 2

1 2
formula C4,H4oCoCr,N4O,, C44H3Cr,MnN4O g
M/g mol™ 1143.73 1105.68

crystal system triclinic triclinic

space group PT PT

a/A 10.180(4) 10.9438(9)
b/A 14.653(5) 11.0838(13)
c/A 16.585(13) 20.525(3)
a/deg 72.900(12) 80.592(11)
B/deg 83.494(12) 81.995(11)
y/deg 87.647(6) 64.037(7)
V/A3 2349(2) 2201.9(5)

z 2 2

Peac/g cm™ 1.617 1.668

F(000) 1170 1122

pu/mm™ 0.895 0.857

T/K 293(2) 293(2)

reflect. colled. 28488 23204

reflect. indep. (Ry,,) 11672 (0.0428) 10181 (0.0498)
reflect. obs. [I > 26(I)] 8582 7348
data/restraints/parameters 11672/0/692 10181/0/665

R [I > 26(1)] (all)
wR,? [I > 26(I)] (all) 0.1362 (0.1519) 0.1159 (0.1319)
s° 1.051 1.079
“R, = YIE| — IFI/YIF. "wR, = [Tw(F.} — FE2)*/ Yw(F,2)*]V2
S = [Xw(IF| — IF))*/(N, — N,)]".

0.0644 (0.0952) 0.0641 (0.0997)

phen, two carbonyl-oxygen atoms from the bridging oxalate,
and two cis-diaqua oxygen atoms [¢) = 53.84° and s/h = 1.499].
The metal-ligand bond distances from water [Mn—Ow =
2.078(3)—2.179(3) A] are slightly shorter than those from
phen [Mn—N = 2.243(3)—2.277(3) A] and oxalate [Mn—0 =
2.196(2)—2.306(2) A]. The value of the metal-ligand bond
angle from the two cis water molecules [Ow—Co—Ow
94.21(16)°] is significantly larger than those of the bite angle
from phen [N—Mn—N = 73.03(12)°] and oxalate [O—Cr—O =
73.96(8)°], all of them deviating appreciably from that for an
ideal octahedron (90°). Overall, this situation leads to an
additional (C,) distortion of the trigonally compressed
octahedral environment of the high-spin Mn" ion in 2.

In the crystal lattice, the Cr'"" mononuclear anions and the
Cr™M" dinudlear cations of 1 (M = Co) and 2 (M = Mn) establish
a variety of hydrogen bonds involving the free carbonyl groups from
oxalate and the coordinated water molecules [O—Ow
2.712(4)-2.774(4) (1) and 2.649(4)—2.844(5) A (2)]. These
intermolecular interactions lead to hydrogen-bonded chains with
either ladder- (1) or ribbon-like (2) architectures running along the
[010] and [0—1—1] directions, respectively (Figures 1b and 2b). In
addition, weak 7-7 stacking intrachain interactions between the bpy
ligands from each pair of centrosymmetrically related Cr™Co"
dinuclear cations occur in 1 [inter-ring centroid-centroid distance of
3.839(2) A]. The value of the intrachain Cr(1)—Cr(1)™ distance
across this 7-7 stacking bpy—bpy motif in 1 is 7.798(3) A. The
values of the intrachain M(1)—Cr(2), M(1)—Cr(1)}, and M(1)—
Cr(2)" distances (M = Co and Mn) through the hydrogen-bonded
bridging motifs in 1 are 7.880(3), 7.778(3), and 7.958(3) A, while
the corresponding ones in 2 are 7.2102(12), 6.7038(12), and
7.2355(13) A, respectively.

On the other hand, the packing of the hydrogen-bonded
chains in 1 and 2 leads to a layer array of interdigitated ladder
(1) and ribbon (2) chains along the crystallographic ¢ and a
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Table 2. Selected Bond Distances (A) and Angles (deg)
for 1°

Cr(1)-N(3) 2.062(3) Cr(2)-N(5) 2.061(4)
Cr(1)-N(4) 2.054(3) Cr(2)-N(6) 2.067(3)
Cr(1)-0(3) 2.005(3) Cr(2)-0(9) 1.964(3)
Cr(1)-0(4) 1.987(2) Cr(2)—0(10) 1.972(2)
Cr(1)-0(5) 1.940(2) Cr(2)-0(13) 1.956(3)
Cr(1)—0(6) 1.941(3) Cr(2)-0(14) 1.938(3)
Co(1)—-N(1) 2.151(3) Co(1)-N(2) 2.149(3)
Co(1)-0(1) 2.179(2) Co(1)-0(2) 2.152(3)
Co(1)—0(1w) 2.029(3) Co(1)—0(2w) 2.088(3)
N(3)—Cr(1)-N(4) 78.69(13)  N(5)—Cr(2)—-N(6) 78.71(14)
N(3)-Cr(1)-0(3) 91.34(11)  N(5)—Cr(2)—0(9) 95.40(12)
N(3)-Cr(1)-0(4) 92.94(12)  N(5)—Cr(2)—O(10)  94.84(12)
N(3)—Cr(1)-0(5) 171.88(12) N(5)—Cr(2)—0(13)  91.16(12)
N(3)-Cr(1)-0(6) 92.37(12)  N(5)-Cr(2)-0(14)  169.95(12)
N(4)—Cr(1)-0(3) 88.40(11)  N(6)—-Cr(2)—0(9) 169.13(12)
N(4)—Cr(1)-0(4) 167.48(11) N(6)—Cr(2)—0(10)  88.68(11)
N(4)—Cr(1)—-0(5) 95.00(12)  N(6)-Cr(2)-0(13)  96.26(12)
N(4)—Cr(1)-0(6) 97.65(12)  N(6)—Cr(2)-0(14)  93.95(14)
0(3)-Cr(1)-0(4) 82.46(10)  0O(9)—Cr(2)—O(10)  82.68(10)
0(3)—Cr(1)-0(S) 93.59(10)  O(9)—-Cr(2)—0(13)  92.96(11)
0(3)-Cr(1)—0(6) 173.43(11) O(9)—Cr(2)-0(14)  92.91(12)
0(4)—Cr(1)-0(5) 94.09(11)  O(10)—Cr(2)—-0(13)  172.88(11)
0(4)—Cr(1)—0(6) 91.93(11)  0O(10)—Cr(2)-0(14) 91.81(12)
0O(5)—-Cr(1)—0(6) 83.36(11)  0O(13)—Cr(2)—0(14) 82.76(12)
N(1)—Co(1)-N(2) 78.39(10)  N(1)—Co(1)-0(1) 103.72(9)
N(1)-Co(1)-0(2) 177.20(10) N(1)—Co(1)—O(1w)  93.02(13)
N(1)-Co(1)-0(2w)  90.31(11)  N(2)—Co(1)—0(1) 171.83(9)
N(2)—Co(1)-0(2) 100.44(10) N(2)—Co(1)—O(1w)  97.56(12)
N(2)-Co(1)-0(2w)  86.98(11)  O(1)—Co(1)-0(2) 77.08(9)
0(1)—Co(1)-O(1w)  90.24(11)  O(1)—Co(1)—O(2w)  85.12(11)
0(2)-Co(1)-O(1w)  89.65(13)  O(2)—Co(1)—O(2w)  87.09(11)
O(1w)—Co(1)-0(2w) 174.83(14)

“Estimated standard deviations are given in parentheses.

axes, respectively (Figures 1c and 2c). This zipper-type packing
involves single 7-7 stacking interchain interactions between the
bpy ligands from each pair of centrosymmetrically related Cr'™
mononuclear anions in 1 [inter-ring centroid-centroid distance
of 3.9018(11) A] (Figure 1b), whereas it consists of multiple
7- stacking interchain interactions between the phen ligands
from each pair of centrosymmetrically related Cr™

nuclear anions and Cr'"Mn" dinuclear cations in 2 [inter-ring
centroid-centroid distances in the range of 3.4719(5)—
3.8703(6) A] (Figure 2b). The value of the interchain
Cr(2)—Cr(2)" distance across the bpy—bpy stacking motif in
1is 7.417(3) A, while those of the interchain Cr(1)—Mn(1)™,
Cr(2)—Mn(1)™, Cr(2)—Cr(2)%, and Cr(1)—Cr(1)V distances
through the phen—phen stacking motifs in 2 are 8.5233(12),
8.7100(13), 9.2135(13), and 8.9115(12) A, respectively.

Magnetic Properties. The magnetic properties of 1 and 2
in the form of the yT vs T (y being the molar magnetic
susceptibility and T the absolute temperature) and the M vs H
plots (M being the molar magnetization and H the applied
field) are shown in Figures 3 and 4, respectively.

The yT vs T plots of 1 and 2 show a qualitatively similar
magnetic behavior, which is consistent with their mononuclear
plus dinuclear structures (Figure 3). At room temperature, T
is equal to 5.82 (1) and 8.20 cm® mol™ K (2), values which are
close to those expected for the sum of two d* Cr'™ (S¢, = 3/2)

mono-
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Table 3. Selected Bond Distances (A) and Angles (deg)

for 2¢

Cr(1)-N(3) 2.053(3) Cr(2)-N(5) 2.080(3)
Cr(1)-N(4) 2.062(3) Cr(2)-N(6) 2.052(3)
Cr(1)-0(3) 1.997(2) Cr(2)-0(9) 1.952(2)
Cr(1)-0(4) 1.974(2) Cr(2)—0(10) 1.968(2)
Cr(1)-0(5) 1.924(2) Cr(2)-0(13) 1.958(2)
Cr(1)-0(6) 1.951(2) Cr(2)-0(14) 1.931(2)
Mn(1)-N(1) 2277(3) Mn(1)-N(2) 2.243(3)
Mn(1)-0(1) 2.306(2) Mn(1)-0(2) 2.196(2)
Mn(1)—O(1w) 2.078(3) Mn(1)-0(2w) 2.179(3)
N(3)-Cr(1)-N(4) 80.62(10)  N(5)—Cr(2)-N(6) 79.23(11)
N(3)-Cr(1)-0(3) 91.87(9) N(5)—Cr(2)—0(9) 92.88(11)
N(3)-Cr(1)-0(4) 170.73(10) N(5)—Cr(2)—0(10)  91.66(11)
N(3)—Cr(1)-0(5) 92.62(10)  N(5)-Cr(2)-0(13)  92.46(11)
N(3)—Cr(1)-0(6) 93.72(9) N(5)-Cr(2)-0(14)  173.01(11)
N(4)—Cr(1)-0(3) 91.28(10)  N(6)—Cr(2)—0(9) 169.74(11)
N(4)—Cr(1)—-0(4) 91.74(10)  N(6)—Cr(2)—0(10)  90.88(10)
N(4)—Cr(1)-0(5) 171.46(10) N(6)—Cr(2)-0(13)  93.89(11)
N(4)—Cr(1)—0(6) 91.58(9) N(6)-Cr(2)-0(14)  95.30(11)
0(3)—-Cr(1)-0(4) 83.00(9) 0(9)-Cr(2)—0(10)  82.75(10)
0(3)—Cr(1)-0(5) 94.16(10)  O(9)—Cr(2)-0(13)  92.98(11)
0(3)—Cr(1)-0(6) 174.07(9)  O(9)—Cr(2)—0(14)  93.04(11)
0(4)—Cr(1)-0(5) 95.44(10)  O(10)—Cr(2)—0(13)  174.20(10)
0(4)—Cr(1)—0(6) 91.72(9) 0(10)—Cr(2)—-0(14)  92.77(10)
0(5)-Cr(1)-0(6) 83.61(9) 0(13)-Cr(2)—0(14) 83.53(10)
N(1)—Mn(1)-N(2) 73.03(12)  N(1)-Mn(1)-0O(1)  174.67(11)
N(1)-Mn(1)-0(2) 109.60(10) N(1)-Mn(1)-0O(1w) 92.50(13)
N(1)-Mn(1)-O(2w)  87.94(12) N(2)-Mn(1)-O(1)  111.53(11)
N(2)-Mn(1)-0(2) 86.20(9) N(2)-Mn(1)-O(1w)  104.76(14)
N(2)-Mn(1)-O0(2w)  153.43(13) O(1)-Mn(1)-0(2)  73.96(8)
O(1)-Mn(1)—O(1w)  83.71(12)  O(1)-Mn(1)-O(2w) 88.60(11)
0(2)-Mn(1)-O(1w)  157.52(12) O(2)-Mn(1)-O(2w) 82.88(12)

O(1w)—Mn(1)—0(2w) 94.21(16)

“Estimated standard deviations are given in parentheses.

ions and one high-spin d” Co" (S¢, = 3/2) or d° Mn" (S, =
5/2) ion, respectively [yT = 2 X (Nf’gc,*/3ky)Sci(Sc, + 1) +
(NPBgn/3ks)Sp(Sy + 1) = 5.82 (1) and 8.13 cm® mol ™' K (2)
with g, = 2.0 and gy = gc, = 2.1 and gy = gy = 2.0]. Upon
cooling, ¥T continuously increases to reach a maximum of 6.14
(1) and 9.87 cm® mol™ K (2) at 14.0 (1) and 4.0 K (2), and
then it abruptly decreases down to 5.05 (1) and 8.88 cm® mol™" K
(2) at 2.0 K. The increase of 4T in the high temperature region for
1 and 2 indicates a weak intramolecular ferromagnetic interaction
between the Cr'" (S¢, = 3/2) and the Co" (S, = 3/2) or Mn"
(Syim = 5/2) ions respectively, across the oxalato bridge within the
Cr™M™ dinuclear entities (M = Co and Mn). Yet the maximum
values of yT for 1 and 2 are well below those expected for a Sc, =
3/2 from the Cr' mononuclear unit plus a Sc,y = Sc, + Sy = 3
(M = Co) or 4 (M = Mn) ground spin state, respectively [yT =
(NBgc:’/3ks)Sci(Sce + 1) + (NFgeav®/3ks)Scan (St + 1) =
8.18 (1) or 11.88 cm® mol™ K (2) with geo = gerco = (gco +
gcr)/2 = 205 and geon = o = (Sgvim + 38cr)/8 = 2.0]. The
decrease of yT in the low temperature region for 1 and 2 is most
likely due to zero-field splitting (ZFS) effects and/or
intermolecular antiferromagnetic interactions.

In fact, the M vs H plots for 1 and 2 at 2.0 K agree with the
presence of more or less anisotropic, weak ferromagnetically
coupled Cr'™™M" dinuclear entities (M = Co and Mn) and Cr'™!
mononuclear units (Figure 4). The M value of 8.18 Nf for 1 at
50 kOe is slightly below the saturation magnetization for the sum
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Figure 3. Temperature dependence of yT for 1 (O) and 2 (O). The
solid lines are the best-fit curves (see text).
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Figure 4. Field dependence of M for 1 (O) and 2 (O0) at T = 2.0 K.
The solid lines are the Brillouin curves for one S¢, = 3/2 state plus one
Scov = 3 (M = Co) or 4 (M = Mn) state, while the dotted lines are the
Brillouin curves for two S¢, = 3/2 states plus one Sy = 3/2 (M = Co)
or 5/2 (M = Mn) state (see text).

of two Sc; = 3/2 and one S¢, = 3/2 states (M, = 2 X ge,Sc; +
8coSco = 9:15 Np with gc, = 2.0 and g, = 2.1), supporting thus
the presence of a significant single-ion axial magnetic anisotropy of
the high-spin octahedral Co" ion (4T1g ground term in the O,
point group). Moreover, the isothermal magnetization curve at
low H values (H < 10 kQe) for 1 is intermediate between the
Brillouin curves of three quartet states (S, = Sc, = 3/2) and one
quartet (Sc, = 3/2) plus one septet (Sc,c, = 3) spin states (dotted
and solid lines respectively, in Figure 4). This feature indicates the
proximity of low-lying excited states with spin values smaller than
the Sc.c, = 3 ground spin state which are thermally populated in
this low temperature region. In the absence of ZFS, there are three
Scico = 2, 1, and 0 excited states close in energy to
the Sc,c, = 3 ground state which are located at 3], 5], and 6],
respectively. By contrast, the M value of 10.83 Nf for 2 at 50 kOe
is close to the saturation magnetization for the sum of two S, =
3/2 and one Sy, = 5/2 states (M, = 2 X go.Scr + ZvinSwvn = 11.0
Np with g, = 2.0 and gy, = 2.0), as expected from the almost
negligible single-ion axial magnetic anisotropy of the high-spin
octahedral Mn" ion (°A,, ground term in the O, point group). Yet
the isothermal magnetization curve for 2 is intermediate between
the Brillouin curves of two quartet (Sc, = 3/2) plus one sextet
(Syn = 5/2) spin states and one quartet (Sc, = 3/2) plus one
nonet (Scam = 4) spin states (dotted and solid lines respectively,
in Figure 4). Once again, this fact indicates the proximity of low-
lying excited states with smaller spin values than the S, = 4
ground state which are thermally populated at 2.0 K (v.g, the three
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Scavin = 3, 2, and 1 excited states which are located at 4], 7], and 9]
above the Sca, = 4 ground state).

The magnetic susceptibility data of 1 and 2 were first
analyzed through a spin Hamiltonian for a mononuclear plus
dinuclear model that takes into account the presence of weak
intermolecular interactions between the dinuclear entities within
the mean field approximation [eq 1 with Sc; = Sc,, = 3/2 and
Sy = 3/2 (M = Co) or 5/2 (M = Mn)], where ] and j are the
intra- and intermolecular magnetic coupling parameters respec-
tively, z is the number of magnetic neighbors, and g, and g, are
the Landé factors of the Cr'™ and M ions (M = Co and Mn).

H=—-JSc/1'Sm1 + ZJ<SCrM(z)>SCrM(z)
+ 8¢, (Scr1 + Scr2)BH + g SmiPH (1)

The least-squares fits of the experimental data of 1 and 2
through the appropriate expression [eq 2, where N is the
Avogadro number, f is the Bohr magneton, kg is the Boltzmann
constant, x = J/kgT, and @ is the Weiss factor defined as
0 = zjSca(Scov + 1)/3kg), gave J = +2.0 (1) and +1.2 em™ (2),
zj=—11 (1) and —0.3 cm™" (2), g¢, = 2.00 (1 and 2), gc, =
2.06 (1), and gy, = 2.01 (2), with R=1.5 X 107 (1) and 1.1 X
1075 (2) (Table 4). The theoretical curves closely match the

Table 4. Least-Squares Fit Magnetic Parameters for 1
(M = Co) and 2 (M = Mn)

complex J*/cm™  zi®/em™'  Dy/em™t  go? o R (x10%)
1 +2.0 —-1.1 0 2.00 2.06 1.5
+2.2 -0.2 —-0.6 2.00 2.08 0.9
2 +1.2 -0.3 0 2.00 2.01 1.1

“Intramolecular magnetic coupling parameter. Product of the number
of magnetic neighbors by the intermolecular magnetic coupling
parameter. “Axial magnetic anisotropy parameter of the M" ions.
“Landé factor of the Cr™ ion. “Landé factors of the M™ ions (M= Co
and Mn). ngreement factor defined as R = Z[(){MT)QXP -
()(MT)calcd]Z/Z[(ZMT)exp]z‘

experimental data for 1 and 2 and particularly, they reproduce
very well the maximum of T in the low temperature region
(solid lines in Figure 3).

X = XCr + XCrM (2)
_ 2 2
Xcr = SNPB7gc,”/4kgT (2.1)

Yerco = INB?/2kp(T — 0)][14(gc, + 8¢,
+5(80, + 80p) exp(=3x) + (g, + 8,)
X exp(—5x)]/[7 + S exp(—3x) + 3 exp(—5x)
+ exp(—6x)] (22)

Xcemn = [NB*/8kp(T — 0)1[(15/2)(Sgyy, + 38c,)”
+ (7/18)(17gyr, + 78c,)” exp(—4x)
+ (5/9)(11gyy, + 80,)* exp(—7x)
+ (T8 — 38¢,)” exp(—9%)]
/19 + 7 exp(—4x) + 5 exp(—=7x) + 3
exp(—9x)] (23)

An alternative analysis of the magnetic susceptibility data of 1
was then carried out through a spin Hamiltonian for a
mononuclear plus dinuclear model that also takes into account
the axial ZFS of the orbital singlet 4B2g ground state of the high-
spin Co" ion in a rhombically distorted octahedral geometry
(D, point group) [eq 3 with Sco; = Sciy = S = 3/2], where |
and j are the intra- and intermolecular magnetic coupling
parameters respectively, z is the number of magnetic neighbors,
Dg, is the axial magnetic anisotropy parameter of the Co" ion,
and §cr and gc, are the Landé factors of the Cr'™ and Co"

ions.
. 2
H = —JS¢r1-Sco1 + Z]<SC1'Co(z)>SCrCo(z) *+ DcoScoi(z)

+ 8c,(Sce1 + Scr2)BH + g Sco1BH (3)

The least-squares fit of the experimental data of 1 by full-
matrix diagonalization techniques® gave J = +2.2 cm™), zj =
—0.2 cm™, D¢, = —0.6 cm™’, g¢, = 2.00, and g¢, = 2.08, with
R = 0.9 X 107° (Table 4). Indeed, the quality of the fit was
slightly improved when compared to that obtained with D¢, = 0
as reflected by the lower value of the agreement factor R. Yet
the calculated value of the axial magnetic anisotropy of the high-
spin Co' ion in 1 (D¢, = —0.6 cm™) represents the lower limit
given that the intermolecular antiferromagnetic interactions are
also included in this model. Thus, the calculated value of the
intermolecular antiferromagnetic coupling for 1 according this
model (zj = —0.2 cm™") is similar to that for 2 (zj = —0.3 cm™")
(Table 4). In fact, the intermolecular hydrogen bonding
interactions between the Cr™M" dinuclear entities (M = Co
and Mn) and/or the Cr' mononuclear units in 1 and 2 are
important, and they cannot be neglected, as shown by their
crystal structures (see Figures 1b and 2b).

Selected magneto-structural data for 1 and 2 and related
oxalato-bridged chromium(III)-metal(II) heteropolynuclear
complexes are listed in Table 5.'"'*'®¥72! In general, a
weak intramolecular ferromagnetic coupling is observed (J =
1.0-9.2 cm™!; Table 5, entries 1—7, 10, 15—17, 21, and 23—
27), independently of the nature of the M" ion (M = Mn, Fe,
Co, Ni, and Cu). However, there are some exceptions that
exhibit a weak to moderate intramolecular antiferromagnetic
coupling (—J = 0.6—18.8 cm™}; Table S, entries 8, 9, 11, 13, 14,
and 18-20). In this regard, the weak intramolecular
ferromagnetic coupling between the Cr'™ ion and the high-spin
M" jon for 1 and 2 [J = +2.2 (M = Co) and +1.2 cm™ (M =
Mn); Table 5, entries 1 and 2] contrasts with the situation found
in the related series of oxalato-bridged chromium(III)-cobalt(II)
and chromium(IIT)-manganese(II) heteropolynuclear complexes
with aromatic diimine ligands, ranging from di- to tri- and
tetranuclear species. So, the oxalato-bridged chromium(III)-
cobalt(II) trinuclear complexes {[Cr(bpy)(ox),],Co-
(Me,bpy)}2H,0, {[Cr(phen)(0x),],Co(Mebpy)}-15H,0,
and {[Cr(bpy)(ox),],Co(Me,phen)} also exhibit a weak
intramolecular ferromagnetic coupling (J = +2.4, +2.3, and
+1.8 cm™; Table 5, entries 15—17).2' Instead, the oxalato-
bridged chromium(III)-manganese(II) di- and tetranuclear
complexes [Cr(phen)(ox),Mn(phen),(N;)]-H,0 and {[Cr-
(phen)(ox),Mn(bpy) (H,0)],(ox)}-1.SH,0, respectively, show
an intramolecular antiferromagnetic cougling (J=-19and —1.1
cm™Y; Table §, entries 11 and 18).1%’2 * In these two series of
oxalato-bridged chromium(III)-cobalt(II) and chromium(III)-
manganese(II) polynuclear complexes with aromatic diimine
ligands, it appears that the different ferro- or antiferromagnetic
nature of the exchange interaction does not depend on the
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Table 5. Selected Experimental Magnetostructural Data for Oxalato-Bridged Cr'"M" Heteropolynuclear Complexes (M = Mn,
Fe, Co, Ni, and Cu)

entry complex” M ]b Jem™! R°/A ref.
1 1 Co +2.2 5.423 this work
2 2 Mn +1.2 5.389 this work
3 [Cr(salen)(ox)Cu(acpy)]-1.5H,0 Cu +5.6 5.482 15
4 [Cr(salen)(ox)Ni(taea) |BPh,-MeOH Ni +9.2 na 15
S [Cr(salen)(ox)Co(taea) |BPh,-MeOH Co +2.6 na. 15
6 [Cr(salen)(ox)Fe(taea) |BPh,-MeOH Fe +1.6 na. 15
7 [Cr(salen)(ox)Mn(taea)]BPh, Mn +1.0 na. 15
8 [Cr(bpy)(ox),Cu(bpca)(H,0)]-2.5H,0 Cu <1.0 5.2834 18a
9 [Cr(phen)(ox),Cu(bpea) (H,0)]-2H,0 Cu <1.0 5.4077 18a
10 [Cr(bpy)(ox),Cu(Hfsaaep)(H,0)]-2H,0 Cu +1.4 5.506 18b
11 [Cr(phen)(ox),Mn(phen),(N;)]-H,0 Mn -19 52574 18b
12 {[Cr(bpy)(0x),],Co(H,0),}-H,O Co na. 5.288 19a
13 {[Cr(bpy)(0x),],Cu(H,0),}1.5H,0 Cu —18.8 5.288 19b
14 {[Cr(bpy)(0x),],Ni(H,0),}- H,0 Ni -0.6 na. 19¢
15 {[Cr(bpy)(0x),],Co(Me,bpy)}-2H,0 Co +2.4 na. 21a
16 {[Cr(phen)(ox),],Co(Me,bpy)}-1.5H,0 Co +2.3 5.352 2la
17 {[Cr(bpy)(0x),],Co(Me,phen)} Co +1.8 na. 21b
18 {[Cr(phen)(ox)ZMn(bpy) (H,0)],(ox)} -1.5H,0 Mn -1.1 5.5047 20a
19 {[Cr(bpy)(ox),Cu(bpy)],(0x)}-2H,0 Cu -13 5.447 20b
20 (TTF){[Cr(0x);],Cu(H,0),}-3H,0 Cu —-0.7 na. 11b
21 (TTE),{[Cr(ox),],Ni(H,0),}-6H,0 Ni +6.8 na. 11b
22 (TTF){[Cr(0x);],Co(H,0),}-8H,0 Co na. na. 11b
23 (TTE),{[Cr(ox),],Fe(H,0),}-4H,0 Fe +1.2 na. 11b
24 (TTF) {[Cr(0x);],;Mn(H,0),} 14H,0 Mn L1 5492 11ab
25 (Hampy),{[Cr(0x)3],Co(H,0),}-3H,0 Co +2.7 5.429 1lc
26 (Hampy),{[Cr(ox);],Mn(H,0),}-3H,0 Mn +1.2 5.510 11c
27 {Cr(ox);[Ni(Me4-[14]ane-N,)]5}(ClO,); Ni +5.3 na. 16a

“Abreviations: ox’~ = oxalate; bpy = 2,2"bipyridine; phen = 1,10-phenanthroline; Me,bpy = 6,6-dimethyl-2,2"-bipyridine; Me,phen = 2,9-dimethyl-
1,10-phenanthroline; Hysalen = N,N’-ethylenebis(salicylideneimine); Hacpy = N-acetylacetonylidene-N-(2-pyridylethyl)amine; taea = tris(2-
aminoethyl)amine; BPh,™ = tetraphenylborate anion; bpca™ = bis(2-pyridylcarbonyl)amidate; Hafsaaep = 3-[N-2-(pyridylethyl)formimidoyl]salicylic
acid; Hampy® = 4- amlnopyrldmlum cation; TTF' = tetrathiofulvalene cation; Meg-[14]ane-N, = rac-S,7,7,12,14,14- hexamethyl 1,4,8,11-
tetraazacyclotetradecane. YIntramolecular magnetic couphng parameter (H = —JS¢,-Sy). “Average intermetallic distance. Brldgmg bidentate/
monodentate (outer) oxalate.

nature of the high-spin M" ion (M = Co and Mn) but on the magnitude of the overall magnetic coupling in the AB pair
distinct coordination bridging mode of the oxalato group, either ultimately depend on several pairwise contributions, which can
bis(bidentate) (J > 0) or bidentate/monodentate (outer) (J < 0), be either ferro- (], > 0) or antiferromagnetic (],j < 0) for an
respectively. On the other hand, the relative magnitude of the orthogonal or nonorthogonal pair of magnetic orbitals with a
intramolecular ferromagnetic coupling between the Cr™ ion and zero (S = (plg;) = 0) or nonzero (S = (i) # 0) orbital
the high-spin M" ion decreases from 1 to 2 [J = +2.2 (M = Co) overlap, respectively.* In 1 and 2, the 3d> Cr'! ion possesses
and +1.2 cm™' (M = Mn); Table S, entries 1 and 2]. This same a trigonally distorted octahedral geometry with a
trend was previously found in related ferromagnetically coupled, (d¢-,1)'(d)'(d),)'(d,,)°(d,2)° electronic configuration, where-
oxalato-bridged chromium(III)-cobalt(II) and chromium(III)- by the three unpaired electrons occupy the do_, d,,, and d,,

manganese(II) di- and trinuclear complexes of general formula magnetic orbitals resulting from the splitting of the tzg(dw 2

[Cr(salen)(ox)M(taea)|BPh,-MeOH [J = +2.6 (M = Co) and d,>_?) level because of the combined effect of the trigonal twist
+1.0 cm™ (M = Mn); Table 5, entries 5 and 7] and and trlgonal compression. The high-spin 3d* Mn" ion in 2 has a
(Hampy),{[Cr(ox);],M(H,0),}-3H,0 [J = +2.7 (M = Co) similar trigonally distorted octahedral geometry with a (d,2_ Z)

and +1.2 cm™ (M = Mn); Table 5, entries 25 and 26], (d.)'(d,.)'(d,)'(d2)! electronic configuration, whereby the

respectively.">" ¢ two additional unpaired electrons occupy the d,, and d
As a matter of fact, the intramolecular magnetic coupling magnetic orbitals resulting from the sphttmg of the e (dz,
parameter (J) for metal ions with more than one unpaired d,) level. In contrast, the high-spin 3d’ Co" ion in 1 has
electron can be decomposed into a sum of individual a rhombically distorted octahedral geometry with a
contributions (J;) involving each pair of magnetic orbitals (¢; (de-,?)*(d,)*(d,,)'(d,,)'(d2)" electronic configuration, the
and ¢;) according to J = 1/(nyng) 3 J; (i = 1-nyand j = 1— three unpalred electrons occupying the d,,, d,, and d
ny), where n, and ny are the number of unpaired electrons on magnetic orbitals resulting from the splitting of the tzg(dw
each metal center.” Hence, the variation in the overall ) and e (dz, d, ) levels because of the combined effect
magnetic coupling is not properly described by J but by the of ax1al compression and equatorial bending. This situation
product nyngJ through the well-known expression nyngf = Zi’j gives rise to nyng = 3 X 3 =9 and nyng = 3 X S = 15 individual
Ji (i = 1-n, and j = 1—ng). That being so, the nature and magnetic coupling contributions for the oxalato-bridged
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Scheme 1. Projection Views of the Pairs of 6- and/or z-Type Magnetic Orbitals of the Cr'" (Green) and High-Spin M" Ions
(Purple) for the Oxalato-Bridged Cr""™M" Dinuclear Entities of 1 (M = Co) and 2 (M = Mn)

Crlll | MII I
N
M =Co and Mn
38R TR 014
’J “’Q _
J’(x“ i .Z“) >0 _,r(x -y-.xy) =0 Jx2-y?yz) >0 Jix*y*x2) >0
(a) (d (e) (0]
) : " : g o ON U .
J(xzzh) >0 _f(xy xy) >0 J(XZ.yZ) > D J(xzxz) <0
(e) ) &
SO0R SO 30K 3K
C (0 > G C [ i) TG : 4
Hyzz2) >0 Hyzxy) >0 Hyzyz) <0 Jyzxz)>0 Jyzx2y?) >0
(c) (f) (@ ()] (0)

Cr"™M" dinuclear entities in 1 (M = Co) and 2 (M = Mn),
respectively. They would involve both mixed ¢/z-type and
purely o- or z-type orbital pathways as illustrated in Scheme 1,
whereby each pair of magnetic orbitals are made up by the
singly occupied 3d metal orbitals of the Cr'™ and high-spin M"
ions (M = Co and Mn) mixed with the corresponding o- or
7-type antibonding orbitals of the oxalato bridging ligand of
appropriate symmetry.

Hence, the overall ferromagnetic coupling observed in the
oxalato-bridged Cr'"M" dinuclear entities of 1 (M = Co) and 2
(M = Mn) would be explained by the larger number of posi-
tive ferromagnetic contributions. They mainly involve the

= (Cr)/dxy(M)) dxz(Cr)/dxy(M)) d (Cr)/d (M)) and

(Cr)/d (M) (M = Co and Mn) as well as d (Cr)/dxz(M)
(M Mn§ pairs of orthogonal magnetic orbitals whlch possess
a large spin delocalization onto the oxalato bridge with a zero
orbital overlap (S = (@lg;) = 0 with i # j, Schemes 1d, e, f, h,
and 1). As is usually the case for extended bridging ligands like
oxalate, they would dominate over the negative antiferromag-
netic ones involving exclussively the d,.(Cr)/d,.(M) (M = Co
and Mn), d.,(Cr)/d,,(M) (M = Mn), and dz_ z(Cr)/d (M)
(M = Mn) pairs of nonorthogonal magnetic orbltals Wthh also
possess a large spin delocalization onto the oxalato bridge with
a nonzero orbital overlap (S = (¢, I;) # 0 with i = j, Schemes
1j, k, and m). The variation of the overall ferromagnetic coupling
for 1 and 2 according to nynpf = 9] = +19.44 cm™" (1) > nungf =
15] = +18.30 cm™" (2), would be then explained by the increase
of the number of individual antiferromagnetic contributions
when going from M = Co (J,,,, < 0) to M = Mn (],
Juoww and J2_22_ 2 < 0) and/or the decrease of the magnitude of
the ferromagnetlc ones (]2 e oy Ty Juzpw and Jpp > 0)
because of the lesser diffuseness of the 3d metal orbitals.

Theoretical Calculations. Several computational method-
ologies based on the DF theory were used to evaluate the
magnetic coupling parameter (J) in the actual structures of 1
and 2 (see Computational Details). Within the framework of
the BS approach, the values of the magnetic coupling para-
meter for the Cr'™M" dinuclear entities of 1 (M = Co) and 2
(M = Mn) can be calculated from the energy difference
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between the spin configurations of lowest BS and highest multi-
plicity [AE=FE(S=0) —E(S=3)=6]J (1) and AE=E(S=1)
— E(S = 4) = 9] (2)], which correspond to the antiparallel
(antiferromagnetic) and parallel (ferromagnetic) spin alignment
respectively, of the local spin moments of the Cr'™ (S, = 3/2)
and M" ions [Sy; = 3/2 (M = Co) and 5/2 (M = Mn)]. The
calculated ] values for the oxalato-bridged Cr'"M" dinuclear
entities of 1 (M = Co) and 2 (M = Mn) are listed in Table 6.

Table 6. Experimental and Calculated J Values (cm™") for
the Oxalato-Bridged Cr™™M" Dinuclear Entities of 1
(M = Co) and 2 (M = Mn)*

method 1 2
B3LYP-BS (gas) +3.9 -0.3
B3LYP-BS (CH,CN) +52 +0.4
B3LYP-BS (CH,CI,) +5.0 +0.8
SIESTA (solid) +39 +12.5
Exp. +2.2 +1.2

“The calculated values of the magnetic coupling parameter (J) have
been evaluated from the energy difference between the singlet and
septet spin functions for 1 [AE = E(S = 0) — E(S = 3) = 6]] and that
between the triplet and nonet spin functions for 2 [AE = E(S = 1) —
E(S = 4) = 9]].

DF energy calculations using the B3LYP hybrid functional on
the oxalato-bridged Cr""M" dinuclear entities in the gas phase
support the ferromagnetic coupling experimentally found in 1
(M = Co), but they fail to reproduce that found in 2 (M =
Mn). This same situation was previously found by Pardo et al.
in an attempt to explain the ferromagnetic coupling
experimentally observed in a related series of oxalato-bridged
Cr"™,M" trinuclear complexes (M = Co and Mn)."*¢ Our
calculations indicate a ground septet (S = 3) spin state that is
rather well separated from the excited singlet (S = 0) spin state
in 1 [AE = E(S =0) — E(S = 3) = 6] = +23.4 cm™].
Alternatively, a ground triplet (S = 1) spin state is observed
in 2 that is very close to the excited nonet (S = 4) spin state
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[AE=E(S=1) — E(S=4) = 9] = —2.7 cm™*]. The calculated J
value for 1 (J = +3.9 em™) is in fairly good agreement with the
experimental one (J = +22 cm™'), in terms of both sign and
magnitude. This is not the case for 2, where the calculated
J value (J = —0.3 cm™") clearly differs in sign from the experimental
one (J = +12 cm™).

B3LYP-BS calculations based on the DF theory have been
very useful in the evaluation of the magnetic coupling
parameters in polynuclear complexes, independently of their
sign and even when their values are small. Yet it has been earlier
observed that the presence of charged peripheral ligands
sharing their charge in a spatial region near to the metal ions
can lead to subtle modifications on the electronic structure of
the polymetallic species, which ultimately cause important shifts
of the magnitude and even of the nature of the magnetic
interaction.** Clearly, placing opposite charges in close regions
is not a suitable or stable situation from an electronic viewpoint,
and sometimes partial charge transfers can occur to minimize
these electronic effects leading to unexpected predictions which
do not agree with the experimental results. In such cases, the
inclusion of electronic effects from the solvent or from
neighboring molecules in the calculations favors the localization
of the excess of charge in the peripheral ligand leading to the
electronic stabilization of the system.

In a first approximation, a solvent cavity was used to simulate
the variety of hydrogen bonding, van der Waals, and
electrostatic interactions between the oxalato-bridged Cr'"M"
dinuclear cations of 1 (M = Co) and 2 (M = Mn) and the
neighboring Cr™" mononuclear anions and neutral water
molecules that are present in the solid state. Solvation effects
were then introduced by using a polarizable continuum model
(PCM)* with parameters corresponding to the acetonitrile
solvent because it often provides us with values of the magnetic
coupling parameters of the same order of magnitude as the
experimental ones, as earlier checked on several simple
complexes. In this model, the solvent cavity is created via a
series of overlaping spheres to appropiately calibrate the
electronic delocalization effects onto the oxalato bridging ligand
that result from the charged nature of the terminal oxalato
ligands. When considering the presence of solvent molecules in
the B3LYP-BS calculations on 1 and 2 through a PCM
approximation, the nature of the magnetic coupling for the
oxalato-bridged Cr™™M" dinuclear entities (M = Co and Mn) is
conveniently modified to be consistent with experience. So, the
calculated ] values in acetonitrile solution [J = +5.2 (1) and
+0.4 cm™" (2)] agree both in sign and in magnitude with the
experimental ones [J = +2.2 (1) and +1.2 cm™" (2)]. Similar
results were obtained with other solvents like dichloromethane
[J = +5.0 (1) and +0.8 cm™ (2)].

Finally, DF periodic calculations in the solid state were
carried out to take into account the intermolecular electronic
effects due to the presence of the Cr'" mononuclear anions that
are in close contact with the oxalato-bridged Cr'"M" dinuclear
cations of 1 (M = Co) and 2 (M = Mn). In this regard, SIESTA
is a low time-consuming package program that is particularly
useful and efficient for performing such periodic calculations on
solids with large crystal cells. The results of the DF periodic
calculations in the solid state for 1 using the SIESTA program™
are comparable to the more accurate B3LYP-BS ones in
solution. Although the ferromagnetic nature of the exchange
interaction for 2 is preserved, they lead, however, to a
significant increase in the magnitude of the magnetic coupling.
So, the calculated ] value for 1 (J = +3.9 cm™) is close to the
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experimental one (J = +2.2 cm™") but that for 2 (J = +12.5
cm™") differs by 1 order of magnitude (J = +1.2 cm™). The
large dependence of our results on the computational
methodology used for the evaluation of the J values in 1 and
2 can be explained from the electronic nature of the metal ions
and the large number of orbital pathways, as discussed above.
These features determine the inherent difficulty to calibrate
properly the electronic delocalization effects onto the oxalato
bridge which are ultimately responsible for the overall magnetic
coupling.

The NBO analysis** of the spin densities for 1 and 2 clearly
indicates that the spin delocalization effects through the o
bonds are dominant over the spin polarization effects through
the 7 bonds of the oxalato bridge, as illustrated by the
calculated spin density distribution for the septet (1) and nonet
(2) ground spin states in acetonitrile solution (Figure S). This

Figure S. Perspective views of the calculated spin density distribution
for the septet and nonet ground spin state configuration of the oxalato-
bridged Cr™" entities of 1 (M = Co) (a) and 2 (M = Mn) (b)
respectively, in acetonitrile solution. Blue and violet contours represent
positive and negative spin densities, respectively. The isodensity
surface corresponds to a cutoff value of 0.0025 e bohr™,

situation nicely agrees with the o- and/or z-type nature of the
aforementioned pairs of magnetic orbitals of the Cr"" and high-
spin M" ions in the oxalato-bridged Cr'""M" entities (M = Co
and Mn) (see Scheme 1). So, the calculated values of the
atomic spin density (py) for the septet (1) and nonet (2)
ground spin states in acetonitrile solution provide a detailed
picture of the relative importance of the spin delocalization and
spin polarization effects (Table 7). The spin density values for
the chromium atom in 1 (p¢, = +2.977) and 2 (pc, = +2.980)
are close to that expected for a free 3d* Cr'" ion with three
unpaired electrons (n, = 3). This agrees with a small spin
delocalization from the metal toward the coordinated ligands
because of the mainly nonbonding nature of the d,,, d,,, and
d,>_> magnetic orbitals of the trigonally distorted octahedral
Cr'™ jon. In contrast, the spin density values for the cobalt and
manganese atoms in 1 (pc, = +2.766) and 2 (py, = +4.827)
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Table 7. Calculated Values of the Atomic Spin Densities (e)
for the Septet and Nonet Ground Spin State Configurations
of the Oxalato-Bridged Cr"'M" Entities of 1 (M = Co) and 2
(M = Mn), Respectively™”

1 2
Cr(1) +2.977 +2.980
N(3) —0.047 —0.045
N(4) —0.043 —0.047
0(3) —0.013 —0.008
0(4) —0.010 —0.007
0o(s) —0.003 +0.002
0o(6) —0.001 —0.005
c(1) +0.007 +0.010
Cc(2) +0.006 +0.014
M(1) +2.766 +4.827
N(1) +0.052 +0.019
N(2) +0.055 +0.018
o(1) +0.043 +0.026
0(2) +0.044 +0.029
Oo(1w) +0.036 +0.023
o(2w) +0.028 +0.019
c(1) +0.007 +0.010
Cc(2) +0.006 +0.014

“The calculated values of the atomic spin densities (px) have been
determined in acetonitrile solution using the DF (B3LYP-BS) method.
“The atom-numbering schemes for 1 and 2 are given in Figures la and
1b, respectively.

are smaller than those expected for a free high-spin 3d” Co"
and 3d° Mn" ions with three (n; = 3) and five unpaired
electrons (ny = 5), respectively. This feature reflects a
significant spin delocalization from the metal toward the
coordinated ligands because of the strong ligand participation
in the antibonding d; and d,, magnetic orbitals of the
rthombically or trigonally distorted octahedral M" ions (M = Co
and Mn, respectively).

On the other hand, the spin density values for the imine-
nitrogen (py in the range of —0.043 to —0.047) and
carboxylate-oxygen (po in the range of +0.043 to —0.013)
donor atoms directly coordinated to the Cr™ ion have an
overall negative sign in 1 and 2. These spin polarization effects
are likely explained by the partial electron donation from the
donor atoms of the coordinated ligands toward the empty d 2
and d,, magnetic orbitals of the octahedral Cr'™ jon. The M"
ions in 1 (M = Co) and 2 (M = Mn) show instead positive
values of the spin density for the imine-nitrogen [py = +0.052
and +0.055 (1), or +0.018 and +0.019 (2)] and the
carboxylate- [po = +0.043 and +0.044 (1), or +0.026 and
+0.029 (2)] and aqua-oxygen atoms [pq,, = +0.028 and +0.036
(1), or +0.019 and +0.023 (2)]. Moreover, they show an
overall decrease on going from 1 to 2, as expected from the
different diffuseness of the 3d orbitals for each M" jon (M = Co
and Mn). Interestingly, the calculated values of the spin density
for the central carbon atoms of the oxalato bridge are very small
but nonnegligible, and they have a positive sign [pc = +0.006
and +0.007 (1), or +0.010 and +0.014 (2)], indicating that the
spin delocalization effects dominates over the spin polarization

ones.

B CONCLUSION

In this work, we show that novel oxalato-bridged chromium-
(HI)-cobalt(Il) (1) and chromium(III)-manganese(1I) (2)
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dinuclear complexes can be obtained from bis(oxalato)-
chromate(III) mononuclear complexes acting as both discrete
anions and bidentate metalloligands toward hydrated cobalt(II)
and manganese(II) mononuclear complexes with aromatic a,a-
diimine and their f,f'-dimethyl-substituted derivatives as
blocking ligands. The packing of the anionic mononuclear
and cationic heterodinuclear complexes through hydrogen
bonding interactions between the free carbonyl groups from
oxalate (hydrogen acceptors) and the two trans (1) or cis (2)
coordinated water molecules (hydrogen donors) leads to
hydrogen-bonded chains with either ladder- (1) or ribbon-
like (2) architectures in the solid state.

This new type of homo- and heteroleptic oxalato-bridged
Cr"™™" heterodinuclear complexes (M = Co and Mn) with
identical or different aromatic diimine ligands respectively, exhibit
a weak intramolecular ferromagnetic coupling between the Cr'™
and high-spin M" jons (M = Co and Mn) across the oxalato
bridge to give S = 3 Cr""Co" (1) and S = 4 Cr"™Mn" (2) ground
spin states, as supported by DF electronic structure calculations.
However, it should be emphasized that the approximations made
in the theoretical calculations are such that a perfect agreement
with experience cannot be found in that case. In fact, this is a very
difficult task because of the large number of individual
contributions, both ferro- and antiferromagnetic, which would be
much larger than the small (close to zero) values of the magnetic
coupling parameter for 1 and 2. So, the resultant ferromagnetic
nature of the electron exchange interaction between the Cr'" ion
and the high-spin M" ions within the oxalato-bridged Cr"M"
entities (M = Co and Mn) involves a subtle competition between
o- and/or m-orbital pathways possessing a significant spin
delocalization and only a small but non-negligible sign alternation
of the spin densities within the oxalato bridge, indicating thus that
the spin delocalization mechanism dominates over the spin
polarization one.
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