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Defective dicubanes of Co'"/Co"' complexes with
triethanolamine and N-donorst

S. R. Hosseinian,? V. Tangoulis,*® M. Menelaou,® C. P. Raptopoulou,® V. Psycharis®
and C. Dendrinou-Samara*®

The mixed valence Co'"/Co™ tetranuclear clusters [Co'";Co™",(tea),(pyr)o(NO3)4]-2CHSCN (1), [Co',Co",-
(13-OH)x(Htea),(bpy)al(NO3)4 (2), and [Co",Co",(13-OH),(Htea),(phen)s1(NOs),-2CH3CN-2CH30H (3) are
described where tea and Htea are the fully and the doubly deprotonated form of triethanolamine, while
as N-donors are pyridine, 2,2"-bipyridine and 1,10-phenanthroline. Complexes 1-3 contain the Co''-
Co"',0g core and can be described as defective dicubanes with different imperfectness. In 1, the central
rhombic core Co,0, is occupied by two Co'" ions while the external cobalt atoms display Co' oxidation
states; meanwhile 2 and 3 exhibit a reversal in their Co",Co"', oxidation state distribution. Two different
theoretical models were used to explain the magnetic behavior: (i) spin—spin interaction model with local
anisotropy terms where S = 3/2 for both metal centers and (ii) an anisotropic spin-spin interaction model
applicable in the low temperature range (T < 40 K) using effective spins (Sess = 1/2) for both metal
centers. For 1 a relatively strong next-nearest-neighbour antiferromagnetic exchange interaction
between the Co(i) centers which are connected via diamagnetic Co(i) ion was found while for 2 and 3
the presence of ferromagnetic interaction is confirmed. The fitting results, concerning the first model,
gave: J = 2.0(2)/3.2(2)/3.8(2) cm™', g = 2.35(1)/2.52(1)/2.57(1) and D = 11.0(1)/8.5(1)/7.8(1) cm™" while
concerning the second model are: J, = —7.1(2)/19.2(2)/22.1(2) cm™', g, = 6.8(1)/8.1(1)/8.3(1), Iyl =
0.34(2)/0.11(2)/0.14(2), and g,,/9, = 0.52(2)/0.28(2)/0.36(2) for 1-3. X-Band EPR spectrum of 1 has a
very broad derivative centered at g = 5.3 while for 2 and 3 large g-variations were found in the range
20.0-1.0, indicative of an exchange interaction between Co(ii) ions.

are present in the structure of a ferredoxin protein’ and act as
electron transfer agents,"* the heteronuclear cubane Mn;CaO,4

Tetranuclearity can be considered a common and representa-
tive class of high-nuclearity 3d-metal clusters showing interest-
ing properties spanning from catalysis," and magnetism” to
modelling biochemical reactions.®> Various coordination
motifs have been described in the literature in which the M,
cores present linear," cubane,” butterfly, adamantane,’
basket,® squares,” and metallacrown'® topologies. Cubane-like
clusters, found in a variety of transition metal complexes,
exhibit interesting magnetic exchange properties and under
certain circumstances act as single molecule magnets.'' In
biology, such systems are well known;'? the Fe,S, cubane units
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is present at the active site of the oxygen evolving centre of
photosystem 1I,'> and the Fe;MoS; has been identified at the
active site of nitrogenase.'®

Cubane-like structures favored in iron,'” manganese'® and
vanadium'® hydroxo- and/or alkoxo-bridged chemistry, while
in cobalt systems are relatively limited especially the mixed
valence Co"/Co™ compounds. Although we have little synthetic
control to form such complexes, as most of them are obtained
serendipitously, one of the most fruitful routes can be con-
sidered to be the use of multidentate binding ligands along
with bridging anions such as N;7,>° CH;07,*! etc. To our
knowledge till now, the reported tetranuclear mixed valence
Co"/Co™ clusters showing cubane-like structures have been
isolated in the presence of: (a) aminoalcohol ligands;
[C0,Co,(H,hbhpd),(Hshbhpd),(H,0),]-Cl,-(CH;0H),,>*  (where

Hshbhpd = 2-(2-hydroxy-benzylamino)-2-hydroxymethyl-
propane-1,3-diol), [C0,C0,{NH(C,H,0H), },{NH(C,H,0),},]-
(Cloy),” (b) multidentate  Schiff base ligands;

[C0,C0,L,(CH;30)4]-2CH,Cl, ** (where H;L = bis(benzoylace-
tone)-1,3-diiminopropan-2-ol), [C0,C0,(C1,H;903N,),(13-OMe),-
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(NO3)(H,0),](NO3)-2(H,0),>®  [C0,C0(}t1,1-N3)a(N3),(HDMSP),-
(MeOH),]-2H,0,*® (where H;DMSP = 1,3-dihydroxy-2-methyl-2-
(salicylideneamino)propane), [C0,C0,(HL),(OCH;),(N3),]-CH;-
OH-2H,0,””  [C0,C0,(HL),(OCHj3),(N3),(CH;CO,),]-2CH;OH:-
2H,0,”” [C0,C0,(HL),(OCH3),(CH;0H),(N3),](NO;),,>” (where
H;L = 2,6-bis[(2-hydroxy-ethylimino)-methyl]-4-methylphenol),
and (c¢) a diketone ligand; [Co,Co,(CsH;0,),(CH;0),-
(C,H30,),].%8

In view of the above and due to our ongoing interest for
new preparative routes to polynuclear complexes of various
transition metal complexes, we chose to investigate the coordi-
nation chemistry of cobalt in the presence of triethanolamine
and neutral co-ligands, namely N-donors of different sizes.
Triethanolamine (Hjtea) is an aminoalcohol that acts as a
binder since it possesses four binding sites capable of coordi-
nating metal ions with important features. Several structures
are reported in the literature where triethanolamine partici-
pates in high-nuclearity clusters with a variety of lattice dimen-
sionality, unique architecture and aesthetically pleasing
structures indicating its use as a versatile and multidentate
capable ligand.?*"*!

Herein, we present the synthesis, isolation and characteri-
zation of three new tetranuclear mixed valence Co"/Co™
structures: [Co™,Co™,(tea),( pyr),(NOs),]-2CH;CN (1), [Co™,Co™,-
(n3-OH),(Htea),(bpy)4](NO), (2), and [Co™,Co™,(n;-OH),(Htea),-
(phen),](NO;),-2CH3CN-2CH;0H (3) where tea and Htea are
the fully and the doubly deprotonated form of triethanola-
mine, while as co-ligands are the N-donor pyridine (= pyr),
2,2"-bipyridine (= bpy) and 1,10-phenanthroline (= phen)
respectively. The variable-temperature magnetic suscepti-
bilities of complexes 1-3 have been measured in the range
2-300 K under various external fields in the range 0.02-1.0
T. X-Band EPR spectra of 1-3 were recorded at 4-70 K. The
magnetic behavior of the tetranuclear compounds 1-3 have
been explained with two different theoretical models: (i) spin—
spin interaction model with local anisotropy terms where S =
3/2 for both metal centers and (ii) an anisotropic spin-spin
interaction model applicable in the low temperature range (7T <
40 K) using effective spins (Seg = 1/2) for both metal centers.

Results and discussion

In an effort to delve into the coordination chemistry of cobalt
in the presence of triethanolamine and N-donors, different
synthetic approaches were used. During these synthetic
attempts and in a solvent mixture comprising MeCN-MeOH
(1:1 v/v), the equimolar Co(NO3),/H;tea/Pyr reaction system in
basic conditions monitoring with the relatively weak base tri-
ethylamine (Et;N), resulted 1 in low yield (>20%) as well as
two other clusters; a pentanuclear and a heptanuclear one
which are discussed elsewhere.*”> However, keeping all the
reaction conditions as described above and by varying only the
N-donor to 2,2"-bipyridine or 1,10-phenanthroline, 2 and 3
complexes were formed, respectively as the only products from
each system in high yield (>60%). Alternatively, complex 1 has
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been successfully prepared in high yield (>70%) in pure
MeCN. The purity of 1-3 was confirmed by powder X-ray dif-
fraction and in comparison with their single crystal analysis.

The formation of 1-3 can be represented by the following
equations (eqn (1)—(3)):

4Co(NO;3), + 2Hjtea + 2pyr + 4Et;N + 0.50, + H,O
— 4ENH' + [Co™,Co™, (tea), (pyr),(NO3),]
+4(NO3)” + 2H,0 (1)

4Co(NO;), + 2Hjtea + 4bpy + 4Et;N + 0.50, + H,0
— 4E;NH' + [Co",Co™, (p,-OH), (Htea), (bpy),]
- (NO3), + 4(NO3) - (2)

4Co(NO;), + 2Hstea + 4phen + 4Et;N + 0.50, + H,0
— 4E;NH' + [Co",Co™, (p,-OH), (Htea), (phen),]
- (NO3), +4(NO;)~ (3)

The oxidation of Co(u) to Co(m) ions is due to the presence
of atmospheric O, and a process which has long been recog-
nized in 3d-cluster chemistry (e.g. in manganese, iron and
cobalt systems).** Moreover, triethylamine acts as a proton
acceptor and thus facilitates the deprotonation of Hstea and
H,0 molecules resulted the HO™ groups found in 2 and 3,
respectively.>* The incorporation of the nitrate anions can be
considered crucial for the isolation of 1-3 acting either as a
binding moiety as in 1 or providing the necessary charge for
the crystallization in the case of 2 and 3, respectively. Addition-
ally, considering that the only difference between the reported
complexes is the size of the N-donor, it seems that steric
effects influence the formation of 2 and 3 while the formation
of HO™ propagated only in the case of the N,N-donors. There-
fore, the properties of the employed ligands in each ternary
system are found to control the nuclearity but also the overall
geometry of the resulting tetranuclear clusters with distinct
coordination modes.*’

The IR spectra of 1-3 exhibit characteristic vibrations of the
C=N of the N-donor groups detected at 1607 cm ' for 1,
1610 cm ™" for 2 and 1625 cm™" for 3 which correspond to the
coordinated stretching frequencies of pyr, bpy and phen,
respectively. Triethanolamine molecules have been assigned at
three regions: (a) medium bands at 3400 cm™" for 2 and 3 are
assigned to the stretching vibrations of OH groups; (b) at
about 2960 cm™' and around 2930 cm™' the v,(C-H) and
Vsym(C-H) are detected in 1-3, respectively; and (c) three bands
in the region of 1050 cm™" are attributed to the 1(C-O) stretch-
ing in 1-3. Additionally, in 2 and 3, a strong band at
1384 cm™' is assigned to the ionic nitrates.>® The presence of
the coordinated nitrates in 1 is indicative by two bands; the
asymmetric stretching vibration of nitrate v,s(-ONO,) at
1479 cm ™" and the symmetric stretching vibration vgm(-~ONO,)
at 1299 cm™'. These vibrations do not occur in the ionic
nitrates and the frequency difference A(vas — veym) found
180 em™" is correlated with the bidentate coordination mode

This journal is © The Royal Society of Chemistry 2013
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of the nitrate ions and is in good agreement with those found
before.*”

Description of the structures

General description. The single crystal X-ray determination
of 1-3 revealed that in addition to lattice molecules and/or
counter anions (CH3CN for 1, NO; for 2, NO;, CH;0H and
CH;CN for 3) they consist of tetranuclear centrosymmetric
mixed valence Co"/Co™ entities (neutral or cations) which can
be best described as defective dicubanes with different imper-
fectness (Fig. 1-3). Complexes 2 and 3 can be considered ana-
logous differing only in the size of N,N-donor co-ligand. The
three clusters contain the Co™,Co™,04 core, meanwhile 1 exhi-
bits a reversal in their Co™,Co™, oxidation state distribution.
All complexes possess a centre of symmetry which is located at
the mid-point of the central rhombic core {C0,0,}. The two
extreme corners are occupied by two Co(u) ions for 1 while in
2 and 3 by two Co(u) ions. In that respect, the core consists of
four cobalt ions located at the three corners of two cubanes
sharing in one face while in 2 and 3 complexes one vertex is
missing and in complex 1 two vertexes are missing. Thus, they
can be considered as defective dicubane cores divacant and
tetravacant, respectively. Central oxygen atoms are provided by
hydroxide ligands in 2 and 3 while in 1 are alkoxide oxygens
coming from triethanolamine. Fig. 4 illustrates the core simi-
larities of 1-3.

Defective dicubane structure topology similar to 2 and 3 is
common in Mn"™ chemistry®*® but rarely reported in Co™™
chemistry, meanwhile to our knowledge, the specific coordi-
nation pattern of 1 is reported for the first time.

Structure analysis of [Co™,Co™,(tea),(pyr),(NO3),]-2CH;CN (1)

DIAMOND diagram of 1 appears in Fig. 1, while selected bond
distances and angles are listed in Table 2. The tetranuclear

Fig. 1 Partially labelled plot of the structure of 1. Hydrogen atoms have been
omitted for clarity. Colour code: Co(i): magenta, Co(i): orange, O: red, N: blue,
C: grey. Primed atoms are generated by symmetry () 1 —=x,2 -y, 1 -z

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Partially labelled plot of the tetranuclear cationic unit of 2. Only the
hydroxide hydrogen atoms are shown for clarity. Colour code: Co(il): magenta,
Co(in): orange, O: red, N: blue, C: grey, H: light purple. Primed atoms are gen-
erated by symmetry (') —x, -y, —z.

Fig. 3 Partially labelled plot of the tetranuclear cationic unit of 3. Only the
hydroxide hydrogen atoms are shown for clarity. Colour code: Co(i): magenta,
Co(in): orange, O: red, N: blue, C: grey, H: light purple. Primed atoms are gen-
erated by symmetry (') —x, 2 — y, —z.

cobalt complex in 1 is neutral and all cobalt ions exhibit dis-
torted octahedral geometry. The fully deprotonated triethano-
lamine acts as 4.2221 ligand (Harris notation);*° each alkoxide
oxygen atom O(1), O(2) and O(3) is bridging the central cobalt
ions Co(1), and from both sides the external cobalt ions Co(2)
respectively while nitrogen (N(1)) from tea as well as nitrogen
from pyridine molecule (N(2)) fulfil the coordination require-
ments of Co(1) resulting in a {N,0,} chromophore. Meanwhile
Co(2) ions present an Oq donor set achieved through four
oxygens (O(4), O(5), O(7), O(8)) from two bidentate nitrate
anions and two alkoxide bridging oxygen atoms O(1), O'(3)
(symmetry code: ('): 1 — x, 2 — y, 1 — 2). The coordination bond
distances for Co(1) lie in the range 1.884-1.991 A, significantly
shorter than Co(2) falling in the range 1.939-2.373 A

Dalton Trans., 2013, 42, 5355-5366 | 5357
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Fig. 4 Representation of the tetranuclear cores of complexes 1-3. Colour code: Co(i): magenta, Co(i): orange, O: red, N: blue.

Table 2 Bond lengths [A] and angles [°]in 1, 2 and 3°

Co(m) distances [A]
@)
Co1-02
Co1-03
Co1-N1
Co1-02'
Co1-01
Co1-N2
Co(n) distances [A]
Co2-03'
Co2-01
Co2-04
Co2-08
Co2-05
Co2-07
Angles
@)
02-Co1-03
02-Co1-N1
03-Co1-N1
02-Co1-02’
03-Co1-02'
N1-Co1-02’
02-Co1-01
03-Co1-01
N1-Co1-01
02'-Co1-01
02-Co1-N2
03-Co1-N2
N1-Co1-N2
02'-Co1-N2
01-Co2-N2

03'-Co2-01
03'-Co2-04
01-Co2-04
03'-Co2-08
01-Co2-08
04-Co02-08
03'-Co02-05
01-Co02-05
04-Co02-05
08-Co02-05
03'-Co02-07
01-Co02-07
04-Co2-07
08-Co02-07
05-Co02-07

“ Symmetry transformations used to generate equivalent atoms: 1: () 1 — x, 2 =y, 2 — 2; 2: () —=x, =y, —2; 3: () —x, 2 — y, —2.
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1.884(4)
1.891(4)
1.915(6)
1.922(5)
1.921(5)
1.991(5)

1.939(5)
1.968(5)
2.073(5)
2.077(5)
2.303(6)
2.373(5)

103.6(2)
97.8(2)
102.6(2)
108.2(2)
109.0(2)
132.2(2)
154.5(2)
91.3(2)
58.2(2)
85.7(2)
87.8(2)
164.9(2)
85.4(2)
57.2(2)
82.0(2)

Co1-031
Co1-032
Co1-061
Co1-N12
Co1-N11
Co1-N31

Co2-032'
Co2-031
Co2-061
Co2-N1
Co02-N2
Co2-061'

031-Co1-032
031-Co1-061
032-Co1-061
032-Co1-N12
031-Co1-N12
031-Co1-N11
032-Co1-N11
061-Co1-N12
N12-Co1-N11
031-Co1-N31
061-Co1-N11
032-Co1-N31
N12-Co1-N31
061-Co1-N31
N11-Co1-N31

032'-C02-061
031-Co02-061
032'-Co2-N1
032'-Co2-N2
032'-C02-031
032'-Co02-061’
031-Co2-N1
N1-Co2-061'
061-Co2-N1
031-Co2-N2
061-Co2-N2
N1-Co2-N2
N2-Co2-061'
031-Co2-061'
061-Co2-061'

(2)

(2)

1.856(4)
1.881(5)
1.926(5)
1.940(6)
1.944(6)
1.980(6)

2.023(5)
2.063(4)
2.108(6)
2.109(6)
2.113(6)
2.155(5)

100.9(2)
74.0(2)
99.0(2)
89.4(2)
167.7(2)
73.8(2)
87.2(2)
103.9(2)
159.8(2)
102.4(2)
98.6(2)
77.8(2)
163.3(2)
94.4(2)
85.3(2)

Co1-043
Co1-042
Co1-061
Co1-N2
Col1-N1
Co1-N41

Co02-042
Co02-043'
Co2-061’
Co2-N21
Co2-N22
Co02-061

043-Co1-042
043-Co1-061
042-Co1-061
042-Co1-N2
043-Co1-N2
043-Co1-N1
042-Co1-N1
061-Co1-N2
N1-Co1-N2
043-Co1-N41
061-Co1-N1
N2-Co1-N41
N1-Co1-N41
042-Co1-N41
061-Co1-N41

042-C02-043'
043'-C02-061'
042-Co2-N21
061'-Co2-N21
043'-Co2-N22
042-Co02-061'
N21-Co2-N22
043'-Co2-N21
043'-Co02-061
061'-C02-061
042-Co2-N22
061'-C02-N22
042-Co02-061
N21-Co2-061
N22-Co02-061

1.855(2)
1.876(2)
1.935(2)
1.948(2)
1.954(2)
1.985(3)

1.992(2)
2.072(2)
2.126(2)
2.130(3)
2.136(2)
2.189(2)

94.8(1)
83.3(1)
82.2(1)
175.2(1)
89.5(1)
172.0(1)
92.3(1)
96.3(1)
83.3(1)
87.6(1)
94.2(1)
96.6(1)
96.5(1)
85.7(1)
164.1(1)

167.4(1)

73.8(1)
91.0(1)

105.5(1)

This journal is © The Royal Society of Chemistry 2013
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indicating the presence of mixed valence cobalt ions (Co(1) as
Co™ and Co(2) as Co™). Moreover, assignment of oxidation
states was determined by inspection of metric parameters and
confirmed by bond-valence sum (BVS) analysis developed by
Brown and Thorp and co-workers."® The BVS values found for
Co(1) = 3.14, and Co(2) = 2.05, respectively; thus confirmed
that Co™" corresponds to Co(1) ions and Co" to Co(2) ions. The
four cobalt atoms are located at a plane, generating an approxi-
mate Co, rhombus with two pairs of almost equal edge dis-
tances [3.353 A and 3.307 A]. Interatomic Co---Co separations
found in the order Co(ur)-Co(m) (2.907 A) < Co(m)-Co(u) (mean
distance 3.33 A) < Co(m)-Co(n) (5.992 A) and are in agreement
with mixed valence tetranuclear structures with Co™-Co™
internal positions.>**”

The bridging central core angle Co(1)-O(2)-Co'(1) is
99.6(2)° significantly shorter than the external bond angles
Co(1)-0(3)-Co'(2) 122.2(2)° and Co(2)-O(1)-Co(1) 116.5(3)° as
a result of the imperfectness of 1.

Structure analysis of [Co™,Co™,(j1;-OH),(Htea),(bpy).](NO3),
(2), and [Co",Co™,(p;-OH),(Htea),( phen),]-
(NO,)4-2CH;CN-2CH,0H (3)

DIAMOND diagrams of the crystal structures of 2 and 3 appear
in Fig. 2 and 3, respectively and selected bond distances and
angles are listed in Table 2. The tetranuclear cationic units in
2 and 3 as structural analogues are discussed together. In both
structures two pz-hydroxo bridges occur, providing O(61) to
connect the central Co(2) ions with the external Co(1) ions.
Even though the p;-hydroxo bridge is common in coordination
chemistry, it has not yet been observed in any of the reported
tetranuclear mixed valence cobalt clusters, thus 2 and 3 are
the first evidence of such coordination pattern. Each structure
is stabilized by four NO;~ counteranions. The doubly deproto-
nated triethanolamine (Htea) acts in a 3.2201 fashion.*® The
alkoxide oxygens O(31) and O(32) for 2 and O(43) and O(42)
for 3 are bridging the internal Co(2) ions with the external
Co(1) ions, while one alkoxide arm of the tripodal remains
uncoordinated (O(33) for 2 and O(41) for 3).

All cobalt ions are in octahedral configuration. The external
Co(1) has a {N;O;} chromophore composed of a hydroxide
oxygen (0O(61)), two alkoxide oxygens (O(32) and O(31) for 2
and O(43) and O(42) for 3), a nitrogen from the tripodal (N(31)
for 2 and N(41) for 3) and two nitrogen atoms coming from
the N,N-donors (N(11), N(12) for 2 and N(1), N(2) for 3).

The central Co(2) has a {N,0,} chromophore composed of
two alkoxide oxygens from the Htea ligand O(31), O'(32) (sym-
metry code ('): —x, —y, —2z) for 2 and O(42), 0'(43) (symmetry
code (): —x, 2 — y, —2), for 3, one hydroxide oxygen atom
[O'(61) for 2 and for 3] and two nitrogens N(1), N(2) of bpy for
2 and N(21), N(22) of phen donors for 3, respectively. Bond dis-
tances of Co(1) found almost identical to both structures and
lie in the range of 1.856-1.980 A for 2 and 1.856-1.985 A for 3,
significantly shorter than of Co(2) 2.023-2.155 A for 2 and
1.992-2.188 A for 3 indicating mixed valence compound. In
addition, BVS analysis showed for Co(1) = 3.25/3.21 and Co(2)
=1.96/1.92 for 2 and 3 respectively; thus confirmed that Co™

This journal is © The Royal Society of Chemistry 2013
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corresponds to Co(1) ions and Co™ to Co(2) ions. It is also to
be noted that the charge arrangements as described above
fully agrees with the magnetic properties of 2 and 3.

As in 1 the four cobalt atoms are located at a plane, generat-
ing an approximate Co, rhombus with two pairs of almost
equal edge distances [3.076 A and 3.097 A for 2; 3.092 A and
3.105 A for 3]. Moreover, the Co---Co separations in 2 and 3,
due to reversal distribution of the cobalt ions compared to 1,
follow an opposite order; Co(ur)-Co(ur) (5.318/5.334 A) > Co(m)-
Co(n) (mean distance 3.086/3.098 A) > Co(u)-Co(u) (3.135/
3.155 A) and are in good agreement with the values found
before for analogous cubane-like complexes with Co"-Co"
internal positions.>***>>2¢ The mean N,N-donor plane coordi-
nated to Co™ is inclined to the cobalt ions mean plane by an
angle of 53.9/53.5° in 2 and 3, respectively. The corresponding
angles involving the N,N-donors coordinated to Co" are
76.2/72.8° in 2 and 3, respectively.

The internal Co(2)-O(61)-Co’(2) angle found almost the
same 94.7(2)° for 2 and 94.0(1)° for 3 respectively, smaller
than 1 as expected due to the nature of the hydroxide bridge.

The nitrate counterions are linked to the cationic cluster in
2 through strong inter-molecular hydrogen bonding inter-
actions involving the free alkoxide group of each Htea and the
two hydroxide bridges (Fig. 5) [0(33)---0(51) = 2.733 A, H(330)
--0(51) = 2.196 A, O(33)-H(330)---0(51) = 121.7°; O(61)---O(42)
(=x, =y, —2) = 2.792 A, H(610)---0(42) = 2.151 A, O(61)-H(610)
---0O(42) = 166.8°]. On the other hand, the lattice structure of 3
is completely different, although generated by similar inter-
molecular hydrogen bonding interactions, involving the free
alkoxide group of each Htea and the two hydroxide bridges
[0(41)--0O(52) = 2.781 A, H(410)---0(52) = 1.999 A, O(41)-
H(410)---0(52) = 162.9° O(61)--0(53) (-1 + x, y, 2) = 2.873 A,
H(610)---0(53) = 1.913 A, O(61)-H(610)---0(53) = 161.9°] which
link the tetranuclear cations into 1D chains along the crystallo-
graphic a-axis (Fig. 6).

Magnetics and EPR

Two different theoretical models were used to investigate the
magnetic behavior of compound 1. The first model (isotropic

1

¢

]

]
/

Fig. 5 Inter-molecular H-bonding interactions (dashed lines) in 2. Colour code:
Co(i): magenta, Co(in): orange, O: red, N: blue, C: grey, H: light purple.
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Fig. 6 A small fragment of the 1D lattice structure in 3 along the a-axis due to inter-molecular H-bonding interactions (dashed lines). Colour code: Co(i)): magenta,

Co(im): orange, O: red, N: blue, C: grey, H: light purple.

Heisenberg model with local anisotropy terms - see eqn (4)
below) takes into account (i) both the axial and rhombic parts
of distortion of the crystal field (D, E), (ii) an isotropic g-value,
and (iii) the isotropic spin-spin interaction between the two
magnetic centers (S; = S, = 3/2).*" The second model (anisotro-
pic Heisenberg Hamiltonian - see eqn (5) below) is applied in
the low temperature range (T < 40 K)*>**> where only the low-
lying anisotropic spin-doublet S = 1/2 is populated. This
effective spin doublet arises from the splitting of the *T; term
through spin-orbit coupling and local distortion of the octa-
hedral sites. According to the anisotropic model: (a) the
effective spin is S; = S, = 1/2, and (b) there are axial exchange
interaction terms J (J, = Jy, Jz) and g (g« = gy, g2)- It should be
noted here that for J; # 0 and J, = J, = 0, the system is in the
Ising limit while for J, = 0 and J, = J, # 0, the system is in the
XY limit.

1
H = —J5,5, +D[s§ —5S(s+ 1)] +E(s§ - Sj) +Bg:S; (4)

H= (1,838 +J:SiS3 +J,S18)) + Bgi Si (5)

Magnetic properties of compound 1

Magnetic susceptibility measurements were carried out at
different magnetic fields and in the temperature range
2-300 K. Fig. 7 shows the yyT per 2Co(u1) ions versus T suscepti-
bility data at 0.1 T for compound 1. The y\7 values decrease
smoothly from 5.5 emu mol™ K at 300 K to 5.0 emu mol™" K
at 70 K and then more steeply to a minimum value of 1.3 emu
mol ™" K at 2 K. The high-temperature value of y\T is higher
than 3.75 emu mol™" K, the value that would be expected for
two Co(u) ions with an S = 3/2. This behavior is consistent with
the presence of a significant orbital contribution to the an-
isotropic nature of the Co(u) system investigated while the low
temperature decrease of the susceptibility data is due to anti-
ferromagnetic exchange interaction between the Co(u) ions
and zero-field interactions.

While the significance of the exchange interaction between
the magnetic Co(u) centers is not obvious for compound 1,
fitting attempts without the spin-spin interaction ended up
with unrealistic results or unacceptable agreement factors con-
cerning the fitting processing. The fitting results using eqn (4)
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Fig. 7 Temperature dependence of the susceptibility data of complex 1 in the
form of yuT per 2Co(n) ions versus T at 0.5 T. Solid line and stars are theoretical
curves according to different Hamiltonian equations (see text for details).

yield the following parameters: J = 2.0(2) cm™", g = 2.35(1), D =
11.0(1) em™" and the theoretical curve is shown in Fig. 7 as a
solid line. In the same figure another simulation is carried out
(dotted line) where the exchange interaction part was set to
zero (J = 0) in order to point out its significance. The sign of
the D parameter along with the E parameter were not resolved
from the magnetic measurements, while introduction of an
axial symmetry to the g-parameter (g, g) leads to no
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improvement of the fit. The value of the D parameter is in
accordance with an octahedral Co(u).**

The relatively strong next-nearest-neighbor antiferromag-
netic exchange interaction is not unrealistic when the centers
are connected via diamagnetic metal ions with low electron-
promotion energies between neighboring metals. This is the
case also of an investigated heteronuclear complex
[Fe™Co™Fe™]** in which a relatively low electron-promotion
energy between cobalt and iron sites is present.*> Another
example is the Prussian blue molecular magnet, in which the
interaction between next-nearest-neighbor high-spin Fe(ur)
sites is mediated by a bridge containing the diamagnetic Fe(u)
ion.

The best fit of the experimental susceptibility data to the
expression for the magnetic susceptibility derived from eqn (5),
gives the following exchange parameters J, = —7.1(2) em ™,
g: = 6.8(1), JylJ, = 0.34(2), and g,/g, = 0.52(2) and is shown as a
solid line in the inset of Fig. 7 along with the experimental
points (open cycles). If we have in mind that Jis, = (Jx +J, +J2)/
3, then the value of isotropic exchange constant J, for this
model is Jiso = —4.0(2) em™', which is in accordance with a
small anisotropic antiferromagnetic interaction and close to
the value obtained from the model described in eqn (4). To
test the validity of the fitting values, the magnitude of the an-
isotropy for the Co-Co interaction was investigated. Generally,
that is given by Jy/J, ~ (gx/g:)°, where J,, and J, are the parallel
and perpendicular exchange components to the spin direction
(J has been assumed to be axial).***® On the basis of the
values obtained from the fitting process, an agreement arises
between the two terms of the aforementioned mathematical
relationship.

Magnetization measurements on 1 were carried out at 2 K,
and in the field range 0-5 T. The derived data are shown in the
form of M/N [ug] vs. H [kG] in Fig. 7. To further investigate the
fitting process, simulations of the magnetization data (vide
infra) were carried out using the values obtained from the sus-
ceptibility fitting. The results are also shown in Fig. 7 as solid
lines. Here too, the observed simulation is in agreement with
the experimental curve.

It should be mentioned here that the anisotropic model
gave an exchange interaction term (/s value) which is larger
from the value found from the model described with eqn (4).
Thus, it is difficult to correlate the results due to the different
nature of the two aforementioned models.

Magnetic susceptibility for 2 and 3

Magnetic susceptibility measurements were carried out at
different magnetic fields and in the temperature range
2-300 K. Fig. 8 and 9 shows the y\T per 2Co(u) ions versus T
susceptibility data at 0.1 T for complexes 2 and 3 respectively,
while the solid lines represent the fit according to the general
Hamiltonian in eqn (4). The y,T values increase smoothly
from 6.0 (6.5) emu mol™* K at 300 K to a maximum value of
7.3 (7.7) emu mol ™" K at 10 K while an abrupt decrease follows
to the value of 6.4 (6.7) at 2 K. The high-temperature value of
mT is higher than 3.75 emu mol™ K, the value that would be

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 Temperature dependence of the susceptibility data of complex 2 in the
form of y\T per 2Co(i) ions versus Tat 0.5 T. Solid line and stars-line are theoreti-
cal curves according to different Hamiltonian equations (see text for details).

expected for two Co(u) ions with an S = 3/2. This behavior is
consistent with the presence of a significant orbital contri-
bution to the anisotropic nature of the Co(i) system investi-
gated while the increase of the data is due to ferromagnetic
interaction between the Co(u) ions. The abrupt low tempera-
ture decrease (for temperatures lower than 10 K) of the suscep-
tibility data is due to zero field/intermolecular interactions.
The fitting results are: J = 3.2(2)/3.8(2) cm™", D = 8.5(1)/7.8(1)
em™, g =2.52(1)/2.57(1) ecm™" for 2 and 3, respectively.

In order to investigate the anisotropic nature of the
exchange interaction between the Co(u) ions a Hamiltonian
formalism (eqn (5)) was used and an analogous fitting pro-
cedure as described previously was carried out. The fitting
results for 2 and 3 are shown as solid lines in the inset of the
susceptibility plot (upper plot in Fig. 8 and 9) and the values
are: J, = 19.2(2)/22.1(2) em™, g, = 8.1(1)/8.3(1), JylJ. = 0.11(2)/
0.14(2), and g,/g; = 0.28(2)/0.36(2), respectively. The obtained
isotropic exchange interaction values for 2 and 3 are: Jis, =
7.6(2)/9.3(2) em™™.

Magnetization measurements on 2 and 3 were carried out
at 2 K, and in the field range 0-5 T. The derived data are

Dalton Trans., 2013, 42, 5355-5366 | 5361


http://dx.doi.org/10.1039/c2dt32616g

Downloaded by McGill University on 26 March 2013
Published on 21 December 2012 on http://pubs.rsc.org | doi:10.1039/C2DT32616G

2.T/ emu mol 'K

M

T T T

150
T/K

T T T
100 200 250 300

M/ Ny,
(98]
1
1

0 | ! | ! | ! | ! | ! |

10 20 30 40 50
H/kG

Fig. 9 Temperature dependence of the susceptibility data of complex 3 in the
form of ymT per 2Co(i) ions versus Tat 0.5 T. Solid line and stars-line are theoreti-
cal curves according to different Hamiltonian equations (see text for details).

shown in the form of M/N [ug] vs. H [kG] in Fig. 8 and 9,
respectively. To further investigate the fitting process, simu-
lations of the magnetization data (vide infra) were carried out
using the values obtained from the susceptibility fitting. The
results are also shown in the same figures as solid lines while
the observed simulations are in agreement with the experi-
mental curves.

Also for these two compounds the anisotropic models gave
exchange interaction terms (Ji5, value) which are larger than
the value found from the model described with eqn (4) but of
the same magnitude.

Comments on the magnetostructural criteria

It would be desirable for rationalizing the observed magnetic
properties, to establish a correlation with the structure para-
meters that governs the synthesis of the tetranuclear cubane-
like cobalt clusters. Such a correlation would be also useful to
assist in the rational design of complexes with specific mag-
netic properties such as large spin ground states. Although
such correlations have been established for dinuclear systems
such as hydroxide-bridged dicopper(n) complexes,”” oxide-
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bridged dimanganese(iv) complexes,*® and phenoxide-bridged
dinickel(n) complexes,”® the case of dinuclear Co(u) systems is
still open due to the difficulty arises from the anisotropic
nature of the Co(u) ion.

In order to give a physical meaning to the derived J values,
we tried to correlate the structural parameters and the mag-
netic behavior displayed in tetranuclear mixed valence cubane-
like clusters where Co™ ions form the central core. Thus, we
examined (a) the distance between the metallic centers Co()--
Co(u), and (b) the angle Co-O-Co (¢) due to the nature of
the p-OR bridge (HO™ or RO™) along the short diagonal in
compounds 2 and 3 and in analogous tetranuclear cubane-like
clusters. The data are listed in Table 3. The correlation indi-
cates that as the Co-O-Co angle increases, the antiferromag-
netic behavior becomes stronger until a certain value (~97°),*?
in which a system can show either weak ferromagnetic or weak
antiferromagnetic behavior while the ferromagnetic behavior
is clearly observed below the angle 97°. Therefore, a structural
comparison between the complexes in Table 3 indicates that
the Co---Co distance in 2 and 3, is the shortest while the brid-
ging Co-O-Co angle is the smallest; thus 2 and 3 are the only
two examples displaying ferromagnetic interactions. When the
Co-0-Co is higher than 97° the interaction becomes antiferro-
magnetic which is the case of two compounds listed in Table 3
(bridging angles are 98.37° and 99.39°, respectively) while for
Co-O-Co angles close to 97° the interaction is either weak
ferromagnetic or weak antiferromagnetic and represents the
magnetic behavior of two other compounds listed in the same
table.

These observations were expected most likely due to the
nature of the bridge and its influence on the corresponding
angles and bond distances. In so doing, a relationship
between the exchange interaction constant and a parameter
related to Co-O-Co angles in alkoxide-bridge complexes of
dicobalt units within polynuclear topologies, has been esta-
blished and reported elsewhere by us.**

EPR spectroscopy

Compound 1. X-Band EPR measurements were carried out
in powder samples of compound 1 and are shown in Fig. 10.
As a consequence of the fast spin-lattice relaxation time of
high-spin Co(u), signals were observed only below 70 K where a
derivative centered at ca. g = 5.3 appears.

The dominant broadening effect emerges when the g-strain
is converted into B-strain through the equation

(2

where the parameters have their usual meaning. Thus, the
largest and smallest g-values of the powder spectra have field
widths that differ by an order of magnitude, thereby rationali-
zing the broad high-field features of the spectrum.
Compounds 2 and 3. To explore the existence of a weak
interaction between the Co(u) centers in the case of com-
pounds 2 and 3, X-band powder EPR experiments were carried
out in the temperature range 4-40 K (Fig. 11). As a
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Table 3 Selected magnetostructural data for tetranuclear mixed valence cubane-like clusters with central Co" ions?

Co'-.-Co" Co-0-Co, Type of

Tetranuclear clusters of mixed valence cores (A ¢ (©) bridge (RO7) Magnetic behavior Ref.
[Co4(p3-OH),(Htea),(bpy)a|(NOs), (2) 3.13 94.64 p3-OH F(J,=19.2(2) and Our work

Jey=0.11(2) cm™)
[Co4(p3-OH),(Htea),( phen),](NO3),-2MeCN-2MeOH (3) 3.15 94.00 p3-OH F(J,=22.1(2) and Our work

Jxy=0.14(2) cm™)
[CO4(C1aH1903N,)5(j13-OMe),(NO,)(H,0),](NO,)-2(H,0) 3.18 96.6/99.1 CH;0- Weak F (/; = 8.51 and 25

Jo=0.45cm™)
[Co4{NH(C,H,0H),},{NH(C,H,0),},](ClO,) 3.29 97.2 RCH,O- Weak AF 23
[CO4(jt1,1-N3)4(N3)o(HDMSP),(MeOH), |- 2H,0 3.19 98.37 RCH,0- AF (J = —5.94 cm™) 26
[Co,(H,hbhpd),(Hzhbhpd),(H,0),]-Cl,-(MeOH), 3.22 99.39 RCH,0- AF 22

“H3;DMSP = 1,3-dihydroxy-2-methyl-2-(salicylideneamino)propane; Hshbhpd = 2-(2-hydroxy-benzylamino)-2-hydroxymethyl-propane-1,3-diol.

8.1 5.4 22
y T T v T T T v T
0 1000 2000 3000 4000 5000
H/Gauss

Fig. 10 Powder X-Band EPR spectra of complex 1 at 4 K.
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Fig. 11 Powder X-Band EPR spectra of complexes 2 and 3 at 4 K.

This journal is © The Royal Society of Chemistry 2013

consequence of the fast spin-lattice relaxation time of high-
spin Co(u), signals were observed only below 40 K. The g values
obtained from the powder EPR spectrum show large variations
in the range 20.0-1.0 which is an indication of an exchange
interaction between the Co(u) ions.

An important piece of information pertaining to the nature
of the exchange interaction emerges from the g values of the
single cobalt(u) ion. Therefore, if g, > g, gy, then the ion is
closer to the Ising limit. Or, if gy, g, > g, then the system is
closer to the XY limit. The conditions for observing g, > g, g,
were given earlier by Abragam and Bleaney, using a crystal
field approach.*® In that respect, it was found that in the Ising
limit g; = 8-9 and g, = g, = 0, while for the XY limit g,, = 4 and
g> = 2. The values observed here for 2 and 3 are beyond every
limit, thus indicating that an interaction between the two
Co(u) octahedral centers does arise.

Conclusions

Three new members were added to the defective dicubanes
family of Co™™ chemistry. Two different models were used to
investigate the magnetic behavior of these compounds: (i) an
isotropic model (concerning the exchange interaction con-
stants) with local anisotropic terms (zero field splitting, D)
employed in the whole temperature range and (ii) an anisotro-
pic one with axial exchange interaction terms employed in the
low temperature range 7 < 30 K. Although there is no co-
incidence concerning the absolute values of the exchange
interaction constants derived from the previous models,
further investigation of this methodology for the magnetic
study of polynuclear Co(u) complexes is mandatory in order to
derive possible correlations between the two different models.
Furthermore it is shown that there is a correlation between the
sign and magnitude of the magnetic exchange interaction con-
stant and the Co-O-Co angle with a turning point from ferro-
magnetic to antiferromagnetic behavior at around 97°. This
observation needs further clarification and a quantitative
study of many polynuclear Co(u) complexes in order to derive
an appropriate equation between the magnitude of the
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J constant and the Co-O-Co angle and the proposed magnetic
methodology can play an important role.

Experimental
Materials and methods

All experiments were carried out under aerobic conditions. All
chemicals and solvents were of reagent grade. Triethanol-
amine, Co(NO;),-6H,0, pyridine, 2,2"-bipyridine, 1,10-phenan-
throline, triethylamine, CH;OH and CH3;CN were purchased
from Aldrich Chemical Co., Milwaukee, WI (USA) and used
without further purification.

Physical measurements

FT-Infrared spectra (200-4000 cm™') were recorded on a
NICOLET 6700 FT-IR spectrometer with samples prepared as
KBr pellets. C, H and N elemental analysis was performed on a
Perkin-Elmer 240B elemental analyzer.

The EPR spectra in the solid state were recorded on a
Bruker ER 200D-SRC X-band spectrometer, equipped with an
Oxford ESR 9 cryostat, operating at 9.61 GHz, 10 dB (2 mW)
and at 4 K. Magnetic susceptibility data were collected on
powdered samples with a Quantum Design SQUID suscepto-
meter in the 2-300 K temperature range, under various applied
magnetic fields. Magnetization measurements were carried out
at three different temperatures in the field range 0-5 T.

X-Ray crystal structure determination

Crystals of 1 (0.06 x 0.13 x 0.17 mm), 2 (0.03 x 0.35 x
0.42 mm), and 3 (0.08 x 0.28 x 0.35 mm) were taken from the
mother liquor and immediately cooled to —113 °C. Diffraction
measurements were made on a Rigaku R-AXIS SPIDER image
plate diffractometer using graphite monochromated Cu-Ko
radiation. Data collection (e-scans) and processing (cell refine-
ment, data reduction and empirical/numerical absorption cor-
rection) were performed using the CrystalClear program
package.®® The structure was solved by direct methods using
SHELXS-97°' and refined by full-matrix least-squares tech-
niques on F* with SHELXL-97.°> Important crystallographic
data are listed in Table 1. Hydrogen atoms were either located
by difference maps and were refined isotropically or were intro-
duced at calculated positions as riding on bonded atoms.
Hydrogen atoms for the MeOH solvated molecules in 3 were
not included in the refinement. All non-hydrogen atoms were
refined anisotropically.

Synthesis of the compounds

General procedure. 0.56 mmol (0.163 g) of Co(NO3),-6H,0
were dissolved in MeOH (20 mL) and then a mixture of
0.56 mmol of the N-donor, 0.56 mmol (0.084 g) of Hstea and
1.7 mmol (0.17 g) of Et;N, was dissolved in MeOH (10 mL),
and added to the initial solution. The reaction mixture was left
under stirring for 1 h. The obtained red-brown solution was fil-
tered and then 10 mL of MeCN were added to the filtrate.
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Table 1 Summary of crystal, intensity collection and refinement data for [Co'">-
Co'"5(tea)s(pyr)o(NO3)4]-2CH3CN (1), [Co"5Co"(n3-OH)(Htea)(bpy)al(NOs)4 (2)
and [Co",Co",(u3-OH),(Htea)( phen),J(NO3)4-2CH3CN-2CH30H (3)

(1) (2) (3)

Formula Cy6H,40Coy- Cs5,HgoCoy- CeeH74C0y-
N1oO1s N14020 N16022

Formula weight 1016.40 1436.86 1679.13

Temperature (°K) 160(2) 160(2) 160(2)

Wavelength CuK,1.54178 Cu K,y 1.54178 Cu K, 1.54178

Space group P P2,/c P2,/c

a(A) 8.5625(1) 12.0397(2) 11.3408(2)

b (A) 10.6064(1) 17.0443(3) 26.0914(4)

c(A) 11.8189(2) 13.8828(2) 13.6498(2)

a () 112.827(1) 90.00 90.00

B () 91.391(1) 90.60(10) 116.305(1)

7 () 105.322(1) 90.00 90.00

V(A% 944.38(2) 2848.71(8) 3620.7(1)

z 1 2 2

Deaed, (Mg m™) 1.787 1.675 1.540

Abs. coeff. (1), mm™"  14.313 9.746 7.791

Range of h, k, [ -10<h<10 -12<h<13 -9<h<13
-12<k<12 -18<k<19 -30<k<30
-12<1<13 -15<I<15 -16<I[<16

Goodness-of-fit on F*  1.055 1.081 1.052

R* R=0.0777" R=0.0736" R =0.0470°

Ry R,=0.1792> R,=0.1857" R, =0.1296"

“R values are based on F values, R,, values are based on F*.

R:ZHFO‘_‘FCH _ M
S(r) > WER)

b For 2247 (1), 2566 (2) and 5445 (3) reflections with I > 26(1).

For the synthesis of [Co",Co™,(tea),(pyr)»(NO3),]-2MeCN
(1). 0.044 g (0.56 mmol) of pyr was used while red-brown crys-
tals suitable for X-ray structure determination were deposited
by layering with diethyl ether after 2 days. Yield: 20%. (Fw =
1016.40). (Found: C, 31.20; H, 3.72; N, 13.67; C6H400:5N;,C04
requires C, 31.57; H, 3.92; N, 13.72); IR: vpa/em™; vag(C-H):
2980 (W); Veym(C-H): 2926 (W); (C-N): 1607 (W); vas(~-ONO,):
1479 (M); Veym(-ONO,): 1299 (m); 1(C-0): 1076 (w); 1047 (s);
1025 (w); (KBr pellet).

For the synthesis of [Co",Co™,(j13-OH),(teaH),(bipy),](NO5),
(2). 0.087 g (0.56 mmol) bipy was used. Brown crystals of 2
suitable for X-ray structure determination were deposited by
diethyl ether diffusion after 2 days. Yield: 75%. (Fw = 1436.86).
(Found: C, 43.47; H, 4.21; N, 13.66; C5,H,0,0N;4C0, requires
C, 43.42; H, 4.18; N, 13.64); IR: vpa/em™; y(O-H): 3420 (m,
br); vas(C-H): 2970 (W); veym(C-H): 2926 (W); 1(C-N): 1610 (W);
y(NO;): 1384 (s); 1(C-0): 1092 (m); 1047 (m); 1020 (w) (KBr
pellet).

For the synthesis of [Co",Co™,(j;-OH),(teaH),(phen),]-
(NO3),-2MeCN-2MeOH (3). 0.1 g (0.56 mmol) phen was used.
Dark brown crystals of 3 suitable for X-ray structure determi-
nation were deposited by layering with diethyl ether the next
day. Yield: 60%. (Fw = 1679.13). (Found: C, 47.77; H, 4.13; N,
13.40; CeeH74C04N;60,, requires C, 47.21; H, 4.44; N, 13.35);
IR: vpadem™; »(O-H): 3404 (m, br); v.(C-H): 2980 (w);
Veym(C-H): 2936 (W); 2(C-N) (w): 1625; 1(NO3): 1384 (s); 1(C-O):
1092 (m); 1047 (m); 1036 (w); (KBr pellet).

This journal is © The Royal Society of Chemistry 2013
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