
FULL PAPER

DOI: 10.1002/ejic.201200831

Magneto-Structural Study of an Oxamato-Bridged PdIICoII Chain: X-ray
Crystallographic Evidence of a Single-Crystal-to-Single-Crystal Phase

Transition

Willian X. C. Oliveira,[a] Marcos A. Ribeiro,[a] Carlos B. Pinheiro,[b] Wallace C. Nunes,[c]

Miguel Julve,[d] Yves Journaux,[e,f] Humberto O. Stumpf,[a] and Cynthia L. M. Pereira*[a]

Keywords: Palladium / Cobalt / Magnetic properties / Chain structures / X-ray diffraction

Two new mononuclear oxamato-containing palladium(II)
complexes of formula K2[Pd(opba)]·2H2O (1) and (PPh4)2-
[Pd(opba)]·2H2O (2) and the heterodimetallic palladium(II)–
cobalt(II) chain {[Co(H2O)2Pd(opba)]·dmso}n (3) [opba = 1,2-
phenylenebis(oxamate), PPh4

+ = tetraphenylphosphonium
cation and dmso = dimethyl sulfoxide] have been prepared,
and the structures of two of them (compounds 2 and 3) were
determined by X-ray diffraction analysis of single crystals.
The structure of 2 consists of discrete anions of [Pd(opba)2]2–

and PPh4
+ cations. Each PdII ion in 2 is surrounded by two

oxamate nitrogen atoms and two carboxylate oxygen atoms
in a square-planar surrounding. Compound 3 is a neutral
chain with regular alternating PdII and CoII ions, the
[Pd(opba)]2– entity acting as a bis(bidentate) ligand towards
trans-diaquacobalt(II) fragments, and dmso molecules of

Introduction
Molecular crystals can experience structural phase tran-

sitions as a result of external stimuli, such as temperature,
pressure or radiation, while maintaining their structural sta-
bility and integrity during the transition process.[1] Their
physical properties (e.g., optical, magnetic or conducting)
can then be modulated in a controlled manner, which sug-
gests challenges and opportunities for the development of
a crystal engineering approach, referred to as making-crys-
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crystallization. Compound 3 exhibits a single-crystal-to-
single-crystal phase transition between monoclinic C2/c (α
phase) and triclinic P1̄ (β phase) space groups. Within the α
phase the dmso molecule of crystallization is disordered, but
it becomes ordered below 215 K in the β phase. The ordering
process of the dmso molecule is followed by a reduction in
the unit cell volume. The magnetic properties of 3 are barely
affected by the structural phase transition, and they indicate
an important spin–orbit coupling of the high-spin octahedral
CoII ion [α = 1.245, λ = –151 cm–1, Δ = 494 cm–1, the spin Ham-
iltonian being defined as H = –αλLS + Δ(Lz

2–2/3) + βH(–αL +
geS)] with an almost negligible intra- [through the diamag-
netic square-planar PdII centre] and interchain antiferromag-
netic interactions (θ = –0.32 K).

tals-from-crystals and making-crystals-by-design strate-
gies.[2,3]

Along this line, we reported some years ago the synthesis,
crystal structure and magnetic properties of the one-dimen-
sional (1D) compound of formula [CoCu(opba)(dmso)3]n
[opba = 1,2-phenylenebis(oxamate), dmso = dimethyl sulf-
oxide].[4] This compound exhibits two crystalline phases
characterized by single-crystal X-ray diffraction at two dif-
ferent temperatures, 298 and 100 K. According to birefrin-
gence measurements, the structural phase transition takes
place at 150 K, and it involves an optical bistability, or op-
tical hysteresis, which suggests a reversible process.[4] Essen-
tially, the phase transition involves the change from a non-
organized to an organized state of the dmso molecules
when the system is cooled. A study of the magnetic proper-
ties of [CoCu(opba)(dmso)3]n showed that it behaves as an
isolated 1D ferrimagnetic system with a relatively strong in-
trachain antiferromagnetic coupling (a rough estimate for
the magnetic interaction is ca. –30 cm–1).

To better understand the supramolecular and crystal-
packing features that can influence the magnetic properties,
we reported the related chain compound of formula
{[CoCu(opba)]·4H2O}n.[5] Unfortunately, the crystal struc-
ture of this compound is still unknown because of the diffi-
culties of obtaining single crystals suitable for X-ray diffrac-
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tion. A study of its magnetic properties revealed the occur-
rence of a glassy behaviour below 3.5 K. This phenomenon
was interpreted as being due to the presence of interchain
interactions (most likely dipolar and/or through the solvent
water molecules) building domains with diameters deter-
mined by the magnetic correlation length, as already ob-
served in granular magnetic systems.[6] In addition, when
{[CoCu(opba)]·4H2O}n was confined in porous Vycor glass,
in which the chains exhibited a limited size, a slow magnetic
relaxation occurred accompanied by magnetic hysteresis be-
low the blocked regime temperature (T � 6 K). These fea-
tures are characteristics of single-chain magnets (SCMs).[7]

From the metallosupramolecular point of view, different
transition-metal ions, covalent metal–ligand interactions
and intermolecular forces allow “supramolecular-structure–
function” correlations to be established that will guide the
rational design and synthesis of complexes displaying inter-
esting properties.[8] Among several examples reported in the
literature, structural diversity has led to a wealth of poten-
tial applications for magnetism,[9] molecular recognition,[10]

catalysis[11] and biological activity.[12] We have directed our
efforts towards the understanding and control of the mag-
netic properties of molecular architectures obtained
through the self-assembly of oxamate-containing building
blocks.

Herein we report the synthesis, crystal structure and
magnetic properties of the new heterodimetallic chain of
formula {[Co(H2O)2Pd(opba)]·dmso}n (3), prepared by the
reaction of K2[Pd(opba)]·2H2O (1) and cobalt(II) ions in
dmso as solvent. The preparation of 1 and its parent
(PPh4)2[Pd(opba)]·2H2O (2) derivative (PPh4

+ = tetraphen-
ylphosphonium cation) as well as the crystal structure of 2
are also reported. Interestingly, 3 exhibits thermal polymor-
phism, a phenomenon previously observed in [CoCu(opba)-
(dmso)3]n. The preparation of single crystals of 3 provides
us with the opportunity to observe a structural phase tran-
sition [monoclinic (α) � triclinic (β)], determine the origi-
nal crystal structure of the α phase and re-examine that of
the β phase by using the single-crystal X-ray diffraction
data. Variable-temperature magnetic susceptibility measure-
ments on polycrystalline samples of 3 allowed us to evaluate
the magnetic contribution arising from only the anisotropic
six-coordinate CoII ions in the chain structure, the square-
planar PdII cation being diamagnetic.

Results and Discussion

Synthesis and General Characterization

The mononuclear palladium(II) complex 1 was prepared
by treating the K2[PdCl4] salt with the Et2H2opba proli-
gand in basic (KOH) aqueous solutions. The subsequent
metathesis with PPh4Cl afforded the parent tetraphen-
ylphosphonium derivative 2. The chain compound 3 was
obtained by the treatment of 1 with [Co(H2O)6]Cl2 in dmso.
The analytical data are consistent with the formation of a
heterodimetallic palladium(II)–cobalt(II) compound in a
1:1 CoII/PdII molar ratio. All products are stable in air at
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room temperature. Complex 1 is soluble in polar solvents
such as water and dimethyl sulfoxide but is insoluble in di-
ethyl ether, methanol and ethanol. Complex 2 is soluble in
water and insoluble in dimethyl sulfoxide, ethanol, meth-
anol and diethyl ether. Finally, compound 3 is insoluble in
water, dimethyl sulfoxide, ethanol, methanol and diethyl
ether.

The thermogravimmetric/differential thermal analysis
(TGA/DTA) data for 1–3 are given in the Supporting Infor-
mation (Figures S1–S3). The TGA curve of 1 under N2

shows a first mass loss in the temperature range of 24–
193 °C, which has been attributed to the departure of two
water molecules (found 9.0%; calcd. 7.7 %), and it corre-
sponds to the endothermic peaks at 28, 50, 108 and 155 °C
in the DTA curve (Figure S1). At least three consecutive
mass losses can be observed above 193 °C, which corre-
spond to the exothermic peak at 375 °C, and they have been
attributed to the thermal decomposition of the oxamate li-
gand.[13] The amount of residue (found 42.49%; calcd.
42.79%) at 750 °C is in agreement with the formation of
equimolar amounts of Pd and K2O as the final products.

The TGA curve of 2 under N2 shows that the anhydrous
compound is stable up to 225 °C (Figure S2). Above this
temperature, thermal decomposition occurs in three steps
within the temperature ranges of 224–322, 322–610 and
610–750 °C, the losses of mass amounting to 6.4, 76.5 and
13.48 %, respectively. The DTA curve shows two exothermic
peaks at 285 and 471 °C, which have been attributed to the
thermal decomposition and oxidation of organic matter,
respectively.[13]

The simultaneous TGA/DTA curves for compound 3 un-
der N2 (Figure S3) show the first mass loss in the tempera-
ture range 24–122 °C, corresponding to an endothermic
peak at 107 °C, which is due to dehydration with the loss
of two water molecules (found 6.70%; calcd. 6.83%). The
second mass loss occurs in the range 216–370 °C (endother-
mic shoulder at 342 °C), most likely due to the removal of
the free dmso (found 15.82 %; calcd. 14.82%). The thermal
decomposition of the organic ligand occurs in two consecu-
tive steps in the temperature ranges of 370–505 and 505–
750 °C (exothermic peak at 362 °C). At 750 °C, the final
residue of 35.24% essentially contains equimolar amounts
of Pd and CoO (calcd. 34.42%).

The IR spectra of 1–3 are in agreement with the pro-
posed molecular formulae, confirmed by the crystallo-
graphic data. The vibrational spectrum of 1 shows a broad
band at 3390 cm–1, which has been attributed to the ν(OH)
stretching mode and indicates the presence of water mole-
cules, in agreement with the TGA curve. The most impor-
tant aspect in the IR spectrum of this complex is, however,
the lack of peaks assigned to ν(NH) at 3259 cm–1 and the
shifting of the ν(CO) vibrations of the free ligand (origi-
nally at 1762, 1740 and 1690 cm–1) to lower wavenumbers
in 1 (ca. 1659 and 1630 cm–1). This strongly suggests the
coordination of the palladium(II) ion to the nitrogen and
oxygen atoms of the oxamate ligand in a square-planar
geometry. Compound 2 presents a very similar spectrum to
1, the major differences consisting of the bands assigned to
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the phenyl rings from the tetraphenylphosphonium cations
at 3064, 1614, 1410 and 724 cm–1 and the strong absorption
peak at 1110 cm–1 assigned to the P–C stretching vibration.
The weak peaks observed at 541 and 449 cm–1 for 1 and at
526 and 442 cm–1 for 2 have tentatively been assigned to
ν(Pd–O) and ν(Pd–N) vibrations, respectively.[14]

The IR spectrum of 3 shows a broad absorption band at
3396 cm–1 attributed to ν(OH), which confirms the presence
of water molecules. In addition, the most important aspects
in the spectrum of the chain compound are the shift
towards lower wavenumbers of the bands assigned to ν(CO)
(originally at 1659 and 1630 cm–1 in the spectrum of 1 to
1606 and 1570 cm–1 in the spectrum of compound 3) and a
medium-intensity band at 1010 cm–1 attributed to the ν(SO)
stretching mode of the dmso molecule. Bands at 584, 550
and 474 cm–1 most likely correspond to the ν(Co–O), ν(Pd–
O) and ν(Pd–N) vibrations, respectively. All these facts rein-
force the coordination of oxygen atoms to CoII ions, con-
firmed by the crystallographic data.

X-ray Structures of 2 and 3

X-ray diffraction experiments were carried out at
273(2) K on 2 and at 293(2) and 150(2) K on 3. A summary
of the crystallographic data and structure refinements are
given in Table 1, and selected bond lengths and angles for
2 and 3 are shown in Tables 2 and 3, respectively. The X-
ray powder diffraction patterns of 2 and the α phase of 3 are
shown in Figures S4 and S5 in the Supporting Information,

Table 1. Crystal data and structure refinement for 2 and 3.[a,b]

2 3 (α phase) 3 (β phase)

Empirical formula C56H44N2O6PPd C12H14N2O9SCoPd C12H14N2O9SCoPd
Mr [g mol–1] 973.24 527.67 527.67
Crystal system monoclinic monoclinic triclinic
Space group P21 C2/c P1̄
Temperature [K] 273 293 150
a [Å] 10.3985(2) 10.720(2) 10.718(2)
b [Å] 17.0397(3) 23.189(5) 12.514(3)
c [Å] 13.3902(3) 7.2630(15) 7.1932(14)
α [°] 90 90 86.34 (3)
β [°] 96.837(2) 103.74(3) 104.29(3)
γ [°] 90 90 113.08(3)
V [Å3] 2357.11(8) 1753.8(6) 859.5(3)
Z 2 4 2
T [K] 293(2) 293(2) 150(2)
λ [Å] 0.71073 0.71073 1.5418
ρcalcd. [g cm–3] 1.371 1.998 2.038
μ [mm–1] 0.513 2.12 17.62
F (000) 1060 952 522
Crystal size 0.53� 0.29�0.19 0.19�0.09�0.06 0.18�0.08�0.07
θ range [°] 2.8–29.5 1.8–26.4 3.8–66.7
h –13 to 12 –13 to 13 –12 to 12
k –21 to 21 –28 to 28 –14 to 14
l –16 to 16 –9 to 9 –8 to 8
Reflections collected 34285 19078 31351
Independent reflections (Rint) 9606 (0.38) 1790 (0.1) 5658 (0.069)
R1[a] [I�2σ(I)] 0.043 0.047 0.101
wR2

[b] [I �2σ(I)] 0.099 0.137 0.228
S[c] 1.081 1.10 1.37
Residuals [eÅ–3] 2.71, –0.36 1.75, –0.92 3.4, –1.41

[a] R1 = Σ(|Fo| – |Fc|)/Σ|Fo|. [b] wR2 = [Σw(|Fo| – |Fc|)2/Σw|Fo|2]1/2. [c] S = w = 1/[σ2Fo
2 + (0.0766P)2 + 9.5127P], in which P = (Fo

2 + 2Fc
2)/3.
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respectively. The experimental patterns of the polycrystal-
line samples agree with the results obtained by single-crys-
tal X-ray measurements, which indicates that they have the
same structures.

The crystal structure of 2 consists of discrete palladi-
um(II) complex anions, [Pd(opba)]2–, tetraphenylphosphon-
ium cations and water molecules of crystallization. A per-
spective view of the mononuclear entity with the atom-
numbering scheme is depicted in Figure 1. The palladi-
um(II) ion is coordinated to two deprotonated amide nitro-
gen atoms and two carboxylate oxygen atoms from the
opba ligand in a slightly distorted square-planar geometry.
The metal atom is located almost in the plane defined by
the N2O2 set of coordinating atoms. The fully deprotonated
opba4– ligand adopts a tetradentate coordination mode
forming three five-membered chelate rings around the pal-
ladium(II) ion. The bite angles subtended at the metal ion
by the opba ligand are smaller than the ideal value of 90°
[N1–Pd1–N2 84.95(13)°, N1–Pd1–O4 82.75(12)° and N2–
Pd1–O3 82.83(13)°], but they are in agreement with those
reported for the parent compound Na[Pd(Hpba)]·2H2O
[H4pba = 1,3-propylenebis(oxamic acid)].[15] The outer
bond angle in 2 [O3–Pd1–O4 109.49(13)°] is, however,
larger than that observed in Na[Pd(Hpba)]·2H2O [99.6(2)°],
but similar to that in the analogous copper(II) complex,
(PPh4)2[Pd(opba)]·2H2O [106.1(3)°],[16] all three being
larger than the ideal value of 90°. This is a unique feature
of planar complexes with a fused 5–5–5 ring chelate system:
three of the bond angles at the metal atom are roughly
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equal, and the fourth one, being less constrained, is appreci-
ably larger. The Pd–Namidate bonds are significantly shorter
than the Pd–Ocarboxylate bonds (see Table 2). These values
are also slightly larger than those observed for (PPh4)2-
[Pd(opba)]·2H2O [Cu–N 1.89–1.93 Å and Cu–O 1.93–
1.97 Å].[16] The trapezoidal unit composed of the N2O2 do-
nor set around the palladium(II) ion exhibits O3···O4 and
N1···N2 distances of 3.355 and 2.604 Å, respectively {to be
compared with 3.093 and 2.531 Å in (PPh4)2[Pd(opba)]·
2H2O},[16] the lengthening in the palladium derivative being
as expected because of the larger size of PdII relative to the
CuII ion.

Figure 1. ORTEP® drawing of 2 showing the atom-numbering
scheme. Thermal ellipsoids are drawn at the 50% probability level.
Hydrogen atoms have been omitted for clarity.

Table 2. Selected bond lengths [Å] and angles [°] for 2.[a]

Pd1–N1 1.923(3) N1–Pd1–N2 84.95(13)
Pd1–N2 1.933(3) N1–Pd1–O4 82.75(12)
Pd1–O3 2.051(3) N2–Pd1–O3 82.83(13)
Pd1–O4 2.058(3) O3–Pd1–O4 109.49(13)

[a] Estimated standard deviations are given in parentheses.

From the supramolecular point of view, the presence of
PPh4

+ cations was fundamental to obtaining single crystals
of compound 2 due to the intermolecular phenyl–phenyl
interaction, as has been observed for several systems.[17] In
the crystal of 2, each pair of PPh4

+ cations associate ac-
cording to the most prevalent supramolecular motif,
namely the sextuple phenyl embrace (SPE), which involves
three phenyl atoms in each molecule interleaving with three
from the other one in the interpenetration domain. This
configuration is described as an edge-to-face interaction in
which the rings are steeply canted such that two hydrogen
atoms on the edge of one ring are directed towards the car-
bon atoms of the other one, as depicted in Figure 1.[17a] The
fourth phenyl group in each PPh4

+ points away from the
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interaction domain, and the C–P vectors situated on the
two P atoms are close to trans colinearity [C41–P1···P2 and
C17–P2···P1 are 168.64(13) and 166.55(12)°, respectively].
The distance between P1···P2 is 6.444(12) Å, in agreement
with that expected for SPE motifs.[17a,17b]

The crystal packing of 2 (Figure S6) demonstrates that
mutually attractive interactions between the PPh4

+ cations
occur through a zigzag infinite sextuple phenyl embrace
(ZZISPE).[17b] Each PPh4

+ cation presents three phenyl
rings interacting with each of its neighbours; as a conse-
quence three are involved in six edge-to-face interactions
between each pair of cations related by a centre of inver-
sion.[17] The zigzag geometry occurs due to the tetrahedral
disposition of the phenyl groups at P, and the P···P···P
angles are 107.65°, which is approximately the value of the
tetrahedral angle. The most important feature of this array
is the coplanarity of all the P atoms, following the require-
ments of the SPE. The predominant crystal packing ar-
rangement consists of stacks of anions [Pd(opba)]2– be-
tween and parallel to chains of ZZISPE that are not able
to participate in phenyl embraces. The crystal structure of 2
is free of the crystallographic disorder shown by the cations,
which indicates the significance of these extended multiple
phenyl embraces.[17c]

The structures of the α and β phases of 3 are shown
in Figure 2. At higher temperatures (293 K), compound 3
crystallizes in the monoclinic system, space group C2/c (α
phase), whereas at lower temperatures (150 K) it crystallizes
in the triclinic system, space group P1̄ (β phase). Therefore,
the transformation involves a crystallographic triclinic �
monoclinic phase transition, which is ultimately related to
the disorder–order of the crystallization dmso molecule.

In both phases, the structure of 3 consists of neutral lin-
ear chains running along the crystallographic c axis with
regular alternating PdII and CoII ions bridged by oxamate
groups. Within each chain, the bis(oxamato)palladate(II)
entity acts as a bis(bidentate) ligand through the two cis-
carbonyl oxygen atoms. The geometry around the palladi-
um(II) ion is approximately square-planar, PdN2O2, with
two amidate nitrogen atoms and two carboxylate oxygen
atoms from the fully deprotonated opba4– group in the
basal plane. The bond lengths around the PdII ion and the
corresponding bite angles are quite similar in both phases
(Table 3). The values of the dihedral angle between the
basal plane of palladium(II) and the mean plane of the ox-
amate group are 1.74 (α) and 2.59° (β). Each cobalt(II) ion
in the two structures is six-coordinate with two trans-coor-
dinated water molecules and four carbonyl oxygen atoms
from the oxamate group building a somewhat distorted oc-
tahedral surrounding. The bond lengths around the cobalt
atom in both phases are very similar (Table 3), and they are
close to those observed for the high-spin CoII ion in the
oxamato-bridged heterodimetallic cobalt(II)–copper(II)
chains [CoCu(opba)(dmso)3]n and {[CoCu(2,4,6-tmpa)2-
(H2O)2]·4H2O}n [2,4,6-tmpa = N-(2,4,6-trimethylphenyl)ox-
amate].[4,7b] The intrachain Pd1···Co1 separations in the α
[5.383(11) Å] and β phases [5.384(2) Å] are practically iden-
tical and are in agreement with those previously reported
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Figure 2. ORTEP® drawings of a fragment of the chain of (a) the
α phase and (b) the β phase of 3 with the atom-numbering scheme.
Thermal ellipsoids are drawn at the 50% probability level. Hydro-
gen atoms have been omitted for clarity.

for [CoCu(opba)(dmso)3]n [5.336(1) Å] and {[CoCu(2,4,6-
tmpa)2(H2O)2]·4H2O}n [5.296(1) Å].[4,7b]

Both phases exhibit a similar crystal packing, with each
chain surrounded by another four chains and four dmso
molecules (Figure 3). The free dmso molecule in the α phase
is disordered, but its disorder vanishes at low temperature,
and a subsequent phase transition takes place at 215 K giv-
ing rise to the β phase. This results in a triclinic unit cell
with a volume half that of the monoclinic one. In addition,
the dmso molecules isolate the chains and stabilize the
structure through hydrogen bonds along the crystallo-
graphic a axis. Water molecules coordinated to the co-
balt(II) ions also contribute to the stabilization of the chain
packing through hydrogen bonds between oxygen atoms
from the oxamate groups and dmso molecules (see Fig-
ure S7 in the Supporting Information).

The shortest interchain metal–metal distances occur be-
tween the Pd···Pd and Co···Co atoms in the two phases:
Pd1···Pd1iv = 5.709(11) Å and Co1···Co1iv = 4.985(15) Å in
the α phase and Pd1···Pd1vii = 5.528(3) Å and Co1···Co1vii
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Table 3. Selected bond lengths [Å] and angles [°] for 3.[a–c]

α phase β phase

Pd1–N1 1.936(4) Pd1–N1 1.931(8)
Pd1–N1i 1.936(4) Pd1–N2 1.934(8)
Pd1–O2i 2.059(4) Pd1–O2 2.061(7)
Pd1–O2 2.059(4) Pd1–O4 2.065(7)
Co1–O5 2.064(4) Co1–O5 2.056(7)
Co1–O5ii 2.064(4) Co1–O8 2.047(8)
Co1–O1 2.066(3) Co1–O1i 2.071(7)
Co1–O1ii 2.066(3) Co1–O9 2.065(7)
Co1–O3 2.153(3) Co1–O3 2.141(7)
Co1–O3ii 2.153(3) Co1–O6 2.147(6)

Co1–O9 2.065(7)
N1–Pd1–N1i 85.6(2) N1–Pd1–N2 85.0(3)
N1–Pd1–O2i 168.62(15) N1–Pd1–O2 168.6(3)
N1i–Pd1–O2i 83.08(15) N2–Pd1–O2 83.7(3)
N1–Pd1–O2 83.08(15) N1–Pd1–O4 83.2(3)
N1i–Pd1–O2i 168.62(15) N2–Pd1–O4 168.2(3)
O2i–Pd1–O2 108.3(2) O2–Pd1–O4 108.1(3)
O5ii–Co1–O5 173.3(2) O5–Co1–O8 93.0(3)
O5ii–Co1–O1 94.05(16) O5–Co1–O1i 91.9(3)
O5–Co1–O1 90.45(14) O8–Co1–O1i 91.8(3)
O5ii–Co1–O1ii 90.45(14) O5–Co1–O9 89.3(3)
O5–Co1–O1ii 94.05(16) O8–Co1–O9 175.0(3)
O1–Co1–O1ii 92.15(18) O1i–Co1–O9 92.7(3)
O5ii–Co1–O3 88.63(14) O5–Co1–O3 171.5(3)
O5–Co1–O3 87.59(15) O8–Co1–O3 89.8(3)
O1–Co1–O3 79.62(13) O1i–Co1–O3 80.0(3)
O1ii–Co1–O3 171.63(13) O9–Co1–O3 88.6(3)
O5ii–Co1–O3ii 87.59(15) O5–Co1–O6 80.3(3)
O5–Co1–O3ii 88.63 (14) O8–Co1–O6 89.3(3)
O1–Co1–O3ii 171.64 (13) O1i–Co1–O6 172.1(3)
O1ii–Co1–O3ii 79.62 (13) O9–Co1–O6 86.7(3)
O3–Co1–O3ii 108.64 (17) O3–Co1–O6 107.8(2)

[a] Estimated standard deviations are given in parentheses. [b] Sym-
metry codes in the α phase: (i) –x + 1, y, –z + 1/2; (ii) –x, –y, –z +
1/2. [c] Symmetry codes in the β phase: (i) x – 1, y, z.

Figure 3. View of the packing in 3 along the a axis for (a) the α
phase and (b) the β phase. Thermal ellipsoids are drawn at the 50%
probability level.
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= 4.967(4) Å in the β phase [symmetry codes: (iv) x, –y, z +
1/2; (vii) 2 – x, –1 – y, –1 – z]. These values are smaller than
those observed in {[CoCu(2,4,6-tmpa)2(H2O)2]·4H2O}n

[Cu···Cu = Co···Co = 8.702 Å] and [CoCu(opba)(dmso)3]n
[Cu···Cu = 9.614(1) and 9.424(1) Å]. The shortest in-
terchain Pd···Co separations are Pd···Coviii = 6.925(18) Å in
the α phase and Pd···Coix = 6.895(2) Å in the β phase [sym-
metry codes: (viii) x, –y, z + 1/2; (ix) 2 – x, –1 – y, –1 – z],
which shows that the chains in both phases have practically
the same structure. These values are slightly larger than the
corresponding ones observed in the analogous CuIICoII

chains (Cu···Co = 5.310 Å for {[CoCu(2,4,6-tmpa)2(H2O)2]·
4H2O}n and Cu···Co 5.336 and 5.305 Å for [CoCu(opba)-
(dmso)3]n). Finally, it is interesting to note that the PdII ions
from two adjacent chains in compound 3 are situated al-
most in the middle of the aromatic ring of the obpa ligand,
the distances between the plane of the aromatic ring and
the PdII ion being 3.478(7) in the α phase and 3.405(9) Å in
the β phase.

Magnetic Properties of 3

The temperature dependence of the χMT product for 3
(χM being the magnetic susceptibility per mol of CoII) is
shown in Figure 4. At room temperature, χMT is equal to
3.0 cm3 mol–1 K, a value that is close to the typical one for
an isolated CoII ion. This value was expected, because the
PdII ion in a square-planar geometry is diamagnetic. Then,
the magnetic behaviour exhibited by compound 3 is exclu-
sively a result of the CoII ion. Upon cooling, a slight bump
appears at 215 K [Figure 4(b)], which is also observed in
the warming mode, supporting the reversibility of the phe-
nomenon. This can be related to the occurrence of a revers-
ible structural phase transition that seems to exert a negligi-
ble influence on the magnetic behaviour. In this respect,
previous reports have indicated that crystallographic phase
transitions can result in either significant or slight modifica-
tions of the magnetic curves.[18,19] This is not unexpected,
because the coordination sphere of cobalt(II) is only slightly
modified by the phase transition. On lowering the tempera-
ture, the χMT value steadily decreases to reach a region,
between 14 and 12 K, in which the value of χMT does not
decrease much. The origin of this “plateau” is unclear and
may be related to another structural change at low tempera-
ture. Below 10 K, the decrease in χMT is steeper and finally
a value of 1.52 cm3 K mol–1 is attained at 4 K. This value is
slightly below that expected for a magnetically isolated CoII

ion at low temperature (1.75 cm3 Kmol–1) considering an
effective spin SCo of 1/2 and a Landé factor g of around
4.3.[20,21] No maximum of the magnetic susceptibility was
observed in the χM versus T plot. The decrease in χMT from
room temperature to 14 K can be attributed to the depopu-
lation of the higher energy levels as a result of the spin–
orbit interaction of the octahedral high-spin CoII ions. Be-
low this temperature there is an unexplained anomaly down
to 10 K, and the final decrease in χMT is probably due to
the effect of a small antiferromagnetic interaction between
CoII ions.
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Figure 4. χMT vs. T plot for 3 under an applied d.c. field of 1 kG.
The solid line corresponds to the best-fit curve. Inset (a) shows an
enlargement of the low-temperature region. Inset (b) details the
bump in the χMT vs. T plot showing a structural phase transition
at around 215 K.

Bearing in mind that we are dealing with a quasi-magnet-
ically isolated six-coordinate high-spin cobalt(II) ion, we
analysed the magnetic susceptibility data of 3 by using the
following Hamiltonian [Equation (1)].

H = –αλLS + Δ(Lz
2–2/3) + βH(–αL + geS) (1)

The first term in this Hamiltonian corresponds to the
spin–orbit coupling effects, with λ being the spin–orbit cou-
pling constant and α defined as α = Aκ, with A being a
parameter that depends on the strength of the crystal field
and κ being the orbital reduction factor arising from the
covalent character of bonds involving metal and ligands.
The value of A varies between 3/2 and 1 for a weak crystal
field to a strong crystal field, respectively, and typical values
of κ for six-coordinate high-spin cobalt(II) ions are in the
range 0.70–0.95.[22] The second term in this Hamiltonian is
the one-centre operator responsible for the axial distortion
of the six-coordinate CoII ion, with Δ being the energy gap
between the singlet 4A2 and doublet 4E levels arising from
the splitting of the 4T1g ground state under an axial distor-
tion. The last term represents the Zeeman interaction.

Setting the parameter A to 3/2 and adding a Curie–Weiss
law term (θ) to take into account the inter- and intrachain
antiferromagnetic interactions at low temperature, the least-
squares fit of the experimental data of 3 using a full diago-
nalization of the Hamiltonian matrix performed in the 300–
4 K temperature range led to λ = –151 cm–1, Δ = 494 cm–1,
κ = 0.90 and θ = –0.32 K with R = 8� 10–6 {R is the agree-
ment factor defined as R = Σ[(χMT)calcd. – (χMT)obs.]2/
[(χMT)obs.]2}. The theoretical curve (solid line in Figure 4)
reproduces extremely well the magnetic data in the 300–
14 K temperature range and the values of α, λ and Δ lie
within the range of those reported for other octahedral co-
balt(II) complexes.[22] Below 14 K, the experimental points
deviate from the theoretical curve for isolated CoII ions
without the Curie–Weiss term [Figure 4(a)] as a result of
magnetic interactions between the cobalt(II) ions. The ex-
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perimental values are lower than the calculated curve for
isolated CoII ions showing that this interaction is antiferro-
magnetic. It is impossible to know the main interaction re-
sponsible for this behaviour, whether it is due to the interac-
tion between the cobalt(II) ions belonging to adjacent
chains or between the CoII ions through the [Pd(opba)]2–

complex or to the sum of both intra- and intermolecular
interactions. Despite the very long distances between the
cobalt ions within the chain [10.718(4) and 10.720(3) Å,
symmetry code: x + 1, y, z for both phases], probably the
right hypothesis is the final one due to the presence of the
HOMOs of the [Pd(opba)]2– complex, able to transmit the
electronic interaction. Examples of interactions between
first-row transition-metal ions through diamagnetic ions are
known.[23]

The field dependence (H) of the magnetization (M) at
2.8 K and the magnetization calculated by using the best-
fit parameters from the fit of the χMT versus T plot for a
polycrystalline sample of 3 are depicted in Figure 5. The
agreement is reasonably good, except in the low-field region
in which the experimental points are below the calculated
curve. This behaviour confirms the existence of some anti-
ferromagnetic interaction between the cobalt(II) ions. At
2.8 K, the magnetic field has to overcome this interaction
in order to recover the behaviour of isolated cobalt ions.
The saturation value of the magnetization at 6 T is 2.1 BM
per CoII ion. Owing to the fact that only the ground Kra-
mers’ doublet is populated at such a low temperature, a
value of g = Msat./Seff. = 2.1�2 = 4.2 is then calculated. As
g = (10 + 2α)/3, the derived value of α is 1.3. This value is
in good agreement with that of 1.245 obtained from the fit
of the magnetic susceptibility data.

Figure 5. M vs. H plot for 3 at 2.8 K. The solid-line curve was
calculated with the best parameters obtained from the best-fit of
the χMT vs. T plot.

Conclusions

One of the outcomes of this work is the description for
the first time of an oxamato-bridged palladium(II)–co-
balt(II) chain compound in which the diamagnetic nature
of the square-planar PdII ion allows evaluation of the indi-
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vidual contribution of the CoII ions to the magnetic proper-
ties of 1D magnetic systems. According to our results, the
system can be considered quasi-magnetically isolated, be-
cause the CoII ions are far away from each other in terms
of both the intra- and interchain metal–metal separations.
More importantly, a structural monoclinic � triclinic phase
transition was also identified during cooling, as previously
reported for the related oxamato-bridged copper(II)–co-
balt(II) chain compound [CoCu(opba)(dmso)3]n. The or-
dering of the dmso molecule of crystallization is responsible
for the transition. The magnetic data in the warming mode
also reflect this phase transition, and they support its re-
versible character.

Finally, the ability of oxamate-based palladium(II) com-
plexes to act as catalysts in processes such as the hydrogena-
tion of organic substrates, envisaging the preparation of
various fine chemicals,[11b] as well as the tuning of niobia
catalyst properties to the interests of the petrochemical in-
dustry,[24] are prospectives of this work.

Experimental Section
General: All reactants were of analytical grade and were used with-
out further purification. The Et2H2opba proligand was prepared
according to the same procedure as described elsewhere.[25] Elemen-
tal analysis (C, H and N) was performed with a Perkin–Elmer 2400
analyser. Atomic absorption spectrophotometry for Co was per-
formed with a Hitachi Z-8200 Polarized Atomic Absorption Spec-
trophotometer. Infrared spectra were recorded with a Perkin–Elmer
882 spectrophotometer in the range 4000 and 400 cm–1 by using
KBr pellets. Thermogravimetric analysis (TG/DTA) data were col-
lected with a Shimadzu TG/DTA 60 instrument by using 2.0 mg of
the samples packed into an alumina crucible. Samples were heated
at 10 °Cmin–1 from room temperature to 750 °C in a flow of nitro-
gen (flow rate 200 cm3 min–1) and oxygen (flow rate 100 cm3 min–1).
1H NMR spectra were obtained at room temperature with a Bruker
DRX-400 Avance (400 MHz) spectrometer using deuterium oxide
(D2O) as the solvent and tetramethylsilane (TMS) as internal refer-
ence. X-ray powder diffraction patterns were obtained by using a
Rigaku/Geirgeflex diffractometer at room temperature. Data were
collected in the Bragg/Brentano mode (1 ° s–1) using monochro-
matic Cu-Kα radiation (see Figures S4 and S5 in the Supporting
Information). The d.c. magnetic measurements were performed
with a magnetometer SQUID Cryogenic S600 instrument. The dia-
magnetic corrections for the constituent atoms were estimated from
Pascal’s tables and corrections for the sample holder were also ap-
plied.

Preparation of the Compounds

K2[Pd(opba)]·2H2O (1): K2[PdCl4] (0.327 g, 1.0 mmol) was dis-
solved in water (10 mL) and slowly added to an aqueous solution
(10 mL) of Et2H2opba (0.308 g, 1.0 mmol) previously hydrolysed
with KOH (0.264 g, 4.0 mmol) at 40 °C. The resulting solution was
stirred at 40 °C for 24 h, then filtered, and the volume was reduced
to a third under vacuum. The greenish-yellow solid that separated
was filtered off, washed with acetone and dried under vacuum.
Yield: 450 mg (70%). C10H8K2N2O8Pd (468.8): calcd. C 25.62, H
1.87, N 5.98; found C 25.44, H 1.95, N 5.88. IR (KBr): ν̃ = 3389,
2961, 2921, 1659, 1630, 1575, 1472, 1456, 1420, 1385, 874, 774,
741, 583, 541, 449 cm–1. Main signals in 1H NMR (D2O): δ = 6.87
(dd, 1 H, Ph-H3), 7.96 (dd, 1 H, Ph-H4) ppm.
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(PPh4)2[Pd(opba)] (2): PPh4Cl (0.820 g, 2.0 mmol) dissolved in
water (10 mL) was added to an aqueous solution (40 mL) of
K2[Pd(opba)]·2H2O (0.820 g, 2.0 mmol) under continuous stirring.
The mixture was allowed to concentrate at room temperature, and
yellow crystals of 2 suitable for X-ray analysis appeared after
1 month. They were collected by filtration, washed with cold water
and dried in air. Yield: 671 mg (65%). C58H44N2O6P2Pd (1033.35):
calcd. C 67.41, H 4.29, N 2.71; found C 66.89, H 3.95, N 2.74. IR
(KBr): ν̃ = 3450, 3064, 2924, 2854, 1656, 1638, 1614, 1570, 1470,
1438, 1410, 1384, 1280, 1230, 1110, 1038, 996, 870, 752, 538, 526,
442 cm–1.

Synthesis of {[Co(H2O)2{Pd(opba)}]·dmso}n (3): An H2O/dmso (1:1,
v/v, 20 mL) mixture was poured into a glass test-tube containing
K2[Pd(opba)]·2H2O (0.030 g, 0.64 mmol). Then an aqueous solu-
tion (2 mL) of CoCl2·6H2O (0.015 g, 0.064 mmol) was carefully
added dropwise, and the contents of the tube was covered with
Parafilm®. X-ray quality crystals of 3 were obtained after standing
at room temperature for 1 month. They were collected by filtration,
washed with minimum amounts of cold water and dried in air.
Yield: 26.5 mg (83%). C12H14CoN2O9PdS (527.67): calcd. C 27.31,
H 2.67, N 5.31, Co 10.59; found C 27.35, H 2.28, N 5.61, Co 11.17.
IR (KBr): ν̃ = 3396, 1606, 1570, 1468, 1420, 1344, 1276, 1010, 956,
882, 752, 584, 550, 474, 448 cm–1.

Crystal Structure Determinations: Single crystals of compounds 2
and 3 were mounted on polyamide sample holders and used for
data collection. X-ray diffraction measurements were performed
with an Oxford Diffraction GEMINI-Ultra diffractometer using
graphite-monochromated Mo-Kα radiation (λ = 0.71069 Å) at
293(2) K (2 and 3) and Cu-Kα radiation (λ = 1.5418 Å) at 150(2) K
(3, β phase). Data integration and scaling of the reflections were
performed with the CRYSALIS suite.[26] Final unit cell parameters
were based on the fitting of all reflection positions. The structures
were solved by direct methods using the program SUPERFLIP[27]

and refined by full-matrix least-squares techniques against F2 by
using SHELXL-97.[28] Positional and anisotropic atomic displace-
ment parameters were refined for all non-hydrogen atoms. The
dmso molecules in the structure of 3 were found to be disordered
at 293 K and were refined with split atomic positions over the two-
fold axis. All hydrogen atoms were located in difference maps and
included as fixed contributions riding on the attached atoms. The
criteria for a satisfactory complete analysis were the ratios of rms
shift to standard deviations less than 0.001 and no significant fea-
tures in final difference maps. Molecular graphics were produced
with the ORTEP programme.[29] A summary of the crystal data,
experimental details and refinement results is given in Table 1.
CCDC-892812 (for 2), -892814 [for 3 (α phase)] and -892813 [for 3
(β phase)] contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): TG/DTA curves and X-ray diffraction patterns for 1, 2 and 3
(α phase), and also ORTEP® drawings showing the crystal packing
of 2 and 3.
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