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Double-CO;* Centered [Co"s] Wheel and Modeling of Its Magnetic

Properties
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Abstract: A high-spin Co" cluster with
a rare pentagonal molecular structure
and formula [Cos(COs;),(bpp)s|ClO, (1;
Hbpp is 2,6-bis(phenyliminomethyl)-4-
methylphenolate) has been synthesized
and characterized by single-crystal X-
ray diffraction. This topology arises
from fusing five [Co,(bpp)] moieties in
a cyclic manner around two CO;*~ cen-
tral ligands, resulting in propeller-like
configuration. The irregular coordina-
tion of the carbonate ions to the metal
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ordination numbers (CNs) of the Co"

ions of five and six. The bulk magneti-
zation of this complicated magnetically
exchanged system has been modeled
successfully by employing a matrix di-
agonalization technique. For this, the
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combination of §=3/2 ions (CN=5)
with ions exhibiting strong spin-orbit
coupling (CN=6) has been considered
and a perturbative approach to handle
the data in the whole studied range of
temperatures (2-300 K) yielding pa-
rameters of g and D (for the five-coor-
dinate Co" ions), of A, «, A, and A (for
the metals with spin-orbit coupling)
and of the exchange constants J. The
agreement with results from DFT cal-

] D orbit coupling
centers results in a combination of co-
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culations, also presented here, is re-
markable.

Introduction

The self-assembly of transition-metal macrocycles and mo-
lecular spin clusters has become a frontier topic of contem-
porary research in synthetic coordination chemistry. Apart
from having aesthetically pleasing architectures (e.g.
squares, ! rectangles,” or pentagons®) polymetallic clusters
display unique magnetic properties at the molecular level
such as single-molecule magnet (SMM) behavior,** quan-
tum tunneling of the magnetization,””! or quantum interfer-
ence.’! Most of the reported SMMs of 3d ions are based on
the metals Mn, Ni, and Fe."! The proliferation of new exam-
ples and the investigation of their physical properties have
generally been accompanied by the development of the ap-
propriate models to describe their magnetic and spectro-
scopic behavior, and this process has taken place synergisti-
cally, bringing the state of the art of molecular nanomagnet-
ism to the current level. The case of six-coordinate cobal-
t(I1) is special; large single ion anisotropy caused by a first-
order orbital contribution to the magnetic moment makes
this ion a good candidate to make SMMs® and single-chain
magnets (SCMs),”! but it also strongly hampers the descrip-
tion of its magnetic behavior, which slows down progress in
this direction. Attempts to address this problem have been
made for quite a long time. Originally, only perfectly octahe-
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dral systems were considered,™™ which precluded the inclu-
sion of magnetic anisotropy. The latter has been taken into
account in recent models making use of various diagonaliza-
tion techniques or even providing approximate analytical ex-
pressions of the paramagnetic susceptibility for dinuclear
Co" complexes.'¥1 More recently, some of us have pro-
posed a convenient model to treat the magnetic exchange
within polynuclear clusters of axially distorted six-coordi-
nate cobalt(II) ions invoking a perturbational approach,
which greatly reduces the size of the matrices to be diagon-
alized."™ We report here the
synthesis and structure of a rare
[Co"] wheel, assembled by the
bridging action of the Schiff-
base ligand Hbpp (2,6-bis(phe-
nyliminomethyl)-4-methylphe-
nol, Scheme 1) and the tem-
plate effect of two carbonate
ions, with the formula [Cos-
(CO;5),(bpp)s]C1O,  (1).  The
ligand Hbpp should favor the assembly of dinuclear moieties
with vacant coordination sites, which should therefore be
prone to bind to other exogenous donors, eventually facili-
tating the growth of the system into higher nuclearity spe-
cies. Surprisingly, only mononuclear complexes have been
reported with this ligand or close derivatives,'*'” even
though this principle has been proven with related Schiff
bases in the construction of large clusters.'® This potential
is exploited here, together with the capacity of the carbon-
ate ligand to adopt a large variety of coordination
modes,*?¥ to access the rare topology featured by complex
1. The singularity of the bridging motifs present in this clus-
ter makes it for an interesting species to study its intramo-
lecular magnetic exchange. These interactions are described
here theoretically, following a study by DFT calculations.
Most remarkably, a good simulation of the experimental
bulk magnetization data is provided by using the above-
mentioned model, where both types of metal centers found
in 1 have been considered; high-spin five-coordinate Co"
ions together with six-coordinate Co™ centers displaying
spin-orbit coupling. In this model, the exchange interactions
between the metal centers are also included. The results
from both approaches are in remarkable agreement.

I |
©,N OH N\©
Hbpp

Scheme 1. Structure of Hbpp.

Results and Discussion

Synthesis: The Schiff-base ligand Hbpp is readily prepared
quantitatively from the reaction of 2,6-diformyl-4-methyl-
phenol with two equivalents of aniline (see Scheme S1 in
the Supporting Information), as described in the litera-
ture.™ The reaction of Hbpp with an equimolar amount of
Co(ClO,), in the presence of a strong base (NaOMe or
NaOH) in MeOH or DMF leads to either a precipitate or
crystals of 1, respectively, following CO, uptake from the at-
mosphere, according to Equation (1).
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5Co(ClOy,), - 6H,0 + 5Hbpp + 9NaOR +2 CO, —
[Cos(CO;),(bpp)s]ClO,+ 9NaClO,+ 9ROH + 28 H,0; (1)
(R =Me or H)

Interestingly, the use of a weaker base, such as NEt; does
not facilitate the trapping of CO, and consequently, the re-
action does not proceed. On the other hand, CO,*>" may be
added in the form of a metallic salt to the reaction mixture,
which also leads to the generation of complex 1. Thus, addi-
tion of Co(ClO,), to a stirred methanol solution of Hbpp
and K,CO; leads to precipitation of the pentanuclear aggre-
gate, as described in Equation (2).

10 Co(ClO,), - 6 H,0 + 10 Hbpp + 9K,CO; —

2 [Cos5(COs;),(bpp)s]Cl10,+ 18 KCIO, + 5 CO, + 65H,0 @

Interestingly, the yield of both processes was very similar,
even if the latter was carried out in both, aerobic and anae-
robic conditions. This shows that the formation of 1 consti-
tutes a significant driving force to the capture of CO, from
the atmosphere if the basic conditions, necessary in this pro-
cess, are met. On the other hand, no evidence of the forma-
tion of any cobalt(III) byproduct was observed. The identity
of complex 1 was consistent with the results from elemental
analysis. The complex was characterized spectroscopically,
both by UV/Vis and IR measurements (see Experimental
Section and Figure S1 and S2 in the Supporting Informa-
tion). In particular, IR stretching bands characteristic of co-
ordinated carbonate are observed at 1552 and 1381 cm™,
whereas a typical imine signal occurs at 1609 cm™'. The de-
tails of the molecular structure of this cluster were obtained
from single-crystal X-ray diffraction experiments (see
below).

Description of the structure: The molecular structure of 1 is
represented in Figure 1, and crystallographic data and se-
lected metric parameters are listed in Tables 1 and 2. This
compound consists of a cationic [Cos(COs),(bpp)s]* com-
plex and a ClO,” counterion. The cation features five Co"
ions disposed in a planar quasi-ideal pentagonal arrange-
ment, and connected pairwise by the phenolate donors of
five bpp~ ligands. These five bridging oxygen atoms are lo-
cated at the apices of another pentagon, approximately cir-
cumscribed around an ideal circle in which the metallic pen-
tagon would be inscribed. Besides linking two metals
through the phenolate, each bpp~ ligand forms an additional
bond to both of these metal centers through its N donor
atoms. The ensemble can thus be described as a cyclic ar-
rangement of five fused [Co,(bpp)] moieties. To fit around
this pentagonal topology, the ligands are bent and stacked
on top of each other, mutually shifted by angles of about
70°, conforming the five blades of an imaginary propeller.
This arrangement is favored by the establishment of intra-
molecular - interactions involving each phenyl ring and
the phenolate cycle of the bpp moiety adjacent to it. Thus,
each phenolate ring in fact forms one such interaction with
two phenyl rings, one on each side. The average inclination
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www.chemeurj.org

A High-Spin Cobalt Cluster

Figure 1. PovRay representation of the cation of 1, [Cos(COs),(bpp)s]*.
Hydrogen atoms are not shown for clarity. Only non-carbon atoms and
CO,> ligands are labeled. For clarity, the various bpp~ ligands are repre-
sented in different gray scales.

of the bpp~ phenolate rings with respect to the idealized

Table 1. Crystallographic data of complex [Cos(COs;),(bpp)s]ClIO, DMF
(1-DMF).

formula C,7HgsCosN,,0,,-Cl10,-C;H,NO
M 2154.05
space group P2y/n
crystal system monoclinic
a[A] 16.5226(4)
b [A] 32.6191(9)
c[A] 19.3264(7)
Al 111.386(1)
V[A] 9698.8(5)
V4 4

T [K] 120

Paea [gem ] 1.475
F(000) 4436
u(Moy,) [em™] 9.40
measured reflections 51015
unique reflections 13050

Ry 0.1318

obs. refl.ns [1>20(1)] 7097
Ormin—Omax!° 1.87-23.00
hkl ranges —18,18; —35,35; —20,21
R(F?) (observed reflections) 0.0874
wR(F?) (all reflections) 0.2212

no. variables 1283
goodness of fit 1.024
APraxs Aoin [ A7) 1.25; ~0.67

metallic polygon is 37.7°. The approximate point symmetry
of this assembly is thus Ds. This symmetry is broken by the
presence of two central CO,>~ ligands, capping each face of
the pentagon and mutually disposed in an approximately
staggered conformation with a C--C distance of 2.697(2) A.
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These CO,>~ molecules bind the metal centers (Figure 2) in
a W3 and 5,3 mode, respectively ([3.111] and [3.211] in
Harris notation).”™ Such coordination modes are ascribed

Cod Co5 ol

Col Cot

Co2 Coi

Figure 2. Mercury representation of the coordaintion modes of the CO;*~
ligands in 1. The Co ions involved are labeled.

on the basis of what have been considered as bonding O—
Co interactions between the metal centers and the CO;*" li-
gands. In this complex, these are in the range of 2.033(10) to
2.224(7) A (see Table 2 for complete list). The metal—car-
bonate contacts in complex 1, not considered as bonds, are
2.420(9) A or longer. Therefore, the coordination geometries
of the metals in this cluster are either distorted octahedral
with a cis-N,O, environment (Col and Co4) or distorted
square pyramidal with an N,O; environment and axial N
atoms (Co2, Co3, and Co5). The Co—O distances to the
phenoxide oxygen atoms range from 1.990(7) to 2.012(6) A.
Interestingly, the Co-O-Co angles in this [(CoO);] ring span
a range 8.5° wide (104.29-112.76°), whereas the O-Co-O
angles are much more regular (176.31-178.58°). On the
other hand, the Co—N lengths span from 2.136(9) to
2.214(6) A. Within the Co pentagon, the distances between
adjacent metal centers are 3.148(2) to 3.310(2) A, and the
second neighbor separations are in the range 5.165(2) to
5.252(2) A. The crystal packing in complex 1 does not fea-
ture any obvious hydrogen bonding or m—m stacking interac-
tion network (see Figure S3 in the Supporting Information).

Regular pentagonal arrangements of 3d metals as seen in
complex 1 are virtually nonexistent, at least, with the [-(M-
0O)s-] sequence. By contrast, the related hexagonal version is
more common, and several examples involving CO;*~ en-
capsulation have been reported, especially with Ni".***1 On
the other hand, other molecular pentagonal arrangements
involving more extended bridges between metals have been
reported.”

Magnetic properties: The synthesis of complex 1 represents
an excellent opportunity for studying the nature of the mag-
netic exchange within polynuclear complexes of high-spin
Co" ions subject to spin-orbit coupling and for probing new
methodologies that are being developed to face this chal-
lenge.

DFT study of the magnetic exchange: Theoretical methods
based on density functional theory have been extensively
used for some time now to study the spin state of systems
ranging from simple molecules®™* to polynuclear metal
clusters.®) Such methodology also allows one to determine
all the exchange coupling constants present in polynuclear
transition-metal complexes™ > and it has been employed
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here to obtain an estimate of

Table 2. Selected interatomic distances [A] and angles [°] for complex [Cos(CO;),(bpp)s]CIO,DMF (1-DMF).

the magnetic interactions within Distances
complex 1. The results from co1-01A 1.967(7) Co2-0O1B 2.002(6) C03-01C 1.990(7)
this study have been useful for Col-N2A 2.186(8) Co2-N2B 2.138(9) Co3-N2C 2.150(8)
the phenomenological simula- Col-O1B 1.994(7) Co2-01C 1.997(7) Co3-01D 1.998(7)
. ; Col-N1B 2.214(6) Co2-NIC 2.150(8) Co3-N1D 2.150(6)
tion of the experimental mag-
ton ot xpert & Col-01 2.189(7) Co2-03 2.033(10) C03--03 2.454(10)
netlzatl({“ dat? (Sffe k{elow) and ;106 2.116(7) Co2--06 2.732(10) Co3-05 2.062(10)
were rationalized in light of the
structural features of the Co4-OI1D 1.986(7) Co5—O1A 2.012(6) C1-01 1.234(11)
system. Originally, these calcu- Co4N2D 2.159(6) Co5-NI1A 2.154(8) C1-02 1.245(11)
lations were attempted by em. COOIE 1.983(7) Co5-O1E 2.003(6) C1-03 1.273(12)
! pted by g Co4-NIE 2.157(9) Co5—NIE 2.136(9) C2-06 1.217(12)
ploying the B3LYP functional Co4—02 2.093(6) Co5--01 2.420(9) C2-05 1.251(12)
based on all electron Gaussian Co4-04 2.224(7) Co5-04 2.187(7) C2-04 1.284(12)
basis sets. This method howev-
. Col-Co2 3.288(2) O1A-O1B 3.969(10) Col-01D 6.009(6)
er, often faces insurmountable
RO b i o Col-Cos 32142) 01B--01C 3.997(9) Co2-O1E 6.211(7)
dlfﬁc‘}ltles when de.a ng with  cop...co3 3.155(2) 01C--01D 3.979(10) Co3--O1A 6.131(6)
Co” ions that exhibit strong Co3--Co4 3.310(2) 0O1D--O1E 3.967(10) Co4--O1B 6.058(7)
spin-orbit coupling, and this Co4--Co5 3.148(2) O1E--O1A 4.014(8) Co5--01C 6.211(9)
was the case in the current Angles
system (see Experimental Sec-  51a.col2a 84.9(3) O1B-Co2-N2B 84.7(3) 01C-Co3-N2C 84.5(3)
tion). Nevertheless, the energies 01A-Col-1B 177.93) 01B-Co2-01C 176.3(3) 01C-Co3-01D 177.93)
of the various possible spin dis- O1A-Col-1B 95.8(3) 0O1B-Co2-N1C 96.2(3) 0O1C-Co3-N1D 94.4(3)
tributions in 1 could be deter- ©OlA-Col-O1 77.1(3) 01B-C02-03 102.0(3) 01C-Co3-03 70.4(3)
ined b lovine the or 01A-Col-06 99.6(3) 01B-Co02-06 66.6(3) 01C-C03-05 88.0(4)
mined by emp[g]y & the Pro-  \pa-col-1B 97.0(3) N2B-Co2-01C 92.9(3) N2C-Co3-01D 97.4(3)
gram SIESTA®" through a N2A-Col-1B 91.9(3) N2B-Co2-N1C 91.4(3) N2C-Co3-N1D 88.9(3)
GGA exchange-correlation  N2A-Col-O1 161.0(3) N2B-C02-03 167.9(4) N2C-Co3-03 154.1(3)
functional,”™ involving only ex- N2A-Col-06 94.5(3) N2B-Co02-06 94.3(4) N2C-Co3-05 95.6(4)
. .. OIB-Col-1B 83.5(3) 01C-Co2-N1C 86.6(4) 01D-Co3-N1D 84.6(3)
ternal electrons while substitut- 5 1 ) 101.0(3) 01C-C02-03 80.0(4) 01D-C03-03 107.9(3)
ing the atom cores by appropri-  o1B.co1-06 81.0(3) 01C-Co2-06 110.9(4) 01D-Co3-05 92.8(4)
ate pseudopotentials (see Ex- NI1B-Col-O1 95.9(3) N1C-C02-03 97.8(4) N1D-Co3-03 98.8(3)
perimental  Section).  This N1B-Col-06 163.8(3) N1C-Co2-06 161.2(4) N1D-Co3-05 175.0(4)
method does not consider spin-  01-Co1-06 82.7(3) 03-C02-06 73.4(4) 03-C03-05 77.9(4)
bit  counline. Nevertheless, C1P-Co42D 85.1(3) O1A-Co5-N1A 85.2(3) C04-04-Co5 91.1(3)
orbit. - coupling. \ > O1D-Co4-1E 178.6(3) O1A-Co5-O1E 176.8(3) Co01-0O1A-Co5 107.4(3)
the information this model O1D-Cod-1E 96.6(3) O1A-Cod-N2E 95.7(3) Col-O1B-Co2 110.7(3)
gives on the coupling constants O1D-Co4-O2 84.3(3) 0O1A-Co5-01 71.2(3) C02-01C-Co3 104.6(3)
is very useful and may be used O1D-Co4-O4 103.8§3; 01A-Co§-o4 107.46123; Co3—OlD—C0;1 112.853;
. ; .. N2D-Co4-1E 94.2(3 N1A-Co5-O1E 91.6(3 Co4-01E-Co 104.3(3
as a good starting pomnt for fit- - \op.cod-1E 90.4(3) N1A-Co5-N2E 91.2(3) Co1-01-C1 126.4(7)
ting the experimental data (se¢  N2p-Cos-02 169.8(3) N1A-Co5-O4 162.8(3) Co1-05-C2 127.9(7)
below). Given the geometry of N2D-Co4-O4 98.6(3) N1A-Co5-0O1 97.1(3) Co2-03-C1 132.2(8)
1, this system requires nine dif- OIE-Co4-1E 84.6(3) O1E-Co5-N2E 84.6(3) C03-05-C2 129.3(8)
ferent coupling constants for a O1E-Co4-02 95.9(3) 0O1E-Co5-01 108.9(3) Co4-02-C1 124.5(7)
deserintion of its intramolecular CTECO+04 75.1(3) O1E-Co5-04 75.6(3) Co04-04-C2 122.7(7)
escription o N1E-Co4-02 92.2(3) N2E-C05-04 98.8(3) C05-04-C2 121.9(7)
magnetic exchange (see  N1E-Co4-04 158.3(4) N2E-Co05-01 163.8(3)
Figure 3) as represented in the 02-Co4-O4 82.5(3) 01-Co5-04 76.8(3)
Hamiltonian of Equation (3).
I:[ - _J131$3 _.125'2:94 _J3S3SS —_ .143134 - .153135 (3) j1
PN ~ A A A i ==
18,8, — 1,858, — 18,85 — 1,8,8, -
Therefore, it is necessary to calculate the energy of at least jﬁ
ten spin configurations,*>*! chosen so that a system of nine T
. . e 7]
equations and nine unknowns (the J constants) can be pre- -5 NE/ Jq
pared and solved. In fact, to verify possible errors or short- R

comings of the procedure, we have studied the fifteen elec-

Figure 3. Representation of the spin-coupling scheme used for the DFT

tronic configurations that are allowed by using the broken calculations and for modeling the magnetic data of 1. The metal number-
symmetry approach. These correspond to the following spin ing is the same as used for the crystallographic description.
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Table 3. Magnetic exchange coupling (J}), bridging ligands (L), selected structural parameters (in A and in °), metal coordination number (CN), and the-

oretical and experimental magnetic coupling constants (in cm™") for 1.

J;  Sites[ij] dCo-Co[A]® L d(Co)-O [A]*  d(Cop)—O [A]®)  Co-O-Co[]  Co-O-C[°] CN o™ e
I [L,3] 5.195 p-CO;4 2.116 2.062 - 127.9(7) 1293(8) 6,5 —59(5)  -35
I [2.4] 5222 p-CO;4 2.032 2.093 - 1322(8) 1245(7) 5,6  —49(5)  -35
I, [3,5] 5222 u-CO;4 2.062 2.187 - 129.3(8) 121.9(7) 5,5 —32(5)  -35
I, [L4] 5.165 u-CO;4 2.116 2.224 - 126.4(7) 6,6 —15(5) —03
p-CO;4 2.189 2.093 - 124.5(7)
127.9(7)
122.7(7)
I [L,5] 3214 u-CO,4 2.116 2.187 - - 6,5 +05(5) +03
u-OPh 1.977 2.012 107.3
I [1,2] 3.288 u-CO;4 2.189 2.032 - - 6,5 —11(5) —03
p-OPh 1.994 2.003 1107
I, [3.4] 3310 u-CO;4 2.062 2.224 - - 56 —60(5) —35
p-OPh 1.988 1.986 112.8
Js  [4,5] 3.148 w-0CO, 2224 2.187 91.0 - 6,5 —04(5) —03
u-OPh 1.983 2.004 104.3
Jy  [2,3] 3.155 p-OPh 1.997 1.991 104.6 - 55  —09(5) —03

[a] Labels i' and 'f’ are used to specify the initial and final metal atom in the magnetic coupling. [b] Coupling constants obtained from DFT calculations.

[c] Coupling constants obtained from fitting the experimental data.

states (only spin down centers indicated, using the notation
of Figure 3): one S=15/2, five $=9/2 ([1], [2], [3], [4] and
[5]) and ten S=3/2 ([1, 2], [1, 3], [1, 4], [1, 5], [2, 3], [2, 4],
[2, 5], [3, 4], [3, 5] and [4, 5]). The values of the nine J; con-
stants resulting from these calculations are given in Table 3
(see Figure 3 for notation). These results allow one to draw
the following conclusions: i) Regardless of the coordination
number of the metals, all the pathways involving only one
carbonate ligand (J;, J,, J;) lead to similar J values of
strength seemingly correlated to the average Co-O-C
angles; ii) despite being mediated by two CO;*~ bridges, the
coupling J, is weaker than these above, presumably because
it occurs through longer Co—O bonds and narrower Co-O-C
angles (on average); iii) the pathways leading to Js, J,; and
J, are one syn,syn-CO5>~ and one phenoxo-like bridge. This
combination is expected to lead to a ligand counter-comple-
mentarity effect on the coupling strength,[***! by which, the
interaction of each type of ligand with the metallic magnetic
orbitals causes a decrease of the energy gaps between
SOMOs, thereby diminishing the strength of the antiferro-
magnetic (AF) coupling. As observed before,“**! this also
causes a shift towards larger values of the M-O-M angle at
which the interaction switches from ferromagnetic (F) to
AF in phenoxo-bridged systems (Ogwircy). The calculations
on 1 indicate that this switch occurs now towards 109°;
iv) for the case of J;, the metals exhibit two monoatomic -
O bridges, thus precluding the effect of counter-complemen-
tarity. As it turns out, the average Co-O-Co angle featured
in this moiety (97.7°) is close to Ogwrcy for bis-(p-hydroxo)-
copper(II) complexes. A similar Ogyrcy might be expected
here since the magnetic orbital that most efficiently propa-
gates the exchange (d._,) is the same as with copper.
Therefore, a very weak coupling should be observed, in
agreement with the calculated value; v) the constant J, is ex-
pected to be AF and weaker than Jg because there is only
one p-O bridge. It is however slightly more negative than J

Chem. Eur. J. 2010, 16, 13825-13833
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because the Co-O-Co angle (104.6°) is wider and therefore,
further within the space corresponding to AF coupling.

Bulk magnetization measurements: Variable-temperature
magnetization measurements were performed on a pow-
dered polycrystalline sample of 1 under a constant magnetic
field of 0.5 T, in the 2-300 K range. The results are repre-
sented in Figure 4 as y,,T versus T plots (y,, being the molar

12

10

g T 6l
T/ 1
cmPKmol?

AT/
cmPKmol?

0 10 20 30 40 50
/K ——>
T

o N A O

100 150 200 250 300

/K —

Figure 4. Plots of y,,T versus T per mole of [Cos(COs),(bpp)s|ClO, (1).
The solid lines are the fit of the experimental data through a matrix diag-
onalization technique (see text).

paramagnetic susceptibility of the compound). At room
temperature, y,7 is 11.16 cm®*Kmol ™, significantly larger
than expected for five magnetically isolated high-spin Co"
ions (y3T=9.375 cm*Kmol ' if g=2), which indicates that
the orbital angular momentum of the metal ions is not
quenched and therefore contributes significantly to y,,.
Upon cooling, y,,T decreases at an increasingly faster rate,
reaching a value of 1.52 cm®Kmol ™ at 2 K, where the curve
seems to initiate a tendency to level off. This decline, which
leads to values much lower than could be expected for five
non-interacting high-spin Co" ions exhibiting spin-orbit cou-
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pling, clearly indicates the presence of AF coupling between
the metal centers, consistent with the results obtained from
DFT calculations (see above). The strong orbital contribu-
tion to the magnetic moment precludes the possibility of
using the spin-only formalism as a model to simulate the ex-
perimental data, thus rendering this problem extremely
complex. Some of us have developed procedures to inter-
pret the magnetic behavior of polynuclear Co" clusters,
taking into account the effects of spin-orbit coupling.'
Complex 1 constitutes a good object of study to verify the
validity of these methods (see below).

Simulation of the magnetic data: A matrix diagonalization
method including spin-orbit coupling effects, based on a per-
turbational approach, has been recently proposed by some
of us as a tool to describe the magnetic properties of six-co-
ordinate high-spin Co" clusters."* This method is used here
to describe de magnetic behavior of 1. Since the details are
published elsewhere, only a summary is provided below.

It is known that in a purely octahedral symmetry, the
ground term ‘F of a high-spin Co" ion is split into three
states, *T),, “T,,, and *A,,, of which the former is the ground
state and is well separated (more than 8000 cm™') from the
other two. In addition, first-order spin-orbit coupling splits
the ‘T, ground state into a sextet, a quadruplet, and a
Kramer’s doublet, the eigenfuctions of which can be ob-
tained by diagonalization of the matrix obtained from the
Hamiltonian in Equation (4).

H=—Ak)LS 4)

In this Hamiltonian, k and A are orbital reduction factors
associated, respectively, with the covalent character of the
metal-ligand bonds and with the interaction of the *T,, state
(‘T [F]) with an excited ‘T, state from a P term (‘T ,[P]).
Typical values of « lie within the range of 0.75 to 1, whereas
A, which provides a measure of the ligand field strength,
takes values between 3/2 (weak field limit) and 1 (strong
field limit). The parameter A is the spin-orbit constant that,
because of the covalence of the metal-ligand bond, has a
lower value than expected for
the free ion. Most real systems
of Co", however, display distor-
tions from the ideal octahedral
geometry, which lead (for the
case of an axial distortion) to a
splitting of the triplet orbital
state 4Tlg into two other states,
‘A, and ‘E,, separated by an
energy gap, A. Considering the
consequences of this distortion
and using the T and P term iso-
morphism, the Hamiltonian
given in Equation (5) can be
used to describe the system,
now involving the spin-orbit
coupling, the axial distortion

Real system
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and the Zeeman interaction with an external magnetic field
B.

H=—AALS + A [Lg “1/3L(L + 1)]

R ) (5)
it [—AKL + geS] B

This Hamiltonian does not provide for an analytical expres-
sion of y,, as a function of the parameters A, k, 4 and A,
thus, their values must be determined through a numerical
matrix diagonalization method. This may be done by
making the analogy of this Hamiltonian with that for a hy-
pothetical system composed of two local exchange-coupled
spin moments (L =1 and $=3/2) and very different g values
of Ak and g,, respectively. The spin triplet (represented by
L) would be seen as experiencing axial zero field splitting
(ZFS) quantified by A with the coupling between both cen-
ters being gauged by AxA. Under this analogy, represented
in Figure 5 A, the first term of Equation (5) is the spin—spin
coupling, the second term is the energy of the ZFS, and the
third represents the Zeeman splitting of both local spins.
This procedure would allow one to obtain the temperature
dependence of y, for a mononuclear cobalt(II) complex.
Nevertheless, it can be expanded to include more metal ions
and the coupling between them.***! Complex 1 exhibits five
nonequivalent Co™ ions, which could, for simplicity, be treat-
ed using average values of the spin-orbit coupling parame-
ters. However, the system contains metals with coordination
numbers five and six. The former centers must exhibit very
large values of A and may thus be treated as quartets (S=3/
2) subject to ZFS (thus, as in the spin-only formalism). In
fact, attempts to treat the problem as five equivalent metal
centers only resulted in unreasonable average values for the
various parameters. By contrast, considering three aniso-
tropic §=3/2 centers together with two Co™ ions with strong
spin-orbit coupling, thus involving L and S, (Figure 5B) re-
sulted in the successful simulation of the experimental data.
Under this approach, the lowest possible value expected for
T (8.9 cm®Kmol ™! at 0 K, for three S=3/2 spin-only cen-
ters with g=2 and two octahedral Co" ions with only the

B

Figure 5. A) Representation of the model employed for a high-spin six-coordinate Co" system with spin-orbit
coupling. It is modeled as two local spins, S=1 (subject to a ZFS, A) and S=3/2 with g values of g=—Ax and
g., respectively, and coupled (with a coupling constant AxA). B) Application of the model to a cluster incorpo-
rating two six-coordinate Co" ions with spin-orbit coupling and three five-coordinate Co" metals (darker balls,
treated as spin-only centers with §=3/2).
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lowest Kramer doublet populated, all uncoupled) is much
higher than observed experimentally for a wide range of
temperatures (see Figure 4), which clearly indicates the
presence of AF interactions within the complex. As men-
tioned before, the coupling between Co" centers may be
treated with the model proposed here. Assuming that the
exchange coupling only contains isotropic contributions op-
erating on the real spins of the Co" ions, the coupling
scheme in Figure 3 may be considered, where J; represent
constants for the interactions between §=3/2 spins. Even in-
cluding all the approximations described above, the diago-
nalization of the resulting matrix (with the parameters A, &,
A, A and J) continues to be prohibitive. However, if J is
smaller than 4 (i.e. J/A<0.1), as is usually the case, a pertur-
bative approach can be implemented, thereby simplifying
dramatically the problem. Under these conditions, each of
the Co" ions with spin-orbit coupling may be considered as
just an effective local spin moment with S,,=1/2, exhibiting
a g factor that depends, not only on A, «, 4, and A, but also
on the temperature (termed G(T)). The coupling constants
between the so defined local spins become now effective
coupling constants (J') and their relation with the corre-
sponding real constants is J'=25J/9 (coupling between two
Ser=1/2) or J'=5J/3 (coupling between a S,;=1/2 and a S=
3/2).7 The value of G(T) at each temperature may be ob-
tained either by using a reported empirical law or by matrix
diagonalization.'""! The latter method is used here, since it is
more exact. The description of the magnetic exchange in
complex 1 requires nine coupling constants (Figure 3). To
avoid overparameterization, which causes the presence of
several local error minima, the various J parameters have
been grouped into three categories (J, [/1, Jo, I3, J7]5 Ty [Jas
Js, Js, Jol; J. [Js]) using the information obtained from DFT
calculations. Using this procedure, good simulations of the
experimental data were obtained, by using the program
VPMAG,™ for several sets of parameters. Some of these
however, lacked any reasonable physical meaning and only
solutions involving moderate to strong metal-ligand cova-
lence, as expected for this system, were considered. The best
fit (see Figure 3) was obtained for the following parameters;
i) Ak=1.06, A=—126cm™', A=+1.1cm™ (six-coordinate
Co" ions), ii) g=2.049 and D=+0.7 cm™" (five-coordinate,
S§=3/2 Co" ions), and iii) J,=—-3.5cm™ !, J,=—03cm™' and
J.=+0.3 cm™". The small value of A resulting from this fit is
consistent with the high symmetry of the six-coordinate Co"
centers present in 1. In addition, the g and D parameters as-
sociated with the five-coordinate ions fall perfectly within
the expected ranges.*’ Finally, the good agreement between
the experimental data and the curve arising from this fit
must be highlighted, as well as the consistency between the
coupling constants obtained here and the values arising
from DFT calculations. These factors serve to validate the
approach and approximations used during this study, which
demonstrates that the method employed serves to obtain
physically meaningful values for various important parame-
ters governing the magnetic behavior of high-spin Co" clus-
ters.
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Conclusions

The particular geometric features of the [Co",(bpp)] moiety
facilitates the capture of atmospheric CO, (in the form of
carbonate ligands) and the assembly of a peculiar pentago-
nal architecture with the shape of a propeller. This symme-
try forces the CO;*~ ligands to lie in irregular coordination
modes (unlike what is observed when carbonate templates
the formation of more common cyclic hexagonal arrange-
ments), yielding a combination of five- and six-coordinate
high-spin Co" ions. Modeling the magnetic properties of
such molecules is highly challenging, and the title system
has served as a good test for the validity of a matrix diago-
nalization technique, recently developed to treat polynuclear
molecules of Co™. The validity of the method is corroborat-
ed by both the success in reproducing the experimental data
and the agreement with the results obtained from DFT cal-
culations on this [Co"] cluster.

Experimental Section

Synthesis: The chemicals used were obtained from the following sources:
p-cresol, para-formaldehyde, hexamine, and aniline from SRL Chem
(India) and sodium methoxide from Spectrochem (India). Cobalt per-
chlorate hexahydrate was prepared by treating cobalt(Il) carbonate with
HCIO, (1:1) and crystallized after concentration on a water bath. 2,6-Bi-
s(phenyliminomethyl)-4-methylphenolate (Hbpp) was prepared by a lit-
erature procedure.™ All other chemicals and solvents were reagent
grade materials and were used as received without further purification.
All the reactions were performed in air at room temperature, unless oth-
erwise indicated.

[Co5(CO;),(bpp)sIC10,DMF (1-DMF): Method 1: To an orange solution
of Hbpp (0.31 g, 1 mmol) in MeOH (25 mL) was added dropwise a solu-
tion of Co(ClO,),6 H,0O (0.73 g, 2 mmol) in MeOH (25 mL) with stirring,
followed by addition of solid NaOMe (0.22 g, 4 mmol). The stirring was
maintained for 3 h. A mustard-brown precipitate was collected by filtra-
tion, washed with cold methanol and water, and dried under vacuum
over P,Oy,. The yield of 1 was 74 %. Single crystals of the complex, suita-
ble for X-ray analysis were obtained from DMF, by dissolving 1 (250 mg)
in this solvent (10 mL) and leaving the resulting solution unperturbed
and open to the atmosphere for five days. Elemental analysis caled (%)
for C,;0Hy,N;;0,4ClCos (2154.1): C 61.33, H 4.30, N 7.15; found: C 61.25,
H 4.21, N 6.94; selected FTIR bands: (KBr): #= 3447 (br), 1609 (s), 1590
(s), 1552 (vs), 1488 (m), 1430 (s), 1381 (m),1325 (m), 1195 (m), 1072 (s),
756 (vs), 693 (s), 534 cm™' (m); molar conductance, Ay;: (DMF solution):
70 ohm'cm’mol™!; UV/Vis spectra [An (&,)]: (DMF solution): 400
(4665), 276 nm (12495 Lmol 'cm™).

Method 2: K,CO; (0.55 g, 4 mmol) was dissolved in degassed methanol
(40 mL) by stirring for 3 h. The ligand Hbpp (0.31 g, 1 mmol) was dis-
solved in degassed methanol (20 mL) and the solution was added drop-
wise with stirring to the previous one. The resulting orange solution was
stirred for about 10 min, and a solution of Co(ClO,),-6H,0 (0.73 g,
2 mmol) in degassed methanol (15 mL) was added to it dropwise. The re-
action mixture was stirred further for 2 h. A mustard-brown precipitate
of 1 was collected by filtration, washed with cold methanol followed by
water, and dried under vacuum over P,O,,. The yield was 72 %.

Caution! Although no problems were encountered in this study, transition
metal perchlorates are potentially explosive and should be handled with
care.

Single-crystal X-ray crystallography: The crystal data of compound
1-DMF were collected at 120 K using a Nonius Kappa CCD diffractome-
ter with graphite-monochromated Moy, radiation. The data sets were in-
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tegrated with the Denzo-SMN package!* and corrected for Lorentz, po-
larization and absorption effects (SORTAV).*") The structure was solved
by direct methods (SIR97)“¥! and refined by using full-matrix least-
squares with all non-hydrogen atoms anisotropically and hydrogens in-
cluded at calculated positions, riding on their carrier atoms. The asym-
metric unit is built up by a pentanuclear cation complex [(Co bpp)s-
(CO4),]*, a ClO,™ ion, and a DMF solvent molecule. All calculations
were performed by using SHELXL-97*! and PARST® implemented in
the WINGXF! system of programs. The crystal data are given in Table 1.
Selected bond lengths and angles are given in Table 2. CCDC-736764
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Physical measurements: Microanalyses were performed by using a
Perkin—Elmer model 2400 microanalyzer. FT-IR spectra were recorded
on a Perkin—Elmer RX1 spectrometer. The solution electrical conductivi-
ty and electronic spectra were obtained by using a Unitech type U131C
digital conductivity meter with a solute concentration of about 10°m and
a Shimadzu 1601 UV-Vis-NIR spectrophotometer, respectively. 'H and
3C NMR spectra were recorded in CDCl; with a Bruker AC 200 NMR
Spectrometer using TMS as the internal standard. Variable-temperature
magnetic susceptibility data were obtained with a Quantum Design
MPMSS SQUID magnetometer. The field applied for temperature-de-
pendent measurements was in the range of linear dependence of M
versus H. The measured values were corrected for the experimentally de-
termined contribution of the sample holder, while Pascal’s constants
were utilized to estimate diamagnetic corrections to the molar paramag-
netic susceptibility.

Computational details: Calculations were performed through the Gaussi-
an09 package using the B3LYP functional,® the quadratic convergence
approach and a guess function generated with the Jaguar 6.5 code.”™ The
usual procedure involving triple-C and double-C all-electron Gaussian
basis sets for the metal and the rest of atoms, respectively, gave no satis-
factory results.>>¥! Calculations engaging 4 Itanium?2 1.3 GHz processors
either did not meet the convergence criterion after eight weeks, as a
result of fluctuations in the process, or led to an extremely slow conver-
gence when using a quadratic convergence algorithm. This is common
with systems containing cobalt(II) ions with strong spin-orbit coupling.
Spin distributions have been calculated by employing the program
SIESTA (Spanish Initiative for Electronic Simulations with Thousands of
Atoms).’ As done previously, the GGA exchange-correlation functional
proposed by Perdew, Burke, and Erzernhof (PBE) was used here.™
Only external electrons are included in the calculations, the cores being
replaced by norm-conserving scalar relativistic pseudopotentials factor-
ized in the Kleinman-Bylander form. These pseudopotentials are gen-
erated following the approach proposed by Trouiller and Martins®* from
the ground state atomic configurations for all the atoms except for Co,
for which, the configuration [Ne]’s?3p°4s”3d’ was employed. The core
radii for the s, p, d, and f components of the Co atoms are 2.38, 2.44,
2.26, and 2.26, respectively.””) The cutoff radii were 1.14 for oxygen, ni-
trogen, and hydrogen atoms and 1.25 for carbon atoms, respectively. Sim-
ilar problems observed with Gaussian packages were also found here. A
search for the optimum parameters for the energy shift and for the mesh
cutoff allowed us, after considerable efforts, to obtain good converged
electronic configurations.
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