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ABSTRACT: Three new heterometallic copper(Il)—cobalt-
(I) complexes [(CuL?),Co{dca},]-H,0(1), [(CuL'),Co-
{dca},], (2a), and [(CuL'),Co{dca},], (2b) [dca~ =
dicyanamide = N(CN), ] have been synthesized by reacting
the “metallo-ligand” [CuL'] or [Cul?] with cobalt(II)
perchlorate and sodium dicyanamide in methanol—water
medium (where H,L' = N,N’-bis(salicylidene)-1,3-propanedi-
amine and H,L? = N,N’-bis(a-methylsalicylidene)-1,3-pro-
panediamine). The three complexes have been structurally and

Supramolecular Isomers

magnetically characterized. Complex 1 is a discrete trinuclear species in which two metallo-ligands coordinate to a cobalt(II) ion
through the phenoxido oxygen atoms along with two terminally coordinated dicyanamide ions. On the other hand, complexes 2a
and 2b are one of the very scarce examples of supramolecular isomers since they present the same [(CuL'),Co{dca},] trinuclear
units (very similar to the trinuclear core in 1) and differ only in their superstructures. Thus, although each Cu,Co trimer in 2a
and 2b is connected to four other Cu,Co trimers through four y; -dca™ bridges, 2a presents a square two-dimensional structure
(each Cu,Co trimer is connected to four in-plane Cu,Co trimers); whereas, 2b shows a triangular three-dimensional lattice (each
Cu,Co trimer is connected to three in-plane and one out-of-plane trimers). Variable-temperature magnetic susceptibility
measurements show the presence of moderate antiferromagnetic exchange interactions (ferrimagnetic) in all the cases mediated
through the double phenoxido bridges that have been fitted with an anisotropic model including spin—orbit coupling in the

central Co(II) ion.

B INTRODUCTION

Coordination polymers (CP) of first transition-metal ions is
one the most developed areas by inorganic chemists or material
scientists in the last few decades. These supramolecular
architectures are readily self-assembled from the appropriate
metal jons and organic linkers through coordination bonds.
There are various factors such as coordination geometry of the
metal atom, temperature, pH value, solvent systems, flexibility
of the ligands, ligand-to-metal ratios, counterions, etc. that can
potentially influence the construction of the frameworks of
CPs." Several methods have been used for the synthesis of CPs.
Among them, Robson et al.” exemplified arguably the most
attractive model, named the “node-and-spacer” approach for
the synthesis of a large variety of CPs, and since then it has
become a widely employed strategy to obtain CPs of various
dimensionalities and network topologies.” Although, most of
the reported CPs are constructed from a single metal center as
a node, there are several reports where oligonuclear complexes
have been used as nodes.” The presence of two or more metal
ions confers a higher geometrical flexibility to the node. In the
case of binuclear nodes, two metal ions or only one of them can
be involved in the interaction with the spacers. When these two
metal ions differ drastically in their chemical behavior (hard/
soft character), then various types of coordination polymers can
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be obtained from the selective interaction of the metal ions
with the spacers.* On the other hand, the use of trinuclear
metal complexes as node is very rare. Recently we have found
that heterometallic trinuclear clusters of salen-type Schiff base
ligands can conveniently be used as nodes, and due to the
conformational flexibility of such species, they have proved to
be very useful for the construction of supramolecular isomers.”

In supramolecular chemistry, the spacer is a planned species,
whose encoded information is read by the metal ions according
to their coordinating modes. However, slight variation in the
way it links the metal ion may result in structurally different
CPs with a fixed chemical composition, commonly known as
supramolecular isomers or, less frequently, in linkage isomers.®
When the crystals contain different guest or solvent molecules,
“supramolecular isomerism” is usually referred to as pseudo-
polymorphism.” Examples of pseudopolymorphs can be found
very often, but supramolecular isomers are very rare; therefore,
the design and synthesis of such isomers pose a challenge to the
synthetic chemists. In this regard, the dicyanamide (N(CN),” =
dca™) spacer is potentially an excellent candidate to construct
supramolecular isomers due to its conformational flexibility and
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versatile coordination modes.® In the common Uy 5 bidentate
bridging mode, the V-shaped dca™ can orient itself in different
directions to coordinate the metal ions. Moreover, it possesses
other coordination modes as /41‘375—dca_,9 /41’1,3,5—dca_,10 and
ﬂ1,1,3,5‘5—dca_.11 Considering the flexibility and versatile
coordination modes of dca™, formation of a large number of
supramolecular isomers is expected. However, to date only
seven supramolecular isomers with dca™ have been reporte-
d;>*"? four of them (two isomeric pairs) possess three-
dimensional (3D) structures where a single metal center,
Zn*" or Cu®, acts as node. The three remaining examples,
recently reported by us using a trinuclear Cu,Cd cluster,
present structures varying from an hexanuclear cluster to a one-
dimensional (1D) ladder and a 1D zigzag chain.>

Herein, we report the synthesis, crystal structure, and
magnetic properties of three novel Cu,Co complexes: the
discrete trinuclear complex [(CuL*),Co{dca},]-H,0 (1), the
two-dimensional (2D) polymer [(CuL'),Co{dca},] (2a), and
the 3D polymer [(CuL'),Co{dca},] (2b); where H,L' and
H,L? are the di-Schiff bases N,N'-bis(salicylidene)-1,3-propane-
diamine and N,N’-bis(a-methylsalicylidene)-1,3-propanedi-
amine, respectively. Polymers 2a and 2b are rare supra-
molecular isomers and crystallize as a mixture of products,
although they are clearly distinguishable for their distinctly
different color and thus can be easily separated by hand.
Furthermore, compounds 1, 2a, and 2b are heterometallic
Cu',Co" clusters where ferri- or ferromagnetic exchange
interactions are expected to occur, depending on the structural
parameters of the bridges. Variable-temperature magnetic
susceptibility measurement of the discrete trinuclear compound
1 and of both the supramolecular isomers 2a and 2b are
presented. The magnetic properties are modeled using an
anisotropic exchange model.

B EXPERIMENTAL SECTION
Starting Materials. Salicylaldehyde, 2-hydroxyacetophe-

none, and 1,3-propanediamine were purchased from Lancaster
and were of reagent grade. They were used as received, without
further purification.

Caution! Perchlorate salts of metal complexes with organic

ligands are potentially explosive. Only a small amount of

material should be prepared, and it should be handled with
care.

Synthesis of the Schiff Base Ligands H,L' and H,L?
and Their Metallo-Ligands [CuL'] and [CuL?]. The two di-
Schiff-base ligands H,L' and H,L* were prepared by standard
methods:"®> S mmol of 1,3-propanediamine (0.42 mL) were
mixed with 10 mmol of the required carbonyl compounds:
salicylaldehyde (1.04 mL) or 2-hydroxyacetophenone (1.21
mL) in methanol (20 mL). The resulting solutions were
refluxed for ca. 2 h and allowed to cool. The yellow-colored
methanolic solutions were used directly for complex formation.
To a methanolic solution (20 mL) of Cu(ClO,),-6H,0 (1.852
g, S mmol) was added a methanolic solution of H,L' or H,L?
(S mmol, 10 mL) to prepare the respective “metallo-ligands”
[CuL']"* and [CuL?]™ as reported earlier (Scheme 1).

Synthesis of the Complexes [(CuL?),Co{dca},]'H,0 (1),
[(CuL"),Cof{dca},], (2a), and [(CuL'),Cofdca},], (2b). The
metallo-ligand [CuL?] (0.744 g, 2 mmol) was dissolved in
methanol (30 mL). To this solution a methanolic solution (10
mL) of cobalt perchlorate (0.365 g, 1 mmol) was added with
continuous stirring. An aqueous solution (10 mL) of sodium
dicyanamide (0.178 g, 2 mmol) was then added to this solution
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Scheme 1. Ligands and Metallo-Ligands Used in This Work
R R R R
L ™

—N  N=
Na's
o \O

OH HO
R=H, HL! R=H, [CuL}]
R = CHs, H,L2 R = CHj, [CuL?]

with stirring. The solution was allowed to stand in open
atmosphere for slow evaporation of the solvent. The brown X-
ray quality single crystals of complex 1 started to appear at the
bottom of the vessel in a few days. After 4 d, the crystals were
isolated, washed with Et,O, and dried in a vacuum desiccator
containing anhydrous CaCl,. Complexes 2a and 2b were
obtained as a mixture of products following a procedure similar
to that of 1, except that the metallo-ligand [CuL'] (0.688 g, 2
mmol) was used instead of [CuL*]. The color of complex 2a is
greenish-brown, whereas complex 2b is green. The crystals for
X-ray analysis and other physicochemical studies (IR and UV—
visible (UV/vis) spectroscopy, powder X-ray diffraction
(XRD), and magnetic measurements) have been separated
easily by naked eye detection.

Complex 1. Yield: 0.724 g. (76%). Anal. Calcd for
C,H,CoCuyN; O (952.89): C 5294, H 4.44, N 14.70.
Found C 52.81, H 4.57, N 14.97%. UV/vis (MeCN): A, =
1120, 605, 327, 265, 216 nm. IR: v(C=N); 1598 cm},
V{N(CN),}; 2270, 2225, and 2158 cm ™.

Complex 2a. Yield: 0.302 g. (34%). Anal. Calcd for
CysHy,CoCu,N,,O, (878.77): C 5194, H 3.67, N 15.94.
Found C 52.11, H 3.78, N 16.07%. UV/vis (MeCN): A.x =
1102, 607, 337, 268, 237, 215 nm. IR: (C=N); 1619 cm~,
V{N(CN),}; 2275, 2220, and 2156 cm ™.

Complex 2b. Yield: 0.330 g (38%). Anal. Calcd for
CysHy,CoCu,N,,O, (878.77): C 5194, H 3.67, N 15.94.
Found C 51.71, H 3.87, N 15.98%. UV/vis (MeCN): 1., =
1094, 610, 337, 269, 237, 216 nm. IR: v(C=N); 1619 cm~,
v{N(CN),}; 2273, 2226, and 2158 cm™..

Crystal Data Collection and Refinement. Suitable single
crystals were mounted on a Bruker-AXS SMART APEX II
diffractometer equipped with a graphite monochromator and
Mo Ka (A = 0.71073 A) radiation. The crystals were positioned
at 60 mm from the charge-coupled device (CCD). 360 frames
were measured with a counting time of 10s. The structures
were solved using Patterson method by using the SHELXS97
software. Subsequent difference Fourier synthesis and least-
squares refinement revealed the positions of the remaining non-
hydrogen atoms. Non-hydrogen atoms were refined with
independent anisotropic displacement parameters. Hydrogen
atoms were placed in idealized positions, and their displace-
ment parameters were fixed to be 1.2 times larger than those of
the attached non-hydrogen atom. Successful convergence was
indicated by the maximum shift/error of 0.001 for the last cycle
of the least-squares refinement. In 2b, two carbon atoms (C10
and C11) were disordered over two positions (C10a, C10b and
Clla, C11b). However, C9a and C9b, and also N2a and N2b,
were identical but had to be included separately, as C9 had
hydrogen atoms in different places because of the disorder
between C10a and C10b, as N2 held in between C10 and C11.
The disordered atoms were also refined with 50% occupancy.
Absorption corrections were carried out using the SADABS
program.'* All calculations were carried out using SHELXS
97,'> SHELXL 97,'° PLATON 99,"” ORTEP-32,"® and WinGX
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Table 1. Crystal Data and Structure Refinement for Complexes 1, 2a, and 2b

complex 1 2a 2b
mol. formula C4,H,,Cu,CoNyO5 C;3H3,Cu,CoNy,O, C;33H;3,Cu,CoN, O,
formula wt. 952.89 878.77 878.77
space group C2/c P2,/c P3,21
crystal system monoclinic monoclinic trigonal
a (A) 23.2919(9) 16.314(5) 11.447(5)
b (A) 10.4559(4) 10.792(5) 11.447(5)
c (A) 17.3059(7) 21.913(5) 24.454(5)
a (deg) 90 90 90
£ (deg) 97.357(2) 106.668(5) 90
7 (deg) 90 90 120
vV (A%) 4179.9(3) 3696(2) 2775(3)
VA 4 4 3
dey (g em™) 1514 1.579 1.578
u (mm™) 1.458 1.640 1.638
R 0.0530 0.0516 0.0772
no. of unique data 3624 6747 3798
data with 1 > 26(I) 2906 4843 3096
Rl on I > 26(I) 0.0392 0.0375 0.0446
wR2 on I > 26(I) 0.1016 0.0812 0.1026
GOF on F 1.077 1.023 1.035
Scheme 2. Synthetic Route to the Complexes 1, 2a, and 2b
I, R_E
Cu(CIO,), ey - (j N\C /NJEQ
OH OH Methanol / \ T O/ u\o
= 1 R=H, [CuL'
RR= C::H;Lz \A\(‘ﬁ\'lf 4 Cy ) R= CH3[, [CuI]Z]
Ligands x\@ : Metallo-ligands

system Version 1.64." Data collection and structure refinement
parameters and crystallographic data for the three crystals are
given in Table 1.

Physical Measurements. Elemental analyses (C, H, and
N) were performed using a Perkin-Elmer 2400 series II CHN
analyzer. IR spectra in KBr pellets (4500—500 cm™') were
recorded using a Perkin-Elmer RXI FT-IR spectrophotometer.
The electronic absorption spectra in acetonitrile solution
(1400—200 nm) and in solid state (1400—250 nm) were
recorded in a Hitachi U-3501 spectrophotometer. Powder XRD
patterns are recorded on a Bruker D-8 Advance diffractometer
operated at 40 kV voltage and 40 mA current and calibrated
with a standard silicon sample, using Ni-filtered Cu Ka (a =
0.15406 nm) radiation. Experimental and simulated powder
XRD plots are given in Supporting Information, Figures S5—S7
for compounds 1, 2a, and 2b, respectively.
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Variable-temperature susceptibility measurements were
carried out in the temperature range of 2—300 K with an
applied magnetic field of 0.1 T on polycrystalline samples of the
three compounds (with masses of 11.02, 32.87, and 36.29 mg
for compounds 1, 2a, and 2b, respectively) with a Quantum
Design MPMS-XL-5 SQUID magnetometer. The susceptibility
data were corrected for the sample holders previously
measured, using the same conditions and for the diamagnetic
contributions of the salt as deduced by using Pascal’s constant
tables (y4, = —498.22 X 107, —429.86 X 107 and —477.3 X
1078 emu mol™ for 1, 2a, and 2b, respectively).

B RESULTS AND DISCUSSION

Synthesis, IR, and UV—vis Absorption Considerations.
The di-Schiff base ligands (H,L' and H,L?) and their Cu"
complexes ([CuL'] and [CuL’]) were synthesized using the
reported methods."”> These metallo-ligands react with Co-
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(Cl0,),:6H,0 and sodium dicyanamide in MeOH—H,0O
medium (4:1, v/v) to form a trinuclear complex and two
polymeric isomers. Complex [(CuL*),Co{dca},]-H,0 (1) is a
discrete trinuclear species where two dicyanamide anions
coordinate to the central Co(II) ion as terminal cis-
monodentate ligands. On the other hand, when the metallo-
ligand is [CuL'], the dca™ ligands connected to the central
Co(II) ion act as bridges to connect each Co(II) to one of the
axial positions of the copper atom of two neighboring trinuclear
units in two different ways to produce a 2D polymer
[(CuL'),Co{dca},], (2a) or a 3D polymer [(CuL'),Co-
{dca},], (2b) (Scheme 2). Note that, in the three complexes,
two metallo-ligands coordinate to a central Co(II) ion along
with two cis coordinated dicyanamide ions, forming identical
Cu,Co trinuclear units (except for the terminal L* and L'
ligands). Albeit, the overall structures of the three compounds
are quite different (see below).

Besides elemental analysis, all complexes were initially
characterized by IR spectra. The metallo-ligands ([CuL'] and
[CuL?]) are neutral and hence do not have any counteranion,
whereas complexes 1, 2a, and 2b contain two coordinated dca™
anions to balance the charge of the central Co(Il) ion. The
complexes exhibit v-_y bands at 2270, 2225, and 2158 cm™" for
1, 2275, 2220, and 2156 cm ™! for 2a, and 2273, 2226, and 2158
cm™' for 2b, which are attributed to vy, + Vum (CN), Vo
(CN), and vy, (CN) modes of the bridging dca™ ligand,
respectively. The IR spectra also show strong and sharp bands
due to the azomethine vc_y group of the Schiff base, appearing
at 1598, 1619, and 1619 cm™ for complexes 1, 2a, and 2b,
respectively. The vc_y bands of the free ligands H,L' and H,L*
appear at 1628 and 1608 cm™’, respectively. The lower value of
the band position indicates the coordination of the azomethine
group to the metal jon. In the IR spectra of complex 1, a broad
band near 3447 cm™" is attributed to the O—H stretching of the
water molecule.

The electronic spectra of the three complexes were recorded
in acetonitrile solutions (Supporting Information, Figure S1).
The spectrum of complex 1 displays a single absorption band at
1120 nm and a shoulder near 605 nm (Supporting Information,
Figure Sla). The positions of these bands are consistent with
d—d transitions in cobalt(I) ions with octahedral geometry.
The shoulder of the band at ca. 600 nm may be attributed to
octahedralCo(II) (4A2g(F) — 4T1g(F)) or to square-based
Cu(I1) (ZTZg — 2Eg). The charge transfer (CT) bands are
observed at 327, 265, and 216 nm (Supporting Information,
Figure S1b). The spectra of complexes 2a and 2b are very
similar to each other. They show two separated d—d transition
bands at 1102 and 607 for 2a and at 1094 and 610 nm for 2b.
Four distinct CT bands in the spectra of both complexes appear
at 337, 268, 237, 215 nm in 2a and 337, 269, 237, 216 nm in
2b. The UV/vis spectra of the two isomers 2a and 2b are also
measured in solid-state diffused reflectance spectra (Supporting
Information, Figure S2). The compounds exhibit two broad
absorption bands in the visible region at the 530—660 and at
the 1250—1350 nm regions. Besides these broad bands, both
products show two separated sharp single absorption maxima
near 358, 283 nm for 2a and 367, 289 nm for 2b, attributed to
ligand-to-metal CT transitions (near 360 nm) and z—rx*
transition within the ligand (near 280 nm).

Description of Structures of the Complexes.
[(CuL?),Cofdca},]-H,O (1). Compound 1 consists of discrete
trinuclear units of formula [(CuL*),Co{dca},] with a crystallo-
graphic 2-fold axis passing through the cobalt atom. The
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trinuclear complex contains a central cobalt ion coordinated to
two cis-terminal dca™ ligands and to four phenoxido oxygen
atoms from two terminal [CuL?] chelating units (Figure 1).

Figure 1. ORTEP view of complex 1 with ellipsoids at 30%
probability. Dashed lines represent the two equivalent long semi-
coordinate Cu—O bonds (Cul—01 = 2.719(2) A).

Table 2. Bond Distances (A) and Angles (deg) around the
Metal in Centers Complex 1

atoms distance atoms distance
Cul-0O1 1.908(3) Cul-0O1%* 2.718(2)
Cul-02 1.923(2) Col-01 2.273(2)
Cul—-N1 1.945(3) Col-02 2.005(2)
Cul—-N2 1.970(3) Col-N3 2.061(3)
atoms angle atoms angle
01-Cul-02 83.48(10) 01-Col—02 72.88(9)
01-Cul—-N1 90.43(12) 01-Col-N3 166.02(11)
01-Cul-N2 165.90 (11) 01-Col—O1* 72.23(8)
01-Cul-01* 68.22(8) 01-Col—02* 82.80(9)
02-Cul—-N1 165.80(12) 01—-Col-N3* 98.73(10)
02—Cul-N2 89.82(12) 02-Col—N3 95.77(11)
O1*—Cul-02 73.10(8) 02—Col-02* 149.89(9)
N1-Cul—-N2 98.74(14) 02-Col—N3* 105.09(11)
O1*—Cul—N1 116.47(11) N3—Col—-N3* 92.02(13)
01*—Cul—N2 97.97(10) symmetry

element ¥ =2 —x,9,1/2 —z

The bond distances and angles are given in Table 2. The Cu(II)
ions present a pentacoordinated square pyramidal geometry,
where the basal plane is formed by the two imine N atoms
N(1) and N(2) and the two phenoxido O atoms O(1) and
O(2) of the chelating Schiff base. The two [CuL?] units in the
molecule are connected through the semicoordination of one of
the phenoxido oxygen atoms of one unit, O(1), to the axial
position of the copper atom (Cul*) of the other [CuL?] unit,
with a Cu(1)*—O(1) distance of 2.718(2) A (symmetry
element * =2 — «, y, 1/2 — z). This semicoordination leads to
a Cu-Cu distance of 3.695(1) A. The root-mean-square
(r.m.s.) deviation of the four basal atoms from the mean plane
passing through them is 0.199 A. The metal atom is 0.004(1) A
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from this plane toward the axially coordinated oxygen atom.
The Addison parameter”® of the Cu atom is 0.001, indicating an
almost perfect square pyramidal geometry.

The central Co(1) atom lies on a 2-fold axis and is bonded to
two N atoms from two cis-coordinated terminal dca™ ligands
and to four oxygen atoms from two bidentate chelated [CuL?’]
units in a highly distorted octahedral arrangement. The six
bond distances around Co(II) ion lie in the range of 2.019(2)—
2.272(2) A (Table 2). The cis N—Co—N angle [92.04(13)°]
formed by the two dca™ groups is close to the ideal value of 90°,
but those involving the two oxygen atoms from the chelated
[CuL?] metallo-ligand [72.87(9)°] are far from the ideal values.
The three trans angles [between 149.88(9) and 166.03(11)°]
are also considerably smaller than the ideal ones.

[(CuL"),Cofdca},], (2a). Compound 2a presents a 2D
polymeric structure formed by trinuclear units [(CuL'),Co-
{dca},] connected by bridging dca™ anions. These trinuclear
units contain two terminal [CuL'] entities, one central Co(II)
atom, and two dcaanions coordinated to the Co(I) ion
(Figure 2). The bond distances and angles are given in Table 3.

Figure 2. ORTEP view of complex 2a with ellipsoids at 30%
probability. Hydrogen atoms are omitted for clarity. Symmetry
element * =1 —«,1/2 +y,1/2 — z and b —x,y+1/2,1/2 — z.

Both copper atoms Cu(l) and Cu(2) present a square
pyramidal geometry, where the basal plane is formed by the
two imine N atoms [N(1) and N(2) for Cu(1); N(3) and N(4)
for Cu(2)] and the two phenoxido O atoms [O(1) and O(2)
for Cu(1); O(3) and O(4) for Cu(2)] of the corresponding L*
ligand. The axial positions are occupied by the nitrogen atoms
[N(7) and N(10) for Cu(1) and Cu(2), respectively] of two
different y, s-dca™ anions connecting the Cu(II) ions of one
trimer with two other Cu,Co units (Figure 2). The r.m.s.
deviations of the four basal atoms from the mean plane passing
through them are 0.017 and 0.012 A for Cu(1) and Cu(2),
respectively. The metal atoms Cu(1) and Cu(2) are located
0.151(1) and 0.141(1) A away from this plane toward the
axially coordinated nitrogen atom of the dca™ coligands. The
Addison parameter”® of the Cu(1) and Cu(2) atoms are 0.028
and 0.007, indicating, as in 1, an almost perfect square
pyramidal geometry.

The central Co(1) atom is bonded to four phenoxido oxygen
atoms, two from each of the two [CuL'] units and two cis-
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coordinated nitrogen atoms from two different dca™ coligands,
giving rise to a distorted octahedral geometry. The O—Co—O
cis angles subtended at the metal centers by the chelating
[CuL'] units are 74.4(1)° and 72.1(1)°, whereas the two cis-
coordinated dca™ ligands present a N—Co—N bond angle of
90.3(1)° (Table 3). On the other hand, the three trans angles,
in the range of 155.1(1)—171.4(1)°, indicate an important
distortion of the central cobalt atom from the ideal octahedral
geometry, although smaller than in 1. The Cu(1)--Co(1),
Cu(2)-+Co(1), and Cu(1)--Cu(2) distances are 3.089(2),
3.032(2), and 4.020(2) A, respectively.

[(CUL’)ZCO{dCCl]Z],, (2b). Compound 2b has the same
molecular formula [(CuL'),Co{dca},], as 2a, but the
polymeric structure is 3D instead of 2D (see below). The
asymmetric unit of complex 2b contains one [CuL'] unit, one
dca” anion, and one Co(II) atom sitting on a 2-fold axis
(Figure 3). The bond distances and angles are given in Table 3.
As in 2a, the terminal copper atom in 2b has a square pyramidal
geometry, with the basal plane formed by the two imine N
atoms N(1) and N(2) and the two phenoxido O atoms O(1)
and O(2) of the Schiff base. The axial position is occupied by a
nitrogen atom (N7) of a y, s-dca™ ligand. The r.m.s. deviations
of the four basal atoms from the mean plane passing through
them is 0.038 A. The metal atom is located 0.145(1) A away
from this plane toward the axially coordinated nitrogen atom of
the dca™ coligand. The Addison parameter®® of Cu(1) is 0.057,
indicating a small distortion from the ideal square pyramidal
geometry.

The central Co atom sits on a 2-fold axis and is coordinated
by four phenoxido oxygen atoms from two [CuL'] units and
two nitrogen atoms from two dca™ ligands. The bond lengths
around Co(1) are in the range of 2.056(3)—2.161(3) A. The
chelating [CuL'] unit and the two cis-coordinated dca™ ligands
form cis angles of 71.6(1)° and 90.2(2)°, respectively (Table
3). On the other hand, the three trans angles lie in the range of
152.1(1)—171.2(2)°, indicating a very similar distortion of the
coordination environment around the cobalt atom in 2a and
2b. The Cu(1)--Co(1) and Cu(l)--Cu(1)’ distances are
3.069(2) and 4.009(2) A (symmetry element ' = —x, —x + y,
—z + 2/3).

Origin of the Differences in the Dimensionality of the Two
Coordination Polymers 2a and 2b. Although, as already
indicated, both complexes 2a and 2b contain the same
molecular composition [(CuL'),Co{dca},], that is, triangular
Cu,Co nodes connected by four i -dca bridges with four
neighboring Cu,Co nodes (forming uninodal 4-connected
nets), their polymeric structures are different: compound 2a
presents a 2D structure, whereas 2b is a 3D network. Since
these two compounds have identical chemical compositions but
differ only in their spatial superstructures, they are rare
examples of supramolecular isomers. Moreover, compounds
2a and 2b are even rarer examples of supramolecular isomers
that are clearly distinguishable by naked eye since complex 2a is
greenish-brown, whereas 2b is green.

The Cu—Co—Cu angles inside the trimeric angular Cu,Co
nodes are also very similar (82.10(2)° and 81.55(3)° for 2a and
2b, respectively), as is the geometry of the bridging i, s-dca™
anions (V-shaped with N—N—N vertex angles of 124.0(3)° and
123.2(3)° in 2a and 122.8(6) in 2b). Furthermore, the two y, s-
dca™ anions are cis-coordinated to the central cobalt atom
(Figures 2 and 3). The question is then why are the
compounds different? In fact, the only difference between
two structures is the spatial disposition of the bridges: in 2a the
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Table 3. Comparing the Bond Distances (A) and Angles (deg) around the Metal Centers in Both Isomers 2a and 2b

2a 2b
unit A unit B
atoms distances distances atoms distances
Cul-01 1.956(2) 1.951(2) Cul-01 1.925(3)
Cul-02 1.950(2) 1.949(2) Cul-02 1.939(5)
Cul-N1 1.977(7) 1.976(3) Cul-N1 1.971(7)
Cul-N2 1.966(6) 1.978(3) Cul-N2A 1.966(6)
Cul—-N5* 2.379(4) 2.296(4) Cul-Ns"? 2.456(6)
Col-01 2.094(2) 2.056(2) Col-01 2.055(3)
Col-02 2.124(3) 2.172(3) Col-02 2.159(3)
Col-N7 2.080(3) 2.060(3) Col-N7 2.075(6)
Col—Cul 3.032(2) 3.089(2) Col—Cul 3.070(2)
atoms angle angle atoms angle
01-Cul-02 78.9(1) 82.0(1) 01-Cul-02 79.5(1)
01-Cul-N1 92.0(1) 90.0(1) 01-Cul-N1 90.9 (2)
O1-Cul—-N2 167.3(1) 169.4(1) 01-Cul—-N2A 169.1(2)
O1-Cul—-Ns* 99.3(1) 94.2(1) 01-Cul-Ns"? 94.0(2)
02—Cul-N1 167.7(1) 167.7(1) 02—-Cul—-N1 165.9(2)
02—Cul—-N2 90.3(1) 90.2(1) 02—Cul—-N2A 92.2(3)
02—Cul-N5* 94.3(1) 92.5(1) 02—Cul-Ns"? 102.9(3)
N1-Cul-N2 97.6(1) 96.5(1) N1-Cul—-N2A 95.9(3)
NI1-Cul—-N5“ 95.4(1) 97.4(1) NI1-Cul-Ns"? 87.9(3)
N2—Cul—-Ns* 88.2(1) 93.3(1) N2A—-Cul-N5"? 94.8(3)
01-Col1-02 72.1(1) 74.4(1) 01-Col-02 71.7(1)
01-Col-N7 99.0(1) 98.8(1) 01-Col-N7 99.7(2)
02—-Col-N7 96.1(1) 95.2(1) 02—Col-N7 94.3(2)
01A—Col1-01B 155.1(1) 01-Col1-01"" 152.2(2)
O1A—Col-02B 86.7(1) 01-Co1-02'" 87.3(1)
01A—Col1-02B 79.5(1) 02—Co1-02'"" 82.5(2)
02A-Col1-N7B 169.7(1) 02'—Col-N7° 171.1(2)
01A—-Col-N7B 98.9(1) 02—Col-N7'* 99.9(2)
N7A—Col-N7B 90.3(1) N7—Col-N7" 90.1(2)
Col-01-Cul 96.9(1) 100.9(1) Col-01-Cul 100.9(1)
Col-02—Cul 96.1(1) 97.0(1) Col-02—Cul 96.9(2)
O1B—Col-N7A 98.3(1)
01B—Col-02A 88.4(1)
02B—Col-N7A 171.4(1)

“Symmetry operation = 1 — &, 1/2 +y, 1/2 — z for A unit and —«, 1/2 +y, 1/2 — z for B unit of compound 2a. *Symmetry operation ' = —x, —x + y,

2/3 —zand " =x—y 1—y 1/3 — z for 2b.

four y; s-dca™ anions connect each Cu,Co unit with four similar
Cu,Co units in the same plane (Figure 4a), giving rise to a 2D
square lattice (Figure 4b), whereas in 2b these four Cu,Co
nodes are distributed in two different planes with a distorted
tetrahedral orientation (Figure 4c), giving rise to a 3D structure
formed by interconnected triangular layers (Figure 4d).
Magnetic Properties. The three compounds present, as
expected, very similar magnetic properties (Figure S). The
product of the molar magnetic susceptibility times the
temperature ()(mT) per Cu,Co trimer shows room temperature
values of ca. 3.90, 3.88, and 3.80 emu K mol™ for compounds
1, 2a, and 2b, respectively. These values are within the normal
range expected for two noninteracting Cu(II) ions and a Co(II)
ion. Thus, if we subtract the expected contribution for two
Cu(II) ions (ca. 0.80 emu K mol™"), we obtain values of ca.
3.10, 3.08, and 3.00 emu K mol™" for the Co(II) contribution of
compounds 1, 2a, and 2b, respectively (within the normal
range of 2.8—3.4 emu K mol™' observed in isolated Co(II)
complexes).”! These values are above the expected ones for an
S = 3/2 spin ground state (1.875 emu K mol™") since high spin
Co(II) octahedral complexes present an orbital contribution
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arising from the *T; ground state. When the temperature is
decreased, y,,T shows a continuous decrease to reach a smooth
plateau of ca. 0.3 emu K mol™ at low temperature (or a small
bump in compound 2b, attributed to the presence of a small
fraction of a ferromagnetic impurity). The decrease in the
observed y,,T may be due to two possible reasons: on one
hand, it may be a consequence of the first-order spin—orbit
coupling present in isolated Co(II) complexes and, on the
other hand, it may be due to the presence of an
antiferromagnetic coupling between the central Co(Il) ion
and the terminal Cu(II) ones. Since the spin—orbit coupling in
isolated Co(II) complexes usually leads to y,, T values at low
temperature in the range of 1.0—2.0 emu K mol ™, well above
the observed value of ca. 0.3 emu K mol™}, we can conclude
that the three compounds present an antiferromagnetic
coupling between the central Co(II) ion and the terminal
Cu(II) ones.

A confirmation of the ferrimagnetic coupling is provided by
the thermal variation of the molar susceptibility y,, that shows
rounded maxima at ca. 50, 65, and 60 K for compounds 1, 2a,
and 2b, respectively, which are slightly masked by the intense
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Figure 3. ORTEP view of complex 2b, with ellipsoids at 30%
probability. Hydrogen atoms are omitted for clarity. Symmetry
element ' = —x, —x +y, —z +2/3; "=x—y 1 —y, —z+ 1/3; "
—x +y, —xz+1/3.

Chgoreec @

Figure 4. (a) Planar connectivity of the Cu,Co nodes in compound 2a
and (b) the resulting 2D square lattice. (c) Distorted tetrahedral
connectivity of the Cu,Co nodes in compound 2b and (d) the
resulting 3D structure. Color code: Cu = green, Co = purple, N = blue,
C = brown.
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Figure S. Thermal variation of the y,,T product for the trinuclear
CoCu, compounds 1, 2a, and 2b. Inset shows the low-temperature
region. Solid lines are the best fits to the anisotropic model (see text).

paramagnetic contribution of the S = 1/2 ground state at low
temperatures (Curie tail) (not shown). This contribution of the
S 1/2 ground state is clearly seen in the isothermal
magnetization at low temperatures that show saturation values
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close to 1 yp, the expected value for a S = 1/2 spin ground state
with g = 2 (see Supporting Information, Figures S3 and S4).

Since the three compounds show a symmetric (1 and 2b) or
nearly symmetric (in 2a) trimer structure with a central Co(II)
ion connected to two terminal Cu(II) ions through a double
phenoxido bridge, we have used a model that considers a
ground state of *T| for the octahedral Co(II) ion with a S = 3/2
spin state with a fictitious angular momentum L = 1. The
Hamiltonian for this triangular system contains three different
terms: (i) an isotropic exchange interaction between Cu(1I)
and Co(II) real spins, based on the Lines model,** (ii) a spin—
orbit interaction term in the Co(II) ion, and (jii) a term taking
into account the effect of axial distortions:**

= —2J(ScuSco + ScuSce) + AkASc L
+ D(L> + L(L + 1))

In this Hamiltonian k is the orbital reduction factor and 4 is
the spin—orbit coupling constant. The A factor, defined in the
context of T and P term isomorphism, permits differentiation
between the matrix elements of the orbital angular momentum
operator calculated with the use of the P term basis from those
calculated with the wave functions of the *T, term.**

The Zeeman interaction is assumed to be isotropic and can
be presented as:

I:I = ﬁ(geSCo + AkL)H + ﬁgcu(sCol + SCOZ)H

where the first term describes the interaction of an octahedral
Co(II) ion with an external magnetic field including both spin
and orbital Zeeman contributions (g, is the electronic g factor)
and the second term only considers the spin Zeeman
contribution of the Cu(Il) ions.

Since there is no analytical expression for fitting the magnetic
properties with this anisotropic Hamiltoniam, the thermal
variation of the molar magnetic susceptibility y,, for the
trinuclear Cu,Co unit was simulated using an exact
diagonalization process.”> A very satisfactory fit of the y,T
product is obtained for the three compounds with the
parameters displayed in Table 4 (solid lines in Figure $).

The spin—orbit coupling parameters are close to those
observed for the free Co(Il) ion (—160 cm™). The negative
value of parameter A means that the doublet “E, state is the
fundamental and lies below the *A, state by 550—770 cm™, a
value which is reasonable for octahedral Co(II) ions.

The antiferromagnetic coupling observed in the three
compounds can be explained from their structures. They all
present double phenoxido bridges connecting the central
Co(II) ion with the two terminal Cu(II) ones. It is well-
known that the magnetic coupling through this kind of double
alkoxido bridges is mainly controlled by the M—O—M bond
angle and the dihedral angle within the M,0, entity.26 These
correlations show that for M = Cu(Il) the coupling is
antiferromagnetic and increases (in absolute value) as the
M—O—-M angle increases. As expected, the coupling also
increases (in absolute value) as the dihedral angle in the M,0,
unit decreases, becoming maximum when the M,0, unit is
planar.

In compounds 1, 2a, and 2b the Cu—O—Co bond angles are
100.44(11)° and 92.07(10)° (in 1), 100.84(9)°, 96.97(9)°,
96.12(9)°, and 96.90(9)° (in 2a), and 100.91(14)° and
96.79(15)° (in 2b) (Table 4). Although the above-mentioned
correlations have been established for homometallic systems,
we can conclude that for the angles present in compounds 1,
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Table 4. Magnetic and Structural Parameters of the Cu,Co
Complexes 1, 2a, and 2b

parameter 1 2a 2b
2J (em™) -37.2 -51.6 —47.2
2 (em™) —163.0 —160.0 —180.0
A (em™) —758.9 —551.6 —769.3
Ak —148 —141 —-1.50
8cu 2.11 2.00 2.12
Tip (emu mol™) 1.1 x 107 2.6 X 107 59 x 107
R* 1.5 X 1073 7.8 X 107* 6.7 X 1073
Cu—0—Co (deg) 100.47(10) 100.84(9) 100.91(14)
92.06(9) 96.97(9) 96.79(15)
96.12(9)
96.90(9)
Cu-0 (A) 1.908(2) 1.951(2) 1.938(4)
1.922(2) 1.948(2) 1.923(3)
1.949(2)
1.956(2)
Co-0 (4) 2.005(2) 2.056(2) 2.162(3)
2.273(2) 2.172(2) 2.056(3)
2.124(2)
2.094(2)

“R is the error of the fitting process.

2a, and 2b the Cu—Co coupling is expected to be
antiferromagnetic and moderate, in agreement with the
experimental results. Furthermore, since the average Cu—O—
Co bond angles are significantly larger in compounds 2a and 2b
(97.71° and 98.85°) than in 1 (96.26°), compounds 2a and 2b
are expected to show a larger antiferromagnetic coupling, in
agreement with the observed ] values (Table 4). If we compare
compounds 2a and 2b, we can see that both compounds
present similar coupling constants. This is probably due to the
fact that, although in 2b the Cu—Co—Cu bond angles are larger
(and, therefore, 2b should present a stronger coupling), the
CuO,Co entity is significantly more planar in compound 2a
(18.3°) than in compound 2b (25.2°), resulting in a decrease of
the coupling constant in complex 2b.

The antiferromagnetic interaction observed in compounds 1,
2a, and 2b are of the same order as those of the only three
reported Cu,Co trimers with similar double oxido bridges.
Albeit, we cannot establish any comparison since in two of
these three complexes the model used to fit the magnetic
properties was an isotropic one, only valid at high temper-
atures,”” the third complex presents some important geo-
metrical differences (the central Co(II) presents an elongated 4
+ 2 coordination geometry), and the anisotropic model
included a large zero-field splitting in the Co(II) ion (IDI =
56 cm™!).2®

B CONCLUSIONS

Here we have shown that the reaction of two different metallo-
ligands, [CuL'] and [CuL?], containing di-Schiff base ligands
with cobalt(II) and dicyanamide anions, gives rise to three
different compounds containing similar Cu,Co trinuclear units
where double phenoxido bridges connect the central Co(II) ion
with the terminal Cu(II) ones. The most surprising result is the
simultaneous crystallization of two different isomers, 2a and 2b,
presenting the same Cu,Co units and dca™ bridges with the
same connectivity differing only in the spatial distribution of the
bridges that leads to a 2D square lattice in 2a and a triangular
3D lattice in 2b. Furthermore, although 2a and 2b are almost
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identical, they present different colors, allowing an easy
separation. From the magnetic point of view, as expected, the
three compounds present very similar properties with a
moderate antiferromagnetic Co—Cu exchange interaction that
can be well-modeled with an anisotropic exchange model
including a spin—orbit coupling in the central Co(II) ion.

B ASSOCIATED CONTENT
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UV—vis spectra of the three complexes in acetonitrile solution
(Figure S1) and both isomers (2a and 2b) in solid phase
(Figure S2). Isothermal magnetizations at 2 K for the three
complexes (Figures S3 and S4). Experimental and simulated
powder X-ray data of compounds 1, 2a, and 2b (Figures S5—
S7). Crystallographic data of all the complexes are given in CIF
format. This material is available free of charge via the Internet
at http://pubs.acs.org.
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