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ABSTRACT: The synthesis, structural, electronic and magnetic
characterization of five dinuclear Co(Il) azacryptand compounds
(1-5) bridged through different ions are reported. The magnetic
exchange interactions, 2J values, obtained from theoretical com-
putations show that the variation of the intermetallic angles and
distances lead to antiferromagnetic behaviours. Magneto-
structural correlations show a trend, where the angles Co(Il)-
bridge-Co(II) closer to 180° favour an increase in the superex-
change pathway leading to higher AF interaction values.

INTRODUCTION

In recent years, the synthesis of compounds containing short
ligands with a wide variety of bridging modes to connect metal
ions has been the subject of extensive investigation due to their
application in many fields including supramolecular chemistry,'
photoluminescence,” catalysis,” molecular recognition of im-
portant molecules in the biological field,* molecular magnetism’
and environmental fields.® From a magnetic point of view, the
bridging modes of these ligands can produce a wide range of
magnetic behaviours, which range from diamagnetic to moderate
or weak antiferromagnetic systems.” Furthermore, in some cases
these ligands allow antisymmetric interactions (Dzyaloshinski-
Moriya interaction, DM), which play a role in canting the spins
and minimizing the energy of the system, thereby allowing weak
ferromagnetic behaviour to be observed.*'” In the past, several
research groups have established magneto-structural correlations
with first row transition metal compounds, especially with
Cu(ID)'"""%; however, when there is a significant spin orbital con-

tribution, the correlation becomes difficult to establish. For highly
anisotropic ions, such as Co(Il), some computational studies of
the magnetic moment considering axial splitting and spin—orbit
coupling are successful yet limited to mainly mononuclear or very
few dinuclear systems in O, symmetries.'*'” For polynuclear
cases, the type and magnitude of the magnetic exchange interac-
tion depends on many factors, such as the metal-metal separation,
the metal-bridging ligand bond lengths, the bridge identity, the
dihedral angles between the planes containing the metal ions, the
metal ion stereochemistry and the bond angles to the bridging
atoms.'®"?

Consequently, more experimental and computational work with
anisotropic systems is essential to establish magneto-structural
correlations in order to understand and control the exchange
interactions. For this purpose, we decided to use azacryptands
ligands, which are known for the ability to modulate their cavi-
ty/cage size in order to contain different hosts.”*** For transition
metals, these ligands lead to dinuclear systems where the metal
ions are encapsulated and isolated from the neighbouring mole-
cules, minimizing the intermolecular interactions. At the same
time, the molecules can be stabilized when the metal ions are
linked through a bridging moiety such as an alkyl carbonate
bridge formed through a CO, fixation process.” Mono-, di-, tri-,
tetra-, or penta- atomic bridges can be included systematically to
replace the alkyl carbonate bridge. This changes the spatial, elec-
tronic and magnetic properties of the complex and has been
termed “cascade coordination”.?* In this work, we report the
synthesis and crystallographic analysis of five Co(Il) azacryptand
complexes. By varying the nature of the bridging ligands we can
influence the structural and electronic properties as well as induce
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magnetic interactions within each compound as is described in the
following sections.

EXPERIMENTAL SECTION

Materials. All chemicals were obtained from commercial
sources and used as received, without further purification. “Cau-
tion! Perchlorate salts of metal complexes with organic ligands
are potentially explosive and should be handled with great care.”

Ligand Synthesis. The ligand 6,16,2,5-tribenzena(l1,3)-
1,4,8,11,14,18,23,27-octa-azabicyclo[9.9.9]nonacosaphane  (L1)
was synthesized by following a modified procedure from the
literature.® Isophtalaldehyde (15.00 mmol, 2.01 g) and tris(2-
aminoethyl)amine (10.00 mmol, 1.46 g) were dissolved in 50 mL
of MeOH and refluxed for one hour. A white powder was collect-
ed, washed with Et,0 and MeOH and re-dissolved in 200 mL of
dried EtOH at reflux, then NaBH, (26.40 mmol, 1.00 g) was
added slowly in small quantities. The mixture was refluxed for 3
hours and left to stir for 36 hours at RT. After this time, the sol-
vent was removed and the product was mixed with 50 mL of a IM
NaOH solution, extracted with chloroform, washed with water
and dried to get a white waxy liquid. Attempts to get the dinuclear
Dy(IIT) compound with L1 (0.10 mmol, 0.06 g) and DyCl;.6H,0
(0.20 mmol, 0.07 g) in 10 mL of MeOH for 2 hrs leads to crystal-
lization of L1 with a protonation of five out of the eight amine
groups to ammonium positions with CI' as counter ions. The
solution obtained was filtered and left to slow evaporation. Yield:
70%. 'H-NMR in CDCl;, 8(ppm): 8.19(d, 3H), 8.17 (d, 3H),
7.57(s, 6H), 7.52 (t, 3H), 5.32 (s, 3H), 3.77(br, 6H), 2.23 (br, 6H),
2.92 (br, 6H), 2.69 (br, 6H). Selected IR (KBr pellet, cm™): 2814
(br), 2311 (w), 1452 (m), 1332(s), 1279 (s), 1155 (m), 1051 (m),
745 (vs), 699 (s), 656 (m).

Synthesis of [Co"z(L1)(OAc)](CIO4)3-2Me0H (1). The
slow addition of Co(Cl0O,),"6H,0 (0.20 mmol, 0.07 g) and (n-
Bu),NCH;3CO, (0.20 mmol, 0.06 g) in 5 mL of CH3CN to L1
(0.10 mmol, 0.06 g) in 5 mL of MeOH yielded a bright green
solution, which was stirred for three hours then filtered. Green
rhombic crystals suitable for X-ray measurements were obtained
by slow diffusion of Et,0.% Selected IR (KBr pellet, cm™): 3239
(br), 2876 (br), 1567 (m), 1454 (m), 1068 (vs), 796 (m), 751 (m),
699 (m), 620 (vs). Yield = 40%. UV-Vis (A in nm / ¢ in M'em™):
460/ 230.14, 478/267.47, 602/256.09, 717/86.50.

Synthesis of [Co"z(L1)(OCN)](C|O4)3-2CH3CN (2).
The slow addition of Co(ClOy4), 6H,0 (0.20 mmol, 0.07 g) in 5
mL of CH;CN and NaOCN (0.20 mmol, 0.01 g) dissolved in the
minimum quantity of H,O to L1 (0.10 mmol, 0.06 g) in 5 mL of a
MeOH yielded to a bright green solution, which was stirred for
three hours then filtered. Green rectangular crystals suitable for
single crystal X-ray diffraction analysis were obtained by slow
diffusion of Et,0. Selected IR (KBr pellet, cm™): 3245 (w), 2879
(W), 2277 (m), 1435 (m), 1057 (vs), 790 (w), 753 (m), 697 (w),
620 (vs), 580 (w). Yield = 36%. UV-Vis (A in nm / & in M'em™):
458/228.90, 478/221.42, 602/172.25, 707/59.24.

Synthesis of [C0";(L1)(N3)]I(N3)-(C104),-H,0 (3). The
slow addition of Co(ClOy,),-6H,0 (0.20 mmol, 0.07 g) in 5 mL of
CH;CN and NaNj (0.20 mmol, 0.01 g) dissolved in the minimum
quantity of H,O to L1 (0.10 mmol, 0.06 g) in 5 mL of MeOH
yielded to a green solution, which was stirred for three hours then
filtered. Green needles suitable for single crystal X-ray diffraction
analysis were obtained by slow diffusion of Et,O. Selected IR
(KBr pellet, cm™): 3591 (br), 3250 (w), 2882 (w), 2193 (vs),
2024(vs), 1436 (m), 1061 (vs), 794 (m), 755 (m), 700 (vs), 621
(s). Yield = 65%. UV-Vis (A in nm / & in M'em™): 461/187.42,
477/177.34, 602/290.19, 696/65.49.

Synthesis of [Co",(L1)(CI)](C1O,);"MeOH (4). This
complex was obtained following a modified procedure from the
literature.”” The slow addition of Co(Cl10y4), 6H,0 (0.20 mmol,

0.07 g) and (n-Bu),NCI (0.20 mmol, 0.05 g) in 7 mL of CH;CN to
L1 (0.10 mmol, 0.06 g) in 2 mL of MeOH yielded a purple solu-
tion with purple powder, which was stirred for three hours then
filtered. The powder was re-dissolved in CH;CN and purple
rhombic crystals suitable for single crystal X-ray measurements
were obtained by slow diffusion of Et,0. The complex obtained in
this work contains different solvent molecules within the lattice
than those reported in the literature. Selected IR (KBr pellet, cm®
"): 3512 (br), 3264 (w), 2946 (br), 1472 (w), 1438 (w), 1284 (w),
1164 (w), 1052 (vs), 1019 (vs), 923 (m), 889 (m), 809 (m), 763
(m), 708 (w), 621 (vs). Yield = 32%. UV-Vis (A in nm / & in M
'em™): 510/112.07, 609/161.74, 680/54.12, 796/26.75.

Synthesis of [Co",(L1)(Br)](CIO,);:MeOH (5). The
slow addition of Co(ClO,),-6H,0 (0.20 mmol, 0.07 g) and (n-
Bu),NBr (0.20 mmol, 0.06 g) in 7 mL of CH;CN to L1 (0.10
mmol, 0.06 g) in 2 mL of MeOH yielded a purple solution with
purple powder, which was stirred for three hours then filtered.
The powder was re-dissolved in CH;CN and purple rhombic
crystals suitable for single crystal X-ray measurements were
obtained by slow diffusion of Et,0. Selected IR (KBr pellet, cm’
1: 3585 (br), 3248 (br), 2876 (br), 1634 (s), 1453 (m), 1342 (m),
1074 (vs), 801 (s), 756 (s), 700 (s), 621 (s). Yield = 12%. UV-Vis
(A in nm / ¢ in Mlem™): 480/132.56, 606/173.40, 685/126.54,
775/30.13.

Synthesis of [Co",(L1)(MeCO;)][Co"(NCS),]CIO,
-CH3CN (6). The slow addition of Co(C10,),-6H,0 (0.20 mmol,
0.07 g) and (n-Bu);NSCN (0.20 mmol, 0.06 g) in 5 mL of
CH;CN to L1 (0.10 mmol, 0.06 g) in 5 mL of MeOH yielded a
bright blue solution, which was stirred for three hours then fil-
tered. After 2 days blue rectangular crystals suitable for single
crystal X-ray measurements were obtained by slow diffusion of
Et,0. Selected IR (KBr pellet, cm™): 3192 (br), 2877 (br), 2061
(vs), 1629 (s), 1456 (m), 1343 (m), 1201 (w), 1073 (m), 800 (m),
757 (m), 701 (m), 622(m), 568 (br). Yield = 12 %.

Magnetic Measurements. The variable temperature mag-
netic susceptibility measurements were obtained using a Quantum
Design SQUID MPMS-XL7 magnetometer operating between 1.8
and 300 K and applied dc fields of -7 to 7 T. The analyses were
performed on polycrystalline samples of 20.0, 21.9, 9.0, 21.5 and
7.8 mg of compounds 1-5, respectively, wrapped in a polyeth-
ylene membrane. Diamagnetic corrections were applied for the
sample holder and the core diamagnetism from the sample (esti-
mated with Pascal constants).

X-ray Diffraction. Single yellow needles (L1), dark green
rectangular (1-2), purple rhombic (3-4) and blue rectangular (5-6)
crystals suitable for X-ray diffraction measurements were mount-
ed on a glass fiber. Unit cell measurements and intensity data
collections were performed on a Bruker-AXS SMART 1 k CCD
diffractometer using graphite monochromatized Mo Ka radiation
(A = 0.71073 A). The data reduction included a correction for
Lorentz and polarization effects, with an applied multi-scan ab-
sorption correction (SADABS). The crystal data and refinement
parameters for 1-5 are listed in Table 1 and for L1 and 6 in Table
S1. Selected interatomic distances and angles for complexes 1-5
are listed in Table S2. The crystal structures are solved and re-
fined using the SHELXTL package.”® All hydrogen atom posi-
tions are calculated geometrically and are riding on their respec-
tive atoms.

Computational Details. Magnetic coupling constant calcu-
lations for all these five complexes have been performed using
Gaussian 09 suit of programmes® on the X-ray structures. We
have employed Noodlemann’s broken symmetry’ approach along
with B3LYP?! functional. All the atoms are described by
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Table 1. Crystallographic data for complexes 1-5.

1 2 3 4 5
Formula C4oHgsCl13Co, C39H;6Cl15Co, C;6Hs6Cl1,Co, C37H53Cl14Co, C37H;3BrCl;Co,

NsOi6 NioO13 Ni1409 NsOi3 NsOi3
Fw 1138.21 1097.15 1017.70 1082.57 1127.02
Crystal System Triclinic Monoclinic Orthorhombic Orthorhombic Orthorhombic
Space Group P-1 C2/c Pnma Ama2 Ama2
alA 11.8993(4) 39.4302(15) 8.9461(4) 24.1438(5) 24.3318(7)
b/A 12.1898(5) 9.1554(4) 29.4146(9) 17.6734(3) 17.6327(5)
/A 18.1111(6) 30.0283(12) 18.0171(7) 10.6296(2) 10.6002(3)
al® 101.540(2) 90 90 90 90
pl° 100.071(2) 115.497(2) 90 90 90
y/° 94.943(2) 90 90 90 90
Vol./ A® 2514.19(16) 9784.5(7) 4741.1(3) 4532.68(15) 4547.9(2)
Z 2 8 4 4 4
Pealeds g-CM > 1.503 1.490 1.426 1.585 1.646
1 (Mo, Kor), mm™ 0.893 0.912 0.877 1.038 1.885
F (000) 1188 4552 2120 2248 2320
Measd/indep 26583/10116 66119/9912 31955/4081 34331/5604 36867/5719
R1I>2c (D) 0.0782 0.0789 0.1132 0.0564 0.0584
wR2 (I>2 o (1)) 0.1970 0.1862 0.2940 0.1602 0.1638
GOF on F? 1.039 1.015 1.121 0.886 0.957
CCDC numbers CCDC 991207 CCDC 991208 CCDC 991209 CCDC 991210 CCDC991211

R1 = X|[Fo| - [Fc|/Z|Fo|; wR2 = {Zw[(Fo)* - (Fc)’]/Zw[(Fo)*]*} "

Ahlrichs-TZV?? basis set, except the Br atom. The Br atom is
treated by an ECP SDD™ basis set.
This methodology has a proven track record of yielding good
numerical estimate of exchange constants.’® The g-tensors and the
zero-field splitting (ZFS) parameters are computed using ab initio
N-electron valence perturbation theory NEVPT2 method as im-
plemented in ORCA software suit.”> The ab initio calculations
generally yield superior estimate of anisotropy compared to densi-
ty functional theory (DFT) approaches as it has been shown re-
cently.*® State-average complete active space self-consistent field
methods (CASSCF) calculations were performed for each Co(II)
ions individually (the other Co(Il) in the dinuclear complex is
modelled as a Zn(Il) ion) incorporating the five d-orbitals and
seven electrons in the active space (CAS (7,5) setup). Calculations
were carried out with ten quartet and forty doublet excited states
in our calculations.>*' Here we have employed def2-TZVPP basis
set for Co(Il) and def2-TZVP basis set for the Zn, Br, O and N.
For C and H we have used def2-SVP basis set for the ZFS calcu-
lations.”” The calculations utilized the RI approximation with the
auxiliary def2-SVP/C and def2-SV/C Coulomb fitting basis sets
and the chain-of spheres (RIJCOSX) approximation to exact
exchange as implemented in ORCA. The employed methodology
has been used earlier to obtain accurate estimations of the ZFS
parameters.®*®® *® To treat the dynamic correlations, N-electron
valence perturbation theory (NEVPT2) calculations® on SA-
CASSCF converged wave functions were performed. Since the
NEVPT2 correlated energies are found to be more accurate to-
wards the estimation of ZFS parameters, ** %% 3% here we re-
stricted our analysis to NEVPT2 results. The reported g-tensors
are also computed using the same methodology.

IR, UV-Vis, NMR and EPR Spectroscopy. Infrared
analyses were performed using a Nicolet Nexus 6700 FT-IR
spectrometer in the 4000-600 cm™ range. UV-Vis spectra were
collected on a Shimadzu UV-3100S spectrophotometer in
CH;CN. NMR analyses were conducted on a Bruker Advance 400
spectrometer equipped with an automatic sample holder and a 5
mm auto tuning broadband probe with Z gradient. EPR measure-
ments were carried out on polycrystalline samples with a JEOL
JES-RES 3X equipment at 300 K and in 15 x 10* M CH;CN
solutions at 77 K.

RESULTS AND DISCUSSION

Synthesis. The synthesis of complexes 1-5 requires 50% ex-
cess of the corresponding bridging ligand salt in order to obtain
adequate crystals for X-ray measurements. For complex 3, this
excess leads to two different kinds of azide anions: one acting as a
bridge between the metal centres, while the other acts as a counter
ion of the azacryptand complex.

Cs

Figure 1. Molecular structure of compound 6 highlighting the
[Co(NCS),]* complex. Colour code: purple (Co), blue (N), red
(0), grey (C), yellow (S). Other counter ions and solvent mole-
cules have been omitted for clarity.
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In a similar way, an excess of the thiocyanate salt, leads to the
formation of complex 6 shown in Figure 1, which consists of a
cationic azacryptand dinuclear Co(Il) complex linked by a
methylcarbonate bridge and a [Co(NCS),]* anionic complex.
Harding et al. have previously reported dinuclear Cu(II) and
Ni(Il) compounds with a methylcarbonate ion linking the metallic
centers and ClO, as counter ions.*” It has been proposed that
methylcarbonate complexes are obtained in a basic reaction medi-
um by coordination and deprotonation of a water molecule to get
a Metal-OH complex, which attacks the electrophilic C atom from
an atmospheric CO, to form a bicarbonate complex. A subsequent
nucleophilic attack from a MeOH solvent molecule and finally a
methanolysis reaction leads to the final compound.*' In compound
6, the positive charges of the three Co(II) ions are balanced by the
methylcarbonate bridge, four SCN™ ions and finally CIO4 /SCN™
ions in 50/50% occupancy. For the [Co(SCN)4]* complex the Co-
N average bond distance is 1.940 A, the N-Co-N angles vary from
106.12-114.80° and the maximum deviation from linearity in the
SCN' groups is 2.25°, which is indicative of slight distortions
from tetrahedral geometry. The [Co(NCS),]* anionic complex
interacts with the cationic azacryptand complex by N-H S hy-
drogen bonds at an average distance of 2.82 A, so the closest
intermolecular Co " Co distance is 5.90 A. Despite adding stoichi-
ometric quantities of the thiocyanate salt and changing the reac-
tion conditions, a complex containing a thiocyanate bridge could
not be obtained; however, it is possible to obtain complex 2 by
using a isocyanate bridge and 3 by using an azide bridge (Figure
2). This can be explained by the principle of hard and soft acids
and bases (HSAB), according to which the borderline acid Co(II)
has a tendency to coordinate with hard bases containing highly
electronegative O or N donor atoms instead of the soft polarizable
bases containing S.** Lu ef al. have reported similar molecular
recognition for halogen bridges in which the azacryptand ligand
shows affinity towards CI and Br ions, but not F and I ions
because of the size matching in the cavity.”” With these anteced-
ents, the molecular recognition of the azacryptand ligand for
transition metals was verified by attempting to use lanthanide
ions, which led to the crystallization of the azacryptand as it was
described in the synthesis part (Figure S1).

Structural Analysis. The crystallographic and structural
refinement data are presented in Table 1 for compounds 1-5 and
in the Supporting information for L1 and 6 (Table S1). Selected
bond lengths and bond angles for all compounds are presented in
Table S2. Since the structural properties of 6 are different from
the other five complexes, a direct comparison cannot be achieved;
therefore, structural, electronic and magnetic analyses were done
for 1-5 only. Figure 2 shows the X-ray structures of 1-5, which
are dinuclear systems formed by two Co(Il) ions coordinated to
the N amine atoms of the azacryptand molecule and linked via
OAc (1), OCN™ (2), N3 (3), CI" (4) or Br (5) ions. Each penta-
coordinated Co(II) ion can be described using the parameter
7, which for a perfect square pyramidal geometry (SP) is equal to
zero, while for a perfect trigonal-bipyramidal geometry (TBP) it is
equal to 1.* The 7 factors for Co(1)/Co(2) are 0.83/0.65 in 1,
0.94/0.95 in 2, 0.85 in 3, 1.00 in 4 and 0.99 in 5, indicating geom-
etries very close to the perfect TBP for short and rigid bridges
such as OCN', CI" and Br . This occurs when the two azacryptand
tertiary amines, the bridging ligand and the two Co(II) ions are
almost collinear. As shown in Figure 2, the rigidity of the
azacryptand leads to unusual bridging modes. In the case of com-
pound 1, the bridging mode can be described as anti-anti, which is
rarely observed. Most of the complexes containing acetate bridges
display the mode syn-syn or, in very few cases, syn-anti.;* how-
ever the linear position of the OAc™ with the metal ions in com-
pound 1 is the first to be observed so far for cobalt compounds.

Figure 2. Molecular structures of complexes 1-5 showing the
different bridging ligands. Counter ions, hydrogen atoms and
solvent molecules are omitted for clarity. Colour code: purple
(Co), blue (N), grey (C), red (O), light green (Cl), dark green (Br).

Linearity can also be found for the triatomic linear bridges in
compounds 2 and 3, which usually present a syn bridging mode.**
4 A similar compound to 2 containing ClO, as counter ion in-
stead N3 has been reported, the difference in the counter ion
changes its properties as is shown below.*” Regarding compounds
4 and 5, a linear geometry of the halogen bridge with the metallic
centres occurs more frequently; however magnetic studies on
these complexes are very limited.*® Careful inspection of the
azacryptand conformation in this series of complexes show the
ability of the host to optimize the size of the cavity, in order to
match the size and shape of the guest ion. The more the guest is
sterically demanding and/or has an anisotropic shape, the more
the host should allow a large void for accommodating the bridg-
ing ion connecting two metal centres. This flexibility is possible
because torsion angles around each secondary amine group can be
modified through N inversion, affording more or less short arms
in each tripodal moiety of the azacryptand. As a consequence,
relative benzene planes orientations in the host are related to the
nature of the bridging anion. The shortest separation between
aromatic rings in symmetry-related molecules is observed at 4.69
A, with an angle of 54.7° between mean planes of involved rings
for. For these interacting rings, the shortest centroid to plane
distance is 3.82 A in 5, but the same tendency is observed for 4
(Figure S2b). For 1-3 parallel-displaced 77z interactions are fa-
voured with closest centroid-centroid distances of 5.407 A and
centroid-plane distances of 3.36 A. (Figure S2a).

For all compounds there are significant interactions between
the bridging ligands and the phenyl rings with distances that are
shorter than the sum of the Van der Waals radii (3.40 A for C-C,
3.22 A for C-O and 3.25 A for C-N, CI-C 3.45 A, Br-C 3.55 A).
These interactions are stronger for compounds 4 and 5 with aver-
age distances of 3.34 A for Cl'"C in 4 and Br - C in 5. According
to our calculations the non-covalent interactions for these mole-
cules can be considered weak; therefore we conclude that bridge-
7 interactions are responsible of the molecular arrangement. In
order to establish some magneto-structural correlations the Co(1)-
Co(2)/Co(1") intermetallic distances (R), the Co(1)-X-
Co(2)/Co(1") @ angles (where X = central bridging atom) and the

4
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ratio of the distance from the metal ion to the heteroatom in the
bridging ligand (R1) and the ® angles were obtained (Table 2).

Electronic Structure Analysis. The electronic structure
analysis of 1-5 was carried out using IR and UV-Vis spectrosco-
py. The IR spectra were used to corroborate the formation of the
desired compounds through the identification of the characteristic
azacryptand, bridging ligands, counter ions and solvents peaks
(Figure S3).*’ Force constants (k) calculations based on a harmon-
ic oscillator approximation were done for L1 and for compounds
1-5 (Table S3). In general, higher values of k are indicative of
stronger bonds,™ k values for the v(C-H)st and v (C-H)5 vibra-
tion frequencies are higher for compounds 4 and 5 compared to
compounds 1-3. Therefore we conclude that the halogens bridges
are acting as electronic density donors as opposed to electron
density withdrawing, which is in agreement with the DFT calcula-
tions previously reported for azacryptand compounds with halo-
gen bridges.”” UV-Vis spectra in CH;CN of 1-5 (Figure 3) can be
divided into two groups since compounds 4 and 5 exhibit an
additional peak (Figure 3, signal i). For high spin Co(II) ions in a
TBP field three bands are expected in the visible region around
770 nm, 550 nm and 475 nm for *A’,(*F)—*E’ (‘F), *A'(*F)—"E’
(*P) and *A’,(*F)—*A’,(*P) transitions, respectively.’' These bands
are assigned in 4 and S to signals f-i and in 1-3 to signals a-d. The
transition *A’,(*F)—E' (*F) is shifted to higher energies for 2 and
disappears for 1 and 3 due their distortions from the TBP geome-
tries, as it is indicated by their 7 factors. A Gaussians curve analy-
sis was done for each spectrum and the molar absorption coeffi-
cient (&) was calculated for the components of the spectra (Table
S4). The ¢ values indicate that the signals at the lowest energy
(Figure 3, signals e and j) can be assigned to *A",(*F)—’E""(*F)
spin-forbidden transitions.’

h
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Figure 3. UV-Vis spectra of 1-3 (left) and 4-5 (right).

The shifting of the bands in 4-5 can be discussed based on the
reported spectrochemical series,”>>® where the order of the in-
creasing energy of transitions must be as follows

Br  <CI"<OCN” <OAc™ ~Nj3~

This order is clearly observed in the transition energies for 1-5.
For 1 and 3 the band energies are very similar indicating that the
ligand field strengths for OAc™ and N~ are very close. The nephe-
lauxetic effect is also observed in the spectra of 4 and 5, where the
increase of the metal-ligand covalent character associated with the
soft halogen donors result in the reduction of the inter-electron
repulsions and reduction of the gap energy as it is evidenced by
the shifting of the transitions to lower energies.™

Magnetic Measurements. The magnetic properties for all
five compounds were measured as polycrystalline samples. Direct
current (dc) magnetic susceptibility measurements were per-
formed in the 1.8-300 K temperature range under an applied
magnetic field of 1000 Oe. The g-tensor and the 2J values were
computed based on the experimental structures with coordinates
directly taken from the X-ray diffraction experiments. Table 2
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summarizes the computed and experimental 2J and g values, the
fitting data and other important structural parameters.

The plots of the temperature dependence of the y7 product for
all five compounds are shown in Figure 4. Two sets of curves are
observed: set I includes triatomic bridge compounds 1-3, while set
II comprises monoatomic bridge compounds 4-5. For set I the 3T
product decreases slowly from 300 K to 40 K, then rapidly until 2
K, where the minimum 47 values are reached. For set II there is a
rapid decreasing of the y7 product at higher temperatures indicat-
ing antiferromagnetic exchange interactions.’® Room temperature
T values for set I are higher than the expected spin only value of
3.76 cm’Kmol for two non-interacting high-spin Co(II) (Table
2). Such higher values are often observed in Co(II) systems due to
their unquenched first order orbital angular momentum leading to
significant spin-orbit coupling contribution.’'
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Figure 4. Temperatures dependence of y7 product for complexes
1-5. Solid line represents the fitting for 4-5(see text).

For set II the y7 values at room temperature for 4 and 5 are
3.29 and 3.13 ecm’Kmol ™, respectively, which are close to the spin
only value of 3.76 cm®Kmol™'. Sakiyama et al. *' found that under
a pure Dy, symmetry, the ground *A,” term does not have an
orbital angular momentum, rendering the spin-only treatment
possible. Based on the structural study 4 and 5 have near perfect
trigonal-bipyramidal geometry (TBP) (vide supra), although all
coordinated atoms are not identical which leads to C;, symmetry,
however, for simplification of the fitting we assume it has an
idealized Dj3, symmetry for these two complexes. Then the iso-
tropic spin Heisenberg Hamiltonian H = -2JS;-S, can be used to
describe the interaction between the nearest neighbours. The
magnetic susceptibility data were fitted for two S| = S, = 3/2 sites
(eq. 1) and a temperature-independent paramagnetic (TIP) term
was included.”’ To provide accurate D values, computational
methods will be employed using the Cs, symmetry (vide infra)

+7IP - (1)

- N,u;ng(S+l) 202 kT 108! KeT 4812/ /ksT
- 3T 1+362J//¢ET +5661/KBT+7612.//KBT
B

For 1-3, the structures are significantly distorted from the D3,
symmetry, then the mixture of the *E" term may bring the orbital
momentum into the ground term.>' Since the magnetic behaviour
is strongly affected by the orbital momentum of a ground term, it
is necessary to add the zero field splitting contribution to the
Hamiltonian, this will be implemented in the computational study
for 1-3 (vide infra). Figure 4 shows the fitting for 4-5 as solid
lines and the fitting data are shown in Table 2. Experimental
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powder measurements at 300 K and 77 K are EPR silent, con-
sistent with an integer spin ground state coming from the interac-
tion of two high-spin Co(II) ions.*® However experiments of 1-5
in frozen glass of CH3CN solutions at 77 K reduce the spin-lattice
relaxation times and the spin-spin intermolecular interactions

Table 2. Magnetic, structural and computed data for complexes 1-5

showing broad signals with average g values (Figure S4), which
are in good agreement with the computed values. >

Complex T30k 1Dk e 2T ‘8w ‘D ‘gue “E/D P2Jem g, “Gave 'TIP R ®  OR1 Jsg Unodel
cm’K/mol ecm’K/mol U cm’! cm’! cm’! ! cm'l2 A) ©)  (°/A) em? em?
x 10

1 5.01 0.30 6.33 -53 2.26 -15.9, 2.25, 0.20, 2.19 6.03 158.31 81.26 -0.34 -0.11
(2.38,2.48) -253 229 0.32

2 4.70 1.58 6.13 -1.9 2.21 3.6, 2.23, 0.31, 2.17 6.33 177.25 89.25 -0.10 -0.06
(2.26,2.26) 3.6 2.08 0.31

3 4,71 0.33 6.14 -5.8 2.25 7.4, 222, 0.13, 2.20 6.25 176.93 88.99 -036 -0.11
(2.28,2.28) 74 222 0.13

4 3.29 0.04 5.12 -54.2 2.19 -, 219, -—-- -58.02 2.15 241 57 4.89 179.65 7599 -2.57 -2.5

2.77,297) - 2.19

5 3.13 0.03 5.00 -75.8 2.17 3.39 222, 0.16, -71.46 2.19 223 6.3 4.73 179.06 73.29 -3.22 -3.0

(2.24,2.24) 222 0.16

“ Computed Data ® Fitting Data ¢ Experimental Data

Hatfield and Hodgson deduced a linear correlation between the
J values and @ bridging angles for isotropic Cu(Il) oxo-bridged
systems.” For 1-5 magneto-structural correlations are difficult to
establish due the spin-orbit coupling contribution seen in 1-3. To
find if the magnetic interactions showed some dependence on the
structural data the 2J computed values obtained from the compu-
tational studies were plotted vs. the Co(II)-X-Co(II) ® angles (X =
bridging ligand) and the metal-metal R distances (Figure 5). The
2J vs. @ plot does not show a clear correlation; but the plot of 2J
vs. R shows an inverse dependence.

0 : 2
i 13
— 251
€
c
=R 4
75} J
160 170 4.9 5.6 6.3

@ Angles (°) R distance (A)

Figure 5. Plots of 2J vs. @ angles (left) and 2J vs. R distances
(right) showing the magneto-structural correlations.

In order to understand the origin of this dependence, theoretical
studies were performed showing that the superexchange pathway
via the bridge is the dominant interaction. Moriya proposed that
when spin-orbit coupling effects are included in the superex-
change formalism, the anisotropic superexchange can be approx-
imated by Jsg = J(4g/2) (where Ag represents the deviation in the
gyromagnetic ratio from the free-electron value of two).** The
approximated anisotropic superexchange contribution for 1-5
calculated from the computed .J and g values through this formula
showed that the superexchange mechanism is less significance as
the @ angles become smaller leading to smaller Jr values (Table
2). Therefore, the J,» contribution is given by the superexchange
mechanism and the Jr by the direct mechanism. Some other mag-
neto-structural correlations have been established for Cu(Il) dinu-
clear systems compounds by normalizing the ® angles from the
metal-heteroatom distance in the bridging ligand (R1) and plotting
the computed 2J values vs. the ®/R1 ratio.®"** This plot for 1-5 is

shown in Figure S5 and exhibits a similar trend as Figure 5 with a
maximum value of ®/R1 = 89.25 for 2, which shows the smallest
antiferromagnetic 2J value. Below this ratio the increase of the
antiferromagnetic coupling constant follows the decrease of the
®/R1 ratio.

Magnetization measurements were carried out at 1.8 K and 5 K
for all five compounds. The M,,,; vs. H plots are shown in Figure
S6. For 2 and 3 there is a linear behaviour of M,,,; with respect to
H; while for 1, 4 and 5 there is a rapid increase followed by a
gradual increase towards a near saturation at /=7 Tand 7=1.8
K can be observed. The saturation values for 1, 4 and 5 are 5.35,
0.06 and 0.06 Nf units respectively. These values are much lower
than the theoretical limit M = gi,Smax = 8.1 Nf. Such difference
can be attributed to the AF coupling for 4 and 5 and to a combina-
tion of AF coupling and population of low lying excited states
even at low temperatures in 1. Alternating current (ac) suscepti-
bility measurements were carried out under an oscillating field of
3 Oe, in the absence of an applied dc field as well as under an
applied field of 1000 Oe, and frequencies ranging from 0.1-1500
Hz in a range of 2-15 K. No signal was observed in the out-of-
phase susceptibility versus temperature plot. Absence of ac signal
simply precludes any magnet-like behaviour for these dinuclear
complexes.

Theoretical Studies: In order to probe the effect of differ-
ent bridging groups on the magnetic coupling constants between
two Co(II) metallic centres, we have performed computational
studies and results are summarized in Table 2. In all five com-
plexes magnetic interaction is found to be antiferromagnetic in
nature as expected for the linear Co-L-Co arrangement. The com-
puted 2J values for 4 and 5 correlate with the experimental esti-
mates and also reproduce the experimental y7 vs. T behaviour (see
Figure S7). Weak antiferromagnetic exchange for complexes 1-3
and strong antiferromagnetic exchange for complexes 4-5 are
observed and this is due to the fact that the super-exchange inter-
actions are mediated through three linker atoms in complexes 1-3
while in complexes 4 and 5, they are mediated via one linker
atom.

In complexes 1-5, there are three exchange pathways: (i) direct
exchange through space (ii) superexchange via the ligand moiety
(iii) superexchange via the anionic linker groups. To understand
the origin of the interactions further, calculations were done on
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fictitious model complexes by removing the anionic linker atoms
(see Table 2). The obtained 2J,,4, values are weak and are anti-
ferromagnetic in nature. This clearly suggests that the dominant
contributions to J's arise from the anionic linker atoms.

Our orbital analysis reveals three interactions between two
Co(I) centres namely dylpudyy; diylp«ldy. and d/’|p,|d;.
Among these three interactions, the interaction via the d,? orbital
is found to be significant in all complexes and the computed
overlap integral correlates with the magnitude of the J values (see
Figure 6, Figure S8 and Table S5). As d,, and d,’.;* orbitals are
perpendicular to the bridging moiety, their contributions to super-
exchange mediating through the anion linker are minimal. For
complexes 1-3, the frontier molecular orbitals which interact with
the magnetic orbitals of Co(Il) are 7 in character and are in fact
perpendicular to the d,? orbital leading to weak overlap and very
small J values (see Figure S9).

Figure 6. Molecular orbitals showing dominant d,%p,|d,” interac-
tions between the two metallic centers in complex 5.

In complexes 4 and 5 on the other hand the valence s/p, orbital
significantly interacts with the magnetic d,”> orbital, leading to
stronger interactions (see Figure 6). Between complexes 4 and 5,
the larger and more diffuse 5s/4p, orbital of Br overlaps more
efficiently than the 4s/3p, orbital of Cl atom leading to larger 2J
values for complex 5 (see Figure S8 of SI). Stronger delocaliza-
tion is also evident from the spin density plots, where the follow-
ing order based on computed spin density on the bridging atoms
are found: 5>4>3~1>2. This order corresponds to that of the 2J
values revealing a direct correlation between the spin density at
the bridging group and the J values (see Figure S9 in SI). We
have calculated intermolecular magnetic coupling constant for
complex 2 (using B97D/TZV). The interactions were estimated to
have a value of -0.07 cm’! (note the 7w stacking distances here
are 3.8 A). At this stacking distance, we expect the magnetic
coupling to be very weak.**

Although anisotropy calculations on Co(II) complexes with dif-
ferent coordination spheres have been reported earlier’*%3¢%6%,
most of the reported Co(II) complexes possess either tetrahedral
or octahedral structures. We have calculated the zero-field split-
ting parameters of complexes 1-3 using ORCA software suite.*’
Although the magnitudes of the computed D values agree well
with the experiments in all three cases, the sign of D differs in
complex 1. To further validate the sign of computed D for com-
plex 1, we have analyzed the susceptibility data and our simula-
tions reveal that it can be fit equally well using both positive and
negative D values (see Figure S10). This highlights the challenge
in obtaining the sign of D from experimental susceptibility data.

The computed ground state electronic configuration for the
trigonal bipyramidal Co(II) is found to be (dyz)z,(dxy)z, (dy)', (d2
yz)1 and (d,%) '. The computed orbital energy levels for complexes
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1-3 are shown in Figure 7. Ideal TBP Co(Il) complexes are ex-
pected to have two degenerate sets of orbitals: a;yz, dy, and dy,-d
Xz_yz),and are predicted to yield positive D values.*® In complexes
1-3, significant distortion from ideal TBP structure is detected and
SHAPE analysis® reveals that the deviations are 1.97 for complex
1, 0.54 for complex 2 and 0.82 for complex 3. In all three com-
plexes, the expected orbital degeneracy for the TBP structure is
lifted and deviation from ideal TBP structure is correlated to the
magnitude of the D values. For complex 1, the possible contribu-
tions to D arise from spin-conserved transitions d,, — dxz_yz, dy,
— dy, dy, —>dx2_y2 and dy, > d_,d,? Here, the first two transitions
yield to negative contributions to D (transitions between same m
levels) while the other three transitions contribute positively to D.
For complex 1, the largest contribution arises from the d,, — dz’.
yz transition as the orbitals are very close in energy. The energy of
the a’xz_y2 orbital is destabilized in complexes 2 and 3 and signifi-
cantly reduces the negative D contributions in these complexes
leading to overall positive D values (see Table S6 of SI). These
transition energies can also be correlated to the experimental
absorption spectra discussed earlier. In addition to these complex-
es, we have also performed calculations on complex 5 where D is
expected to be smaller as the structure is very close to perfect
TBP. Calculation yield to a D value of 3.39 cm™ which is similar
to that computed for complex 2 which is also closer to the TBP
structure.
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Figure 7. Computed d-orbitals splitting for complexes 1- 3.

CONCLUSIONS

Magnetic coupling mediated by a molecular bridge represents
one of the fundamental processes that must be considered in the
design of new molecular magnetic materials. Thus far, few exam-
ples of anisotropic systems allowing the study of the effects of
different bridges on the magnetic interactions between metal
centres exist. This work shows that structures with geometries
very close to perfect TPB have small D values, while the distor-
tion of the C;, symmetry brings significant spin-orbit coupling
effects and a significant contribution from the direct exchange
mechanism. This difference can be observed in the spatial, elec-
tronic and magnetic characterization of the compounds, as well as
in computational studies. Plots of computed 2./ values vs R and vs
®/R1 showed that 2J values for 1-5 depend on the R distances
and the ratio ®/R1 = 89.25 /A can be established as the limit
value for the smallest antiferromagnetic interaction coupling for
this series of dinuclear azacryptand compounds. Our theoretical
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study provides a clear picture in the nature of the exchange inter-
actions but also provides the origin of the magnetic anisotropy in
compounds 1-3. More experimental and theoretical work is neces-
sary to further our understanding in terms of controlling the ex-
change interactions in anisotropic systems and efforts are in pro-
gress towards that goal.
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