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ABSTRACT: The synthesis and magnetic properties of 13 new homo- and N
heterometallic Co(II) complexes containing the artificial amino acid 2-amino-isobutyric it <
acid, aibH, are reported: [Co",(aib);(aibH);(NO;)](NO;),2.8CH;0H-0.2H,0 _,/’

(1-2.8CH;0H-0.2H,0), {Na,[Co",(aib),(N;),(CH;0H),]}, (2), [Co"(La™-
(aib)¢(OH);(NO;),(H,0),(CH,CN),]-0.5[La(NO;),]-0.75(Cl0O,)-1.75-

R
(NO3)-3.2CH,CN"5.9H,0 (3:3.2CH,CN-5.9H,0), [ColePr'(aib)s- N\ _A\ ‘ \
(OH);(NO;)(CH;CN)GJ-[Pr(NO3)s]-041[Pr(NO3)5(CIO,)o5(H;0),,):059[Co-

/)

-

(NO;);(H,0)]-0.2(C10,)-0.25H,0 (4:0.25H,0), [Co''(Nd''-
(aib)4(OH);(NO,), s(CH,0H),,(H,0), 5]-2.7(ClO,)-0.5(NO;)-2.26 CH;0H-0.24H,0
(5-2.26CH;0H-0.24H,0), [Co'(Sm!(aib);(OH),(NO,;);(CH,CN)]-
[Sm(NO;);]-0.44[Sm(NO;);(ClO,), s(H,0), 5]-0.56[Co(NO;);(H,0)]-0.22- it | /
(C10,)-0.3H,0 (6:0.3H,0), [Co"Eu"(aib)s(OH);(NO;);(CH;0H), ,(H,0), 5] - A
(Cl0,), s(NO3)y s-2.43CH;0H-0.92H,0 (7-2.43CH;0OH-0.92H,0), °
[Co"Gd™(aib)s(OH);(NO;), o(CH;0H), 4(H,0), ,]-2.6(ClO,)-0.5(NO;)-2.58 CH;0H-

0.47H,0 (8-2.58CH;0H-0.47H,0), [Co"(Tb"(aib)s(OH);(NO;);(CH,;CN),]-[Tb(NO;);]-0.034[Tb(NO,);(ClO,),s-
(H,0)5]:0.656[Co(NO,),(H,0)]-0.343(ClO,)-0.3H,0 (9:0.3H,0), [Co"Dy"(aib)s(OH);(NO;), s(CH;0H), 4,(H,0); ;5]-
(Cl10,),(NO;)ys-2.5CH;0OH-0.5H,0 (10-2.5CH;OH-0.5H,0), [Co"Ho'(aib)s(OH);(NO;);(CH;CN),]-
0.27[Ho(NO3);3(ClO,)035(H,0)0,15]-0.656[ Co(NO;);(H,0)]-0.171(ClO,) (11), [CoHéErHI(aib)é(OH)4(NO3)2(CH3CN)2'5
(H,0),5](Cl0O,);-CH,CN-0.75H,0 (12-CH;CN-0.75H,0), and [Co",Tm™(aib),(OH);(NO;);(H,0)4]-1.48(ClO,)-1.52-
(NO;)-:3H,0 (13-3H,0). Complex 1 describes a distorted tetrahedral metallic cluster, while complex 2 can be considered to
be a 2-D coordination polymer. Complexes 3—13 can all be regarded as metallo-cryptand encapsulated lanthanides in which the
central lanthanide ion is captivated within a [Co''] trigonal prism. dc and ac magnetic susceptibility studies have been carried out
in the 2—300 K range for complexes 1, 3, S, 7, 8, 10, 12, and 13, revealing the possibility of single molecule magnetism behavior
for complex 10.

P

B INTRODUCTION with great potential, and this is also true for both heterometallic
3d—4f, and homometallic 4f clusters.* The reasons why
lanthanides are now considered as major candidates in the
SMM field are dual: (i) their large magnetic moments and
(ii) their spin—orbit coupling based magnetic anisotropy (with
the exceptions of La", Gd", and Lu™). Both provide a
good starting point for the synthesis of SMMs. In addition,
lanthanide-based clusters can display fascinating photolumines-
cent properties, and as such, they are candidates for appli-
cations in areas such as light emitting diodes, optical fibers,
lasers, optical amplifiers, NIR-emitting materials, and sensory

The synthesis of polynuclear cluster compounds has increased
greatly in recent years due to the potential that such
compounds display for new technological applications." In
the field of molecule-based magnetism, that deals with the study
of the magnetic properties of discrete molecular species and/or
polymeric materials, a major breakthrough was the discovery
that molecular complexes can function as nanodimensional
magnets at very low temperatures in the absence of an external
magnetic field, retaining their magnetization once magnetized.2
This phenomenon, termed single molecule magnetism (SMM)
and initially involving 3d metals such as Mn and Fe, has now
been expanded to include other 3d- and 4f-block metal ions as Received: November 7, 2011
well.> The lanthanides entered the SMM field recently, albeit Published: December 22, 2011
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probes.” This is mainly due to the electronic properties of the
lanthanide ions: the shielding of the 4f electrons by the outer Ss
and Sp electrons results in well-defined absorption and emission
bands. As a consequence, the lanthanides retain their atomic
properties upon complex formation. Characteristic examples of
luminescent lanthanides are Eu®*, Tb*', and Dy** complexes
which luminesce with red, green, and yellow-orange colors due to
Dy = "Fg, D, — "F, and 4F9/2 - 6F3 1, transitions, respecti-
vely.® Furthermore, Tm®* is a blue emitter and is being used in
electroluminescent devices,’ while Nd**, Ho**, Er**, and Yb**
emit in the NIR range and, therefore, find applications in laser
science and technology.®

With the above in mind, we recently initiated a project to
examine the Co?*/Ln>*/aibH synthetic system, where aibH is
2-aminoisobutyric acid (Scheme 1), as a means of preparing

Scheme 1. Structure of 2-Aminoisobutyric Acid, aibH, and
Its Coordination Modes in 1-14

Sy
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polymetallic clusters that may display interesting physical
properties. This is the first time that the aibH ligand has been
employed in polynuclear Co" and/or Co"/Ln chemistry,
following on from our initial studies of Ni** and Ni**/Ln*" chem-
istry.9 Herein we report the syntheses, structures, and magnetic
properties of 14 new homo- and heterometallic clusters built with
this artificial amino acid. A small part of this work has been
previously communicated."

B EXPERIMENTAL SECTION

All manipulations were performed under aerobic conditions, using
materials as received. Caution! Although no problems were encountered
in this work, care should be taken when using the potentially explosive
perchlorate and azide anions.

[Co,(aib)s;(aibH)3(NO3)]1(NO3),°2.8MeOH:0.2H,0
(1-2.8MeOH-0.2H,0). To a stirred solution of Co(NO,),"6H,0
(291 mg, 1 mmol) in MeOH (30 mL) was added aibH (103 mg,
1 mmol) and NMe,OH (2 mmol). The resulting pink solution was left
stirring for 30 min, during which time it did not change color. The
solution was then filtered and layered with Et,0O (20 mL). Pale pink
crystals of [Coy(aib);(aibH);(NO;)](NO;),2.8MeOH-0.2H,0
(1-2.8MeOH-0.2H,0) formed during 4 days in ~30% yield. Anal.
Calcd (Found) for [Coy(aib);(aibH);(NO;)](NO;), (1): C, 24.82
(24.94); H, 4.43 (4.28); N, 13.27 (13.11)%.

{Naz[Co"z(aib)z(N3)4(Me0H)4(H20)2]},, (2). To a stirred solution
of Co(NO;),-6H,0 (291 mg, 1 mmol) and aibH (103 mg, 1 mmol) in
MeOH (30 mL) was added NaNj (195 mg, 3 mmol) and NMe,OH
(2 mmol). The resulting pale pink solution was left stirring for 2 h,
during which time the solution darkened to pink. The solution was
then filtered and layered with Et,O (20 mL) to form pink crystals of
{Na,[Co",(aib),(N;),(MeOH),(H,0),1}, (2) after 3 days in ~25%
yield. Anal. Calcd (Found) for {Na,[Co',(aib),(Nj;),-
(MeOH),(H,0),1}, (2): C, 20.58 (20.46); H, 5.19 (4.97); N, 28.00
(28.11)%.
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General Synthetic Strategy Applicable to 3—13. To pale pink
solutions of Co(ClO,),-6H,0 and the corresponding Ln(NO,);-
6H,0 in MeOH (EtOH or MeCN) were added equivalent amounts
of aibH and NMe,OH (or NEt;). The solutions were left stirring for
~50 min, filtered, and then layered with Et,O. In each case, suitable
single crystals for X-ray crystallography grew after a period of 3—6 days
in 25—45% yields. Elem Anal. Calcd (Found) for dried 3 solvent free:
C, 17.86 (17.69); H, 3.16 (3.01); N, 10.97 (11.11). 4: C, 21.65
(21.52); H, 3.58 (3.39); N, 16.14 (16.01). 5: C, 18.97 (19.19); H, 4.05
(3.49); N, 7.19 (6.93). 6: C, 27.07 (26.94); H, 4.53 (4.34); N, 20.18
(20.29). 7: C, 19.21 (19.34); H, 4.06 (3.92); N, 7.34 (7.25). 8: C,
19.38 (19.09); H, 4.09 (3.91); N, 7.01 (7.19). 9: C, 17.91 (17.87); H,
2.95 (2.77); N, 13.35 (13.44). 10: C, 19.11 (19.22); H, 3.98 (3.89); N,
7.30 (7.22). 11: C, 21.16 (21.03); H, 3.52 (3.39); N, 15.77 (15.89).
12: C, 19.52 (19.64); H, 3.47 (3.77); N, 8.24 (8.39). 13: C, 16.74
(16.67); H, 3.69 (3.41); N, 8.54 (8.69).

Physical Methods. Elemental analyses (C, H, N) were performed
by the University of Ioannina microanalysis service. Variable-temperature,
solid-state direct current (dc), magnetic susceptibility data down to 2.0 K
were collected on a Quantum Design MPMS-XL SQUID magnetometer
equipped with a $ T dc magnet at the University of Crete. Diamagnetic
corrections were applied to the observed paramagnetic susceptibilities
using Pascal’s constants.

X-ray Crystallography and Structure Solution. Data collec-
tion parameters and structure solution and refinement details are listed
in Tables 1 and 2. Full details for 1—6, 8—9, and 11—13 can be found
in the CIF files provided in the Supporting Information. Full details for
7 and 10 can be found in the CIF files with CCDC numbers 807048
and 807049, respectively.

B RESULTS AND DISCUSSION

Synthesis. The reaction between Co(NO,),"6H,O and
aibH in the presence of base (NMe,OH) in MeOH gives the
complex [Co,(aib);(aibH);(NO;)](NO;), (1), which was
crystallographically identified as 1-2.8MeOH-0.2H,0. Changing
the Co" salt to Co(ClO,),-6H,0 did not yield any crystalline
material, probably indicating the preference of 1 for nitrate ions
given the presence of the bonded monodentate nitrate (vide
infra). Furthermore, employment of NEt, instead of NMe,OH
in the reaction led to the same product as identified by IR
spectroscopy. With the identity of complex 1 established, the
next step was to investigate whether the presence of additional
bridging ligands would affect the identity of complex 1. There-
fore, we repeated the same procedure in the presence of azide
ligands, since it is widely known that the N, ligands can increase
the nuclearity of a complex by bridging additional metal centers
and can also propagate ferromagnetic interactions when in the
end-on bridging mode."" Indeed, employment of the azide ligand
led to the formation of {Na,[Co',;(aib),(N;),(MeOH),-
(H,0),]}, (2), which can be considered as a 2-D coordination
polymer based on magnetically isolated monomeric [Co(aib),-
(N3),]*" units.

The next step for us was to investigate whether hetero-
metallic Co/Ln species could be isolated by the use of the aibH
ligand, especially since we recently started investigating (i) the
employment of the aibH ligand in Ni** and Ni**/Ln** chemistry”
and (ii) the similarity between Ni** and Co®" cluster chemistry.
Therefore, following the procedure used for the synthesis of
Ni**/Ln* clusters, we started by using the diamagnetic La*
and continued across the whole lanthanide period (omitting
the radioactive Pm** and the diamagnetic Lu**). The synthesis
of the clusters was straightforward: reaction of a Co' salt
[Co(ClO,),:6H,0] with the corresponding Ln(NO;),-6H,0
and aibH in alcohol (ROH, R = Me, Et) or MeCN in the
presence of a base (NMe,OH, NEt,OH, NH,OH, or NEt;)
afforded the heterometallic complexes containing the metallic
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[CoxLn™] core (Ln = La (3), Pr (4), Nd (), Sm (6), Eu (7),
Gd (8), Tb (9), Dy (10), Ho (11), Er (12), and Tm (13)) in
moderate to good yields in 3—6 days. From all 13 Ln*" centers
investigated in the Co**/Ln*"/aibH system, only Yb** did not
afford single crystals suitable for X-ray analysis. This may perhaps
be attributed to the small radius of the Yb*" ions. We do not
report the [CogCe] analogue, since we encountered problems for
the successful completion of its structural refinement. Yet, this
analogue can be obtained by very similar reaction pathways. The
clusters also appear to be the thermodynamically favored end-
products, since in most of the cases, we were able to isolate the
same products using a variety of Co' starting materials, e.g.
Co(NO;),-6H,0 and Co(OAc),-4H,0, as well as a variety of
bases, e.g. NEt;, NEt,OH, NMe,OH, and NH,OH.

Only two heterometallic heptanuclear [CosLn] complexes
(Ln = La, Pr) have been isolated and reported in the past with
the use of the naturally occurring amino acids proline and
glycine, but the metal topology of these clusters was different
(vide infra)."” An extensive Co/Ln CCDC search revealed the
presence of ~130 examples of discrete heterometallic Co,™/
Ln™ clusters (n > 1; x = 2, 3). These can be divided into the
following categories: 8Co,**/La™, 8Co,*/Ce™™, 7Co,"/Pr'",
7Co,"*/Nd™, 4Co,**/Sm™, 3Co,**/Eu', 17Co,*/Gd™,
7C0”+x/TbIH, 5C0"+x/DyHI, 1C0n+x/HOIH, 2Co"+x/ErIII'
1Co,"/Tm™, 1Co,™/Yb", and 2Co,*/Lu™ clusters, with
the remaining 57 complexes being organometallic-based.

Until recently, the coordination chemistry of 2-aminoiso-
butyric acid was not extensively explored. Besides our work
on Ni** and Ni**/Ln* chemistry,” most of the complexes
previously isolated were monomers or dimers,"® with the
only exce4ptions being an aesthetically impressive [Cu,,Gd]
complex'* and a [Zn;] complex.'®

Description of Structures. The structure of complex 1 is
shown in Figure 1 with selected bond lengths and angles given
in Table S1 of the Supporting Information. The central core of
1 describes a [Co,(aib);(aibH);]°* distorted tetrahedron
consisting of Co" ions linked together by three deprotonated
aib™ ligands in a 77%:57":n":u5 fashion and three aibH ligands in
their zwitterionic form, found in a syn, syn n':n':u coordination
mode. The base of the tetrahedron consists of a near-planar
[Cos(aibH);]®" unit, with the apical Co™ ion located ~1.50 A
above the base of the tetrahedron. The dimensions of the
metallic tetrahedron are in the range ~3.49—5.49 A, with the

longer distances between basal Co™ ions and the shortest be-
tween the apical Co" and the basal Co" ions. The coordina-
tion spheres for the Co atoms are completed by MeOH
molecules and one NO;™ anion terminally bonded to Co4. All
Co centers are six-coordinate, adopting distorted octahedral
geometries.

In the crystal, the molecules form 2-D sheets that stack in an
on-set fashion directly upon one another in a head—tail fashion
(Figure 1, right). The disordered counterions (nitrates) and the
solvate molecules make a detailed analysis of the crystal lattice
interactions nontrivial, and thus, we avoid discussing it further.

The structure of complex 2 is shown in Figure 2, with
selected bond lengths and angles given in Table S2 of the
Supporting Information. The ingredients have been assembled
to form a two-dimensional undulated framework parallel to the
be plane. In this arrangement, the [Na,]** subunits act as 4-
connected nodes with the [Co(aib),(N3),]*” anions bridging
them in a bent fashion resulting in a (4,4) network. The aib~
ligands are found in two coordination modes: 1':7":5";u bridging
one Co" and one Na* ion, and #%:17*:57" 445 bridging one Co"
and two Na* ions. The azide ligands are terminally bonded to
the Co™ centers. Each Co center is six-coordinate, adopting a
slightly distorted octahedral geometry. Given that the Na* ions
form purely electrostatic and not coordination bonds, the
structure may be alternatively described as a Na,[Co-
(aib),(N;),]-4MeOH monomer.

Complexes 3—13 are essentially isostructural (Figure 3), with
the differences being the counterions present in the structures,
and so for the sake of brevity we provide a generic description
of the metallic [Co"Ln"] species. Selected bond distances and
bond angles are provided in Tables S3—S13 of the Supporting
Information. Their metallic core consists of a Co' trigonal
prism which encapsulates one Ln'™ via six n%:n':n':u,
deprotonated aib~ ligands, with each one bridging two Co"
ions and the Ln"™ center, and three y;-OH™ ligands. Further-
more, for all 4—11 and 13 complexes, there are three ;-NO;~
ligands acting as a monatomic bridge, with each one bridging
two Co! ions via one Ono, atom, while for 2 only two u-NO;~
ligands are present. In addition, for 12 one u-NO;~ ligand is
“replaced” by a u-OH™ ligand. The Ln™ ion is located within a
cage formed by three macrocycles assembled in a trigonal
prismlike fashion, with the threading points being adjacent
Co"" centers (Figure 3, right). All Co" ions are six-coordinate,

Figure 1. Molecular structure of the cation of complex 1 (left). The crystal packing of the cations in 1 (right). The differently colored Co" polyhedra
indicate molecules belonging to neighboring sheets. Color code: Co(II) = pink; O = red; N = blue; C = gold.
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Figure 2. Two perspective views of the crystal structure of 2 as viewed on the ac (top) and ab (bottom) plane. Color code: Co™ = pink; Na* = green;

O = red; N = blue; C = yellow.

Figure 3. Molecular structure of the [CosLn] complexes 3—13, highlighting the trigonal prismatic conformation (left); the cagelike formation in
3—13 responsible for the entrapment of the Ln™ center. Color code: Co(Il) = pink; Ln(III) = green; O = red; N = blue; C = gold.

adopting distorted octahedral geometries with [O;N] co-
ordination spheres, while the central Ln™ ion is nine-coordinate
with an [O,] coordination sphere, adopting a tricapped tri-
gonal prismatic geometry. The two [Co;"] triangles forming
the trigonal prism are almost equilateral (Co-Co ~ S.4 A),
while the depth of the trigonal prism is ~3.4 A and capable
of fully encapsulating the Ln™ ions (the Ln™ radii are in
the 1.02—0.86 A range, Ce'—Lu™). The Co"—Ln" distance
is ~3.5 A, while the Ln™ center is located at the center of
the trigonal prism at 1.7 A from the two [Co,"] triangles.
Alternatively, the metallic core may be described as a
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[CogLn(OR)4(OH),]%* propeller-like structure in which the
central Ln™ ion is connected to three [Co",(OR),(OH)]
species (Figure 4).

As in the case of 1, the highly disordered counterions and/or
solvate molecules present in complexes 3—13 do not allow
us to draw safe conclusions regarding the crystal packing/
interactions of the complexes.

Previously reported [CogLn] clusters are restricted to two
examples: (i) one cluster having the [Co"Co™La] core made
with use of the natural occurring amino acid proline, in
which the central La™ ion is located at the center of a Cog4
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Figure 4. Propeller-like metallic core of 3—13. Color code: same as in
Figure 3.

octahedron'® and (ii) one [Co"(Pr] cluster prepared with
the use of glycine, adopting an octahedron captivated Pr''
ion."*® Finally, one other “CogLn” compound is the impressive
organometallic oxo-molybdenum cluster [H,Ce(Co(7>-Cp)-
{P(O)(OEt),};)sMogO54]."*

dc Magnetic Susceptibility Studies. Variable temper-
ature dc magnetic susceptibility data were collected for all
complexes 1, 3, 5, 7, 8, 10, 12, and 13 in the temperature range
5.0—300 K under an applied field of 0.1 T. These are plotted as

xmT versus T in Figure S.

#, T (em® mol” K)

0 T ¥ T L T
0 100 200
T(K)

T
300

Figure 5. Plot of y T vs T for complexes 1, 3, 5, 7, 8, 10, 12, and 13
under an applied dc field of 1000 G. The straight lines are guides for
the eye only.

For 1, the room temperature yyT value of 12.17 cm® K
mol ™ corresponds to four noninteracting Co' ions with S = */,
and g = 2.55. Upon cooling, the yyT value remains almost
constant until ~100 K, below which it decreases to a minimum
value of 8.86 cm® K mol™ at 5§ K. Given the presence of
octahedral Co" ions with a 4T1g ground term, as verified by
means of solid-state UV—vis spectroscopy (vide infra), that
splits to a doublet ground state at low temperature when in a
distorted environment due to spin—orbit coupling,'® it is very
laborious and extremely difficult to apply an exact theoretical
model for fitting the magnetic susceptibility data."” For example,
one could attribute the low temperature value to an S = 3 ground
state assuming g = 2.55. However, such a conclusion should be
considered with great caution since Co(1I) is highly anisotropic
and the magnetic exchange interactions in such systems are
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mainly dictated by the orientation of the local magnetic
moments.'"® In addition, one should remember that Co(II)
ions in octahedral symmetry may be treated as pseudo “s.¢='/,”
systems at low temperature due to the splitting of the Kramers
doublets. Nevertheless, evidence supporting the presence of
dominant antiferromagnetic interactions comes from a
Curie—Weiss analysis of the high temperature (50—300 K)
magnetic susceptibility data with = —17 K (Figure 6, left)
and from the M vs H data (Figure 6, right), where M
increases only slowly with the applied magnetic field, as one
would expect from an antiferromagnetic compound, rather
than saturating quickly, as one might expect from a ferro-
magnetic compound.

For the [CogLn] clusters the situation is far more com-
plicated, since, besides the Co' ions, anisotropic lanthanides
also contribute to the magnetic moments and play a major role
in the magnetic behavior of the complexes. Each Ln"™ center is
susceptible to interelectronic repulsions and spin—orbit
coupling effects that lead to **'L; states, which are further
split due to crystal field perturbation to the Stark sublevels for
each ZS“L] state. The simplest case is complex 3, which hosts a
diamagnetic lanthanide (La™). For 3, the room temper-
ature yyT value of 1549 cm® K mol™ corresponds to six
noninteracting Co" ions with S = 3/2 and g = 2.34. Upon
cooling, the y\,T value gradually decreases to a minimum value
of 9.99 cm® K mol ™" at § K, with the low temperature value
suggesting an S & 3 ground state (for g = 2.34). For § and 7,
the same behavior is observed; the room temperature yyT
values of 16.97 and 18.14 cm® K mol™! are very close to the
theoretical values for six noninteracting Co" ions with S = 3/,
and g = 2.34 and (i) one Nd"™ (*I;5, S =3/, L=6,] ="/, g =
0.74) for § of 17.18 cm® K mol™" and (ii) one Eu™ ("F,, S = 3,
L =3 ]=0) of 1810 cm® K mol™ for 7. For the latter,
although in principle the europium center should not
contribute to the magnetic moment of the complex, since its
ground term is “F, with ] = 0, usually some contribution from
thermally accessible levels such as ’F, and ’F, appears.® For
8 and 10 the room temperature yyT values of 26.19 and
33.35 cm® K mol™" are very close to the theoretical values for
six noninteracting Co" ions with S = 3/, and g = 2.53 and (i)
one Gd" (%S, S=7/,, L =0,] =7/, g = 2.00) for 8 of 25.88
em® K mol™ and (i) one Dy™ (*Hys/,, S=5/2,L=5,]=15/2,
g= 1.33) for 10 of 32.26 cm® K mol ™/, respectively. Finally, for
12 and 13 the room temperature yyT values of 30.30 and
25.33 cm® K mol™" are very close to the theoretical values for
six noninteracting Co" ions with S = %/, and g = 2.53 and (i)
one Er'™ (s, S =3/, L=6,] =5/, g = 1.20) for 12 of
29.50 cm® K mol™! and (ii) one Tm™ (®H, S=2,L=5,] =6,
g= 1.17) for 13 of 25.16 cm® K mol™". For complexes $ and 7,
upon cooling, the y,T value gradually decreases to a minimum
value of ~2.5 cm® K mol™ at § K, indicating the presence of
dominant antiferromagnetic interactions and/or the depop-
ulation of the lanthanide Stark sublevels. For complex 8,
the decrease of the yyT value upon cooling should be
attributed mainly to antiferromagnetic interactions within
the cluster, since for Gd"™ there is a unique Stark com-
ponent.'” For complexes 8, 10, and 12, despite the fact that
upon cooling the yyT value gradually decreases, the low tem-
perature yyT values at 5 K of 16.51 and 12.01 cm® K mol™,
respectively, indicate the presence of significant remaining mag-
netic moment.

In general, for all [Co"4Ln'] complexes studied,
the decrease of the yyT values upon cooling should
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Inorganic Chemistry

20

15+

10+

11Xy {cm'3 mol)

T T T T
100 150 200 300

T(K)

250

M(cm® G mol™)

;|
o
O

50000 -
-
1 o
=] o -
40000 o - 0
| 2 o o
0 O
30000 2KO o
o
13Ko E
()
200004 4 K g
l15KDO
6 K C_j
100004 7 K~
0 T I T 1 I
10000 20000 30000 40000 50000
H(G)

Figure 6. Curie—Weiss plot for complex 1 for the 50—300 K range (left); M vs H isotherms for complex 1 in the 2—5 K and 1—5 T range (right).

be attributed to the depopulation of the Stark sublevels
of the Ln™ centers, and/or the presence of spin—orbit
coupling for octahedral Co" ions, and/or the intramolec-
ular antiferromagnetic interactions between the metal
centers.””

ac Magnetic Susceptibility Studies. ac magnetic sus-
ceptibility measurements were performed on polycrystalline
samples of complexes 1, 8, 9, 10, 12, and 13 in the 1.8—10 K
range in zero applied dc field and 1.0 G ac field oscillating in
the 100—1000 Hz range. For all samples measured, the in-phase
(xM’, plotted as yM'T vs T, Figure 7) signal decreases upon

16 4

2 Tem® mol K)

T(K)

Figure 7. Plot of the in-phase (y,) signal as y\('T vs temperature for
complexes 1, 8, 9, 10, 12, and 13 in a 1.0 G field oscillating in the
100—1000 Hz frequency range.

decreasing temperature, indicating either the presence of
low-lying excited states with larger “S” values than those of
the ground-state and/or the depopulation of the lanthanide
Stark sublevels with decreasing temperature, in agreement
with the dc measurements. For complex [CocDy] 10
frequency-dependent out-of-phase (") signals are observed
below ~3 K, but no peaks are seen (Figure 8), indicating the
possibility of single molecule magnetism behavior, albeit with a
small barrier to magnetization reversal.

Absorption Spectroscopy. The solid-state electronic
absorption spectra of complexes S, 7, 9, and 10 are shown

1177

0.14 -

0.07

#," (cm® mol™)

0.00

T(K)

Figure 8. Plot of the out-of-phase (yy") signal vs temperature for
10 in a 1.0 G field oscillating at 100 (red squares), 200 (green
squares), S00 (blue squares), and 1000 (orange squares) Hz
frequency.

in Figure 9. All complexes display a similar pattern in the
200—600 nm region, with the high energy absorption at
~270 nm corresponding to the Ln'™ f—d transition, while the
peaks at ~455 and 535 nm, as well as the shoulder at ~630 nm,
may be attributed to octahedral Co" ions and more specifically
to the *T, , = *T,, (P) and *T, , = *A,  transitions, respec-
tively.”! This complicated structure is due to spin—orbit
coupling effects and admixture of spin forbidden transitions
to doublet states. Furthermore, complex 6 displays two
further bands at ~742 and ~80S nm whose line shapes
are diagnostic and informative for the existence of a nine-
coordinate Nd(III) ion. These bands are due to the *I,, —
*Fy 'S5, and ‘I, — ?H,), *Fg), transitions, respectively.”
Finally, the band at ~876 nm may be attributed to the *I,, —
*F, ), transition.

The complexes retain their solid-state UV—vis spectroscopic
features almost intact in MeCN solution (Figure 9, inset),
suggesting that the structure is maintained when the complexes
are dissolved in MeCN, as was evidenced by means of ES-MS
spectroscopy.w
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Figure 9. Solid-state and solution (inset) UV—vis spectra for complexes §, 7, 9, and 10.

B CONCLUSIONS

The use of the artificial amino acid 2-aminoisobutyric acid,
aibH, in Co" and Co"/Ln™ chemistry has led to the synthesis
of 14 new homo- and heterometallic complexes. These
synthetic systems are sensitive to the presence of base that
dictates the formation of either lanthanide-free Co" clusters or
heterometallic Co"/Ln"™ complexes. The magnetic properties
of all complexes studied followed the same “trend”. More
specifically, for the 12 [Co"4Ln""] derivatives studied magneti-
cally, from La™ to Tm'", all complexes display similar behavior
with decreasing y\T values upon cooling, leading to small
ground states, with the only exception being the Dy analogue
(10), which displays out-of-phase signals suggesting the
possibility of single molecule magnetism behavior, albeit with
a small barrier to magnetization reversal, U.g.
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