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Abstract This chapter deals with single-molecule magnets (SMMs) obtained from
heterometallic Co(II)/4f complexes. The design principles involved in building
various types of heterometallic complexes are discussed along with their magnetic
properties. A large group of hybrid Co(Il)/4f complexes of varying nuclearity are
discussed. Some examples of Co(Ill)/4f complexes are also presented.
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1 Introduction

In the previous chapter while discussing the complexes containing Co(Il)-based
SMMs/SIMs, it was noted that the ground state S value is fixed, and the D value is
the sole parameter to fine-tune the magnetic behavior. Because of factors such as
(1) the small and fixed “S” value associated with Co(II) ions, (2) quenching of orbital
angular momentum due to the ligand field, (3) ligand-induced structural distortion,
and (4) nuclear hyperfine interaction, faster relaxation mechanism such as QTM can
become operative in homometallic Co(Il) complexes [1-3]. To some extent, these
factors can be overcome by employing multidentate ligand or compartmental ligand
to link Co(Il) along with other suitable lanthanide ions simultaneously in a
heterometallic ensemble. This will be the focus of this chapter.

The first lanthanide-based SMM in 2003, a mononuclear [Pc,Tb] complex,
phthalocyanine (Pc), has attracted a great interest toward the use of lanthanide ions
in SMMs [4]. Accordingly, the first heterometallic SMM, a Cu,Tb, complex, was
reported in 2004 [5]. The heterometallic tetrameric complex was isolated by the
reaction of K[CuL] and [Tb™(hfac);(H,0),] (1) where H3L = I-
(2-hydroxybenzamido)-2-(2-hydroxy-3-methoxy-benzylideneamino)-ethane. ~ The
crystal structure of the complex with molecular formula [Cu"LTb™(hfac),], is
shown in Fig. 1. Instead of the [CuL] ™ precursor, if the analogous [NiL]™ precursor
[Ni"LTb™(hfac),], (2) is used, where the paramagnetic Cu(Il) ion was replaced with
diamagnetic Ni" affording an opportunity to compare the role of Cu(II) ion in 1.

Complex 1 shows ferromagnetic interaction between the Cu' and Tb™ ions with
a positive Weiss constant (0 = +14.3 K) as originally proposed by Gatteschi and
co-workers [6]. Complex 1 showed SMM behavior [(zg) = 2.7 X 1078 s; Uy = A/
kg) = 21 K; Tg = 1.2 K). However, hysteresis was not observed at the measured
temperatures, viz., above 2 K.

Under similar condition, complex 2 reveals a simple paramagnetic behavior that
may be due to the magnetic anisotropy and/or intermolecular antiferromagnetic
interaction and/or dipolar interaction. AC susceptibility measurement of 2 does not
display yy” signal which may be due to the fast QTM at zero magnetic field.
Possibly the presence of ferromagnetic exchange interaction between Cu(Il) and
Tb(III) ion is likely the reason for the observed SMM behavior in 1 (Hpc = 0).
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Based on these early forays, the advantage of using 3d—4f heterometallic com-
plexes were reasoned as: (1) relatively high spin ground state can be achieved using
less number of metal ions compared to larger polynuclear 3d metal complexes, and
(2) anisotropy can be harvested through the lanthanide ions by exploiting its
unquenched orbital angular momentum.

Presence of QTM is a major problem in incorporating lanthanide ion although the
single-ion magnetic anisotropy of these ions is generally large as compared to the 3d
metal ions. Due to this fact, the blocking temperature remains well below 5 K in
majority of the 3d—4f metal complexes [7]. However, this disadvantage can be
minimized by enhancing the exchange interaction between 3d and 4f ions. This
phenomenon was first reported by Murray and co-workers by enhancing the
exchange interaction between the Cr(III) and Dy(III) ion in a heterometallic [Cr'™LLn
L (OMe),(mdea),(0,CPh),(NOs),] (3), Ln™ = Pr, Nd, Gd, Tb, Ho, and Er and
mdea = N-methyl diethanolaminato(2—) butterfly complex where QTM is signifi-
cantly reduced/quenched which facilitate in enhancing the blocking temperature
[8, 9]. Due to the arrest/quenching of magnetization, opening of a hysteresis loop
is generally observed unlike in transition metal clusters (Fig. 2). Similarly,
heterometallic Ni,Dy,(4) complex is found to show a similar behavior, where

4k &0
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x

Fig. 2 (a) Ball and stick presentation of 3. (b) Magnetization vs field plot with a sweep rate of
0.003 Ts~ . Adapted from Angew. Chem. Int. Ed. 2013, 52, 12014 with permission from John
Wiley and Sons. (c). Ball and stick presentation of 4. (d) Frequency-dependent AC susceptibility
measurements performed on polycrystalline sample of 4. Adapted from Chem. Eur. J, 2014, 20,
14235 with permission from John Wiley and Sons
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QTM is found to be suppressed completely resulting in a zero-field SMM [10]. The
anisotropic barrier extracted for the later complex (19 cm™") in zero applied DC
magnetic field, and the one estimated in the presence of external magnetic field
(18.9 cm™ ") is found out to be similar indicating that QTM is efficiently suppressed.
In both cases (Cr,Dy, and Ni,Dy,), quenching of QTM is attributed to the presence
of enhanced exchange interaction compared to the other 3d—4f complexes reported
in the literature. Further, it has been proposed that a larger «Ni—O-Dy angle and
smaller distortion in the dihedral plane formed by Ni—-O-Dy-O are the recipe for
increasing the ferromagnetic exchange.

The presence of 3d ion in near vicinity of Ln(III) ion environment is not the only
option, but paramagnetic bridging ligands can play a crucial role in increasing the
exchange interaction. This has been elegantly proven in a series of Ln, dimers linked
through unusual N,*~ radical ligand (with a blocking temperature of 14 K for the
Tb, analogue) [11, 12].

Since several 3d—4f metal complexes are known in the literature, we will restrict
to Co(Il)/4f SMM reported in the literature in this chapter. We will also discuss some
examples of Co(Ill)/4f complexes. Before this a brief introduction on the nature of
interaction between the 3d and 4f metal ions is in order.

To ascertain qualitatively the nature of exchange interaction between the 3d and
the 4f metal ion, Andruh et al. proposed an empirical approach by considering Ni-Ln
(Ln = Dy or Pr) dimeric complexes [13]. In such complexes, the total magnetic
moment experimentally observed is the combination of magnetic moment contribu-
tion from individual metal ions (e.g., nickel and Ln(III) ion) along with the exchange
couple state. Hence, by subtracting the individual metal ion contribution from the
total magnetic moment, the masked nature of interaction will be clearly reflected by
plotting the temperature-dependent Ayy(T value.

The empirical equation is

Ay T :)(MTNi,Dy —){MTZH,Dy — xmTNi,Lu =~ JNi—Dy

For example, the presence of ferromagnetic exchange interaction observed
between Ni(Il) and Dy(IlI) complexes in Ni,Dy, tetrameter is revealed using the
empirical equation shown above.

For a system with ferromagnetic interaction, the Ayy7T plot will raise at low
temperature in positive direction, while for an antiferromagnetic interaction, the plot
will plunge into negative Ay, T value. The general trend noticed in case of Cu(II)-Ln or
Ni(Il)-Ln complexes are: (1) a ferromagnetic exchange interaction is observed if Ln
(IIT) valence shell contains >f’ electrons, and (2) an antiferromagnetic coupling exists if
Ln(III) valence shell electron become less than 7. This scenario is witnessed in many
such complexes, which is very well exemplified [13]. We have noticed recently that a
similar trend is also observed in Co(Il) containing 4f complexes. Hence, targeting Co
(Il)-Ln(III) (where anzf7) is an ideal approach to reveal a new generation of SMMs.
Accordingly, various Co(Il)/(IIN-Ln(Il) SMMs reported in literature have been
overviewed below.
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2 Hybrid Co—4f Complexes as SMMs

This section deals with various examples on heterometallic Co(II)/Ln(IIl) and Co
(IID)/Ln(III) complexes. In the case of Co(IIl)/Ln(Ill) complexes, the magnetic
properties are entirely due to the lanthanide ion.

Based on the above insight, several heterometallic 3d/4f complexes were inves-
tigated [7, 14-23]. The first Co/Ln SMM, [L,Co",Gd][NOs] (5), was reported by
Chandrasekhar and co-workers. The complex was assembled using a phosphorus-
based tris-hydrazone ligand (LHj3) and contains a linear array of metal ions [24]
(Fig. 3).

The zero-field SMM behavior of this complex was confirmed by AC susceptibil-
ity measurements (Fig. 4): U = 27.2 K and 79 = 1.7 X 1077 s.

Several other structurally analogous trinuclear complexes {[L2C0Han][X]}
[Ln = Eu, X = CI; Ln = Tb, Dy and Ho, X = NO;] were also prepared, all of
which except the Eu™" analogue were shown to be SMMs [25]. Table 1 summarizes
the magnetic data for all of these complexes.

Following these first examples, there have been several studies on such
heterometallic Co(II)/Ln(Ill) and Co(II)/Ln(IIl) complexes. In the subsequent sec-
tions, we will discuss these based on the nuclearity of the complexes. Only such
complexes will be discussed where there has been a demonstration of SMM
behavior.

2.1 Dinuclear Complexes

The preparation of the heterometallic complexes discussed in this and subsequent
sections is dependent on the use of the so-called compartmental ligands which have
specificity toward either the transition metal ion or the lanthanide metal ion.
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Fig. 3 Line diagram of 5 along with the ligand
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Fig. 4 Temperature (top) and frequency (bottom) dependence of the in-phase and out-of-phase AC
susceptibility measurements under zero applied DC field. Reprinted with permission from (Inorg
Chem. 2009, 48, 1148-1157), Copyright (2009) American Chemical Society

Table 1 Magnetic data for [L,Co™,Ln]* SMMs

Complex Uesr (K), 70 (8) at Hpc =0 U.(K), 7o (s) at Hpc # 0
[L,Co™,Gd][NO5] (5) 27.2,1.7 x 1077 27.4,1.5 x 1077, 1,000 Oe
[L,Co",Tb][NO;] (6) 18.9,5.5 x 10°° 25.8,3.7 x 107, 1,500 Oe
[L,Co™,Dy][NO5] (7) 14.2,5.1 x 107°° -

[L,Co™,Ho][NOs] (8) 8,13 x 1073 -

A cyanido-bridged complex, [{Dy™(3-OHpy)>(H,0)4][Co™(CN)¢}1 (9), was
reported by the self-assembly reaction involving Dy"-3-hydroxypyridine
(3-OHpy) complexes with hexacyanidocobaltate(IIT). This complex, which can be
considered as single-ion magnet, shows SMM behavior with a high U, of 266 cm ™'
(~385 K) and a 7o = 3.2 x 107!' s above 23 K at Hpc = 0 Oe. Moreover,
magnetization hysteresis loops are observed below 6 K with a field sweep rate of
10 Oe s~ [26].

In contrast to the above, a Co"/Y™ complex, [Co"(u-L)(u-OAc)Y(NO;),] (10),
was prepared using a compartmental ligand N,N',N”-trimethyl-N,N”-bis(2-hydroxy-
3-methoxy-5-methylbenzyl)diethylenetriamine (H,L) [27] (Fig. 5).

Although these complexes do not show zero-field SMM behavior, AC measure-
ments at Hpc = 1,000 Oe revealed them to be SMMs. An effort was made to
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modulate the structural features by varying the bridging ligand which did not result
in any significant change in the magnetic properties. An interesting aspect of these
complexes is that all of them have been shown to have a positive D and in spite of
this they exhibit a field-induced SMM behavior, rather intriguingly [28]. Rationale
for the observation of field-induced slow relaxation of magnetization with easy plane
anisotropy was explained in the previous chapter.

Another family of dinuclear Co—Ln complexes, [COHLnIH(L)(DBM)3] [Ln =Y
(11), Dy (12) and Gd (13)], is known; the ligands used were N,N'-dimethyl-N,
N'-(2-hydroxy-3-methoxy-5-methyl-benzyl)ethylenediamine (LH,) and the anion
of 1,3-diphenyl-propane-1,3-dione (DBM ™) [29] (Fig. 6).

These complexes also reveal a positive D (S = 3/2, g =2.39, D = 10.3 cm ' and
E =4 x 10"*cm™' for Co"Y analogue); the latter reveals a field-induced single-
molecule magnet (SMM) behavior (Fig. 7).

M"—Ln binuclear complexes, [M"(3-MeOsaltn)(MeOH)(OAc)Ln(hfac),] (M"
= Co, Ni, Cu and Zn; Ln = Gd™, Tb', Dym, Lam) were prepared by using N,
N'-bis(3-methoxy-2-oxybenzylidene)-1,3-propanediaminato  (3-MeOsaltn)  and
hexafluoroacetylacetonato (hfac) [30]. The M"—Ln magnetic interactions are ferro-
magnetic when M" = (Cu", Ni"", and Co") and Ln = (Gd"™, Tb™, and Dy"™). The
D value was found to be positive for the Co"/La analogue. These complexes
however did not display zero-field SMM behavior.

Table 2 summarizes the magnetic data for some dinuclear Co(II)/Ln(IIl)
complexes.
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Fig. 7 Line diagram of
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Table 2 Magnetic properties of dinuclear [Co-Ln] SMMs

Molecular formula® Ut (K), Hpc (Oe) | 79 (s) Ref.
[Co"Dy(hfac);(hfac),(NIT-3py),] (16) 3.61, 2000 3.09 x 107 | [31]
[Co"™Y™(4-L)(1-NO3)(NO3),] (17) 23.9 1.5 % 107° [28]
[Co™Y™(4-L)(u-OAc)(NO5),] (10) 27.1 405 x 1077 |[27]
[Co™Tb(3-MeOsaltn)(MeOH)(OAc)(hfac),] (18) | 17, 1,000 6.1 x 1078 [30]
[Ni"Tb(3-MeOsaltn)(MeOH)(OAc)(hfac),] (19) | 14.9, 1,000 2.1 %1077 [30]
[Co""Dy(HLSB)(AcO);(H,0)5]-(AcO) (20) 113, 2,000 7.0 x 107° [32]
Co™DyL! (4-0Ac)>(NO5),] (21) 17.6, 1,000 253 x 107 |[33]

25.9, 2,000 4.67 x 1077

29.5, 3,000 1.14 x 1077

ANIT-3py  2-(3-pyridyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide,  hfac  hexafluoro-
acetylacetonate, SB Schiff base condensation between 2-hydroxy-1,3-diaminopropane and o-van-
illin, L'H, N,N'-ethylenebis(3-ethoxysalicylaldimine), H,L  N,N',N’-trimethyl-N,N”-bis
(2-hydroxy-3-methoxy-5-methylbenzyl)diethylenetriamine

®In(y""ly’) = In(wzo) + AeteksT [34]

2.2 Trinuclear Cobalt—Lanthanide SMMs

In contrast to the trinuclear complexes described above involving a phosphorus-
supported ligand, another series, [Coszy(L)g(y—OQCCH3)2(H20)3](NO3) 22)
(LH3; = 2-methoxy-6-[{2-(2-hydroxyethylamino)ethylimino }-methyl]phenol), is
known. This complex showed slow relaxation of magnetization at 1,000 Oe applied
DC field [(Ulkg) = 88 K: (79) = 1.0 x 10~%s) [35] (Fig. 8).

In these examples, the analogous Tb(III) complex (23) has a lower U = 15.6 K.
It has been suggested that this may be due to the fact that while Dy(III) is a Kramers
ion, the integer m; level of Tb(III) is likely to trigger the ground state tunneling [36].

[Co"Ln,"™] complexes, [Ln™,Co™(C;Hs0,)s] [Ln = Dy (24) and Tb (25)]
containing an in situ generated salicylaldehyde as the ligand, have been prepared
[37] (Fig. 9).

Both 24 and 25 display SMM behavior at zero DC field, although 25 does not
show a clear maxima in the y”’ vs T plot. For 24, two relaxation processes could be
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delineated: relaxation at the higher temperature region (above 5 K) being suggested
as being associated with the excited Kramer doublets of individual Dy™ ions, while
at the low temperature region (below 5 K), the weak coupling between Co™ and Dy™
appears to predominate [38].

Complexes containing Co(III), [Co™,Dy(hmb)>(CH;0),(OAc);] [Ln = Dy (26)
and Lu (27)], could be prepared using 2-hydroxy-3-methoxybenzylidene
benzohydrazide (H,hmb) [39] (Fig. 10).

Frequency-dependent AC susceptibility measurements for 26 at 500 Oe applied
DC field provide the energy barrier (U.g) = 5.5 K and 79 = 2.7 X 1077 s.

The magnetic properties of trinuclear Co(Il)/Ln(III) and Co(III)/Ln(II) SMMs
are summarized in Table 3.

2.3 Tetranuclear Cobalt—Lanthanide SMMs

A [COHZDyz(L)4(NO3)Z(THF)Z] (39) complex having a butterfly/defect-dicubane
topology was assembled using  2-[(2-hydroxy-phenylimino)-methyl]-6-
methoxyphenol) (H,L) [45] (Fig. 11).

Analysis of the frequency-dependent AC measurements in zero DC field revealed
the presence of two thermally activated relaxation regimes [(Ueg) of 11.0 cm !
(15.8K); 7o = 7.7 x 10 *sin the temperature range 1.6—-8 K and (U,g) of 82.1 cm™!
(118.12 K); 7o = 6.2 x 10" s between 18 and 22 K]. Interestingly, this complex
shows hysteresis below 3 K at a sweep rate of 235 mTs ' (Fig. 12). The coercivity of
the hysteresis loops increases with decreasing temperature and increasing field
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Table 3 Magnetic data of trinuclear Co(II)—Ln(III) SMMs
Molecular formula® U, (K), Hpc (Oe) 7o (8) Ref.
[Collan(Hvab)4(NO3)](NO3)2 No peak maxima under zero [40]
Ln = Sm (28), Gd (29), Tb (30) and | DC field
Dy (31)
[Co™,Dy(LH;),]J(NO3)5 (32) No peak maxima under zero [41]

DC field
{[Co"Dy,(BPDC)4(H,0),]-xH,0},, 3% 0 10°° [42]
33)
[Co™,GdL,*"(NO;) (34) 21.3,0° 1.52 x 1077¢ | [43]

18.9, 3,000 2.0 x 1077
[Co'LTHL, " INO; (35) 14.5, 0° 3.0 x 1075 | [43]

20.9, 3,000 34 % 10°°
[Co",DyL,""™]NO; (36) ¢ ¢ [43]
[Co™,Dy(valdien),(OCH3),(chp),] 71.4, 2,000 5.6 x 107% | [44]
(Cl0g) (37)
[Co™,Tb(valdien),(OCH3),(chp),] 32.3, 2,000 25 %1071 |44
(ClOy) (38)

“Hyvab  2-[(2-hydroxymethyl-phenylimino)-methyl]-6-methoxyphenol, LH, 2-(2-hydroxy-3-
(hydroxymethyl)-5-methylbenzylideneamino)-2-methylpropane1,3-diol, H,BPDC 2,2'-bipyridine-
3,3'-dicarboxylic acid, Hjvaldien N1,N3-bis(3-methoxysalicylidene)diethylenetriamine, Hchp
6-chloro-2-hydroxypyridine, HjLbens N,N',N"-tris(2-hydroxy-3-methoxybenzilidene)-2-
(aminomethyl)-2-methyl-1,3-propanediamine

SIn(end” Ient’) = In(wto) + EofksT

“Show hysteresis loops below 1.1 K

sweep rate. The loops display steplike features below 1.5 K, indicating the possibil-
ity of resonant QTM below this temperature.

Replacement of the solvent molecules coordinated with the Co®* centers to form
[Co™,Dy>(L)4(NO3),(MeOH),] (40) and [Co™,Dy,(L)4(NO3),(DMF),] (41) did not
affect the compounds from being SMMs [46]. An analogous Zn,Dy, (42) complex
has also been assembled. A comparison of the magnetic properties in the complexes
39-42 is given in Table 4 (Fig. 13).

A tetranuclear complex [Conszz(L)4(NO3)2(DMF)2] (43) possessing a
butterfly/defect-dicubane topology such as described above could be obtained by
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Fig. 12 Temperature-dependent magnetic hysteresis loops for 39 below 4 K with a sweep rate of
235 mTs™~'. Adapted from Angew. Chem. Int. Ed. 2012, 51, 7550~7554 with permission from John
Wiley and Sons

the use of (E)-2-ethoxy-6-(((2-hydroxyphenyl)imino)methyl)phenol (H,L) [47]
(Fig. 14).

The magnetic properties of the [Co",Dy,] analogue and the analogous
[Dy,Zny(L)4(NO3)2(CH;0H),] (44) and [Dy,Mn'",(L)4(NO3)2(DMF),] (45) reveal
that they are SMMs (Table 5).

The range of ligands that can afford tetranuclear complexes seem to be quite
large. Thus, the complexes [Co",Ln,(Hhms),(CH;COO)s(CH;0H),>(H,0),]
(NOs),[Ln = Dy™ (46), Gd"™ (47), and Y™ (48)] could be prepared by using
(2-hydroxy-3-methoxybenzylidene)-semicarbazide (Hohms) [48] (Fig. 15).

Complex 46 shows temperature as well as frequency-dependent out-of-phase (")
signals (7o = 6.4 X 107% s; Uer = 6.7 K at zero DC field; 7o = 3.2 x 107° s and
Usr = 13.8 K at Hpce = 800 Oe in the range 2.0-5.5 K). Theoretical CASSCF
calculation studies revealed that the Dy-Dy interactions are largely ferromagnetic
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Table 4 Comparison of energy barriers for complexes [Co,Dy,] (39—-41) with the analogous

[Zn,Dy,] (42)

THF-coordinated MeOH-coordinated DMF-coordinated [Zn,Dy,]
Complexes [Co,Dy>] (39) [Co,Dy-,] (40) [Co,Dy>] (41) 42)
Barrier of Co™ | 15.8 17.9 17.5 -
7DyIH (K)
Barrier of Dy™ | 118.1 104.8 94.5 140.4
(X)

M!l = Co; X = MeOH or DMF
M!l = Zn; X = MeOH

Fig. 13 Line diagram of complexes 40 and 41

Fig. 14 Molecular structure complex 43 along with the ligand. Adapted from Ref. [47] with
permission from The Royal Society of Chemistry

and dominant, while the exchange coupling (Jexcn) of Dy—Co in {COHZDyIHz} is
antiferromagnetic. Interestingly, in the analogous {Ni",Dy",}(49) complex, ferro-
magnetic exchange between Ni'' and Dy™ ions is found which is more conducive to
zero-field single-molecule magnet behavior. The magnetic properties of tetranuclear
complexes are summarized in Table 6.

Many tetranuclear complexes could also be assembled by the use of ethanolamine
ligands. Thus, the complexes, [Co™,Ln™,(OH),(bdea),(acac),(NOs)4] [Ln = Tb
(59) and Dy(60)] and bdeaH, = n-butyldiethanolamine) containing two Co(IIl) ions,
were prepared [57] (Fig. 16).
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Table 5 Comparison of the AC magnetic data for [Co”sz2] with analogous [M"szz] (M = Mn
and Zn)

Dy,Co, (0 Oe) (43)
2.67 x 107°
125.1 (86.8 cm™")

Dy,Co, (1,000 Oe) (43)
8.77 x 1077
130 (99.4 cm ™)

Dy,Zn; (1,000 Oe) (44)
235 x 107°
115 (79.8 cm™ 1)

Dy,Mn, (0 Oe) (45)
1x10°%
11 (7.6cm™"

To/S
Uer/K

)\ 2+ 2NO,
H,N o © o/< |
0. 9 o NH

HN o 9 IS\ ’
'\‘ \/ No i~ HN"So
z \COH H ~

T\ | e

0<__/ OH;

Ln =Dy, Gd and Y

Fig. 15 Line diagram of complexes 46—48 along with the ligand

Table 6 Magnetic properties of representative tetranuclear [Co,Ln,] SMMs

Molecular formula® Uesr (K), Hpc (Oe) 7o () Ref.

[Co",Dy,(pdmH),(Piv)s] (50) No maxima under zero DC - [49]
field

[Co",Gda(ovan)(u3-OH)»(NO3),] (51) Hysteresis loops observed — [50]
below 0.6 K

[Co',Ln,y (L2 OM®) (PhCOO)s(MeOH),] [Ln = Tb | No maxima under zero DC - [51]

(52) and Dy (53)] field

[Co",Dy,(u3-OH),-(0,C'Bu)0](‘Pr,NH,), (54) No maxima under zero DC - [52]
field

[Co",Dy,(L4Me),(PhCOO),(hfac),] (55) 8.8,0 2.0 x 1077 [53]
7.8, 1,000 3.9 x 1077

[Co™'Dy3(HBpz3)6(dto)s] (56) 52, 800 3.6 x 10°% | [54]

[Co™, Dy, (L"), (CH,CO0),(OH),(H,0),]- 338,0 3731070 1155]

(Cl04), (57)

[Co™,Dy(2.5-pyde)o(H:0)ul, (58) 489.0 7:56 x 107 | 156]

*pdmH, 2.,6-pyridinedimethanol, pivH pivalic acid, HBpz;~ hydrotris(pyrazolyl)borate, dfo”~
dithiooxalatodianion ~ ligand, ~ ovan  ortho-vanillin,  L**°M¢H,  1,2-bis(2-hydroxy-3-
methoxybenzylidene)hydrazine, H,L“™¢ N,N'-dimethyl-N,N"'-bis(2-hydroxy-3,5-dimethylbenzyl)
ethylenediamine, Hhfac hexafluoroacetylacetone, H,L"™™" N, Ns-bis(3-methoxysalicylidene)
bdiethylenetriamine ligand, 2,5-pydc 2,5-pyridine dicarboxylic acid

SCM

Analysis of the AC susceptibility data for 60 allowed the extraction of the
following parameters: Uy = 169 K and 7, = 1.47 x 107’ s above 20 K where
the relaxation is thermally activated. As the temperature is decreased, a slight
curvature appears in the Arrhenius plot of In(z) vs 1/T but does not become
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Fig. 16 Line diagram of complexes 59 and 60 along with the ligand

temperature independent at any point, indicating that a pure quantum regime is not
observed within the timescale and temperature range of experiment. In contrast to
complex 60, 59 does not show SMM characteristics at zero DC field. However, upon
application of 5,000 Oe DC field, a frequency-dependent maxima in the plot of yy,”
vs T is seen. This phenomenon is a common feature for non-Kramers Tb"'-based
complexes and is due to fast zero-field quantum tunneling of the magnetization
between the sublevels. The non-Kramers ion generally allows the direct mixing of
opposing projections of the ground state angular momentum/spin projections by the
crystal field, so that tunneling pathways become readily accessible [58—63].

Other examples of tetranuclear heterometallic complexes [{anzComz(OMe)z
(teaH),(0,CPh)4(MeOH), }(NO5),][Ln",Co™,(OMe),(teaH),(O,CPh),(MeOH),
(NO3),] [Ln = Gd (61), Tb (62) and Dy (63)] were prepared using triethanolamine
(teaH3). Interestingly two tetranuclear units containing [anzComz(OMe)z
(teaH),(0,CPh)4,(MeOH),](NO3), and [Ln"™,Co™,(OMe),(teaH),(0,CPh),(MeOH),
(NO3),] are present within the same crystal [64] (Fig. 17).

AC susceptibility measurements in a zero DC field reveal the SMM behavior for
the DyIII analogue with the following characteristics above 8.5 K: (U) of 88.8 K
(~61 ecm™ ") and 7o = 5.64 x 10~% s. But below 8.5 K, the Arrhenius plot deviates
slightly from linear behavior indicating the existence of QTM. However, applying
field up to 1,000 Oe does not change significantly the peak maxima in the yy;” vs
T plot, indicating that QTM is inefficient in this system.

Among other tetranuclear complexes assembled using triethanolamine as the
ligand, containing two Co(III), are [Dy",Co™,(OMe),(teaH),(O>CPh),(MeOH),]
(NO3), and [Dy"",Co""',(OMe),(teaH),(0,CPh)4(MeOH),(NO5),] (63), [Dy",Co™,
(OMe),(dea),(0,CPh)4(MeOH),](NO3), (64), [Dy",Co"(OMe),(mdea),(O,CPh),
(NO3),] (65), [Dy",Co'"',(OMe),(bdea),(0,CPh)y(MeOH),(NO3),, and [Dy,Co'",
(OMe),(bdea),(O,CPh),(MeOH),(NOs),] (66) (teaH; =  triethanolamine,
deaH, = diethanolamine, mdeaH, = N-methyldiethanolamine, and bdeaH, = N-n-
butyldiethanolamine). The extracted magnetic parameters, from the AC measurements
of these complexes, are summarized in Table 7 [65].

In addition to the aforementioned complexes, complex [Co™,Dy™
»(OMe),(teaH),(Piv)¢] (67) can also be prepared using triethanolamine ligand.
This complex displays SMM behavior with U.s = 51 K; 79 = 6.1 X 1077 s and



Cobalt(IT)/(TIT)-Lanthanide(III) Complexes as Molecular Magnets 91

Qs p T D Vo
e T

ONVr SRRV

5 C 32> g>b

(o)

Ln = Gd, Tb and Dy
Fig. 17 Line diagrams of complexes 61—63 and the corresponding ligand

Table 7 Magnetic data for 63—-66

Complex | Uggr (cmfl) Tunneling frequency (Hz) | zgrm (8) | 7o (8) a

63 61 <0.1 >1.5 5.64 x 107° | 0.29(4 K)-0.24(10.5 K)

64 72 1.29 0.12 6.05 x 107% | 0.38(1.8 K)-0.28(12 K)

65 55 0.79 0.20 1.03 x 1077 | 0.42(1.8 K)-0.30(10.5 K)

66 80 0.34 0.48 338 x 107% | 0.26(1.8 K)-0.15(14 K)
/

Poaow AR
) \/</ °"
/N\H

il \f<

Fig. 18 Line diagram of complex 67

tor = 7.3 s in the range 4.5-7.5 K [Uyy = 127 K; 70 = 1.2 x 1077 5
Cram = 1.7 x 1072 in the range of 7.5-9.5 K] [66] (Fig. 18).

For this complex, the energy level splitting under crystal field of the Dy ground
J = 15/2 state was determined (Fig. 19). The thermal barrier for the fast relaxation
pathways through m; = £13/2 and m; = £11/2 from ground state should be 39 and
104 cm ™. These values compare quite well with the experimental Uge = 35 cm ™!
(51 K) and 88 cm ™' (127 K) values obtained from AC data (Fig. 20).

A summary of magnetization relaxation dynamics for this [CoHIQLnHIQ] family
(67—70) is shown in Table 8 [67].

N-n-butyldiethanolamine (bdeaH,) and N-methyldiethanolamine (mdeaH,) were
used as ligands for preparing [Co,™'Dy,"(OMe),(0,CPh-2-Cl),(bdea)>(NO3),]

1
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Fig. 19 Energy level splitting under crystal field of the Dy ground J = 15/2 state, with crystal
field parameters, By> = —2.4 cm™' By* = 2.9 x 107> cm™". Arrows indicate the suggested
relaxation pathways across the barrier. Adapted from Ref. [66] with permission from The Royal
Society of Chemistry
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Fig. 20 Energy level splitting under crystal field of the Dy™ ground J = 15/2 state, with crystal

field parameters, By> = =24 cm ! B = 29 x 1073 ecm™! and exchange interaction
Jexe = —0.046 cm™'. Arrows indicate the suggested relaxation pathways across the barrier.
Doublets g,°" values between parentheses. Adapted from Ref. [66] with permission from The
Royal Society of Chemistry

(71), [Co,"" Dy, (OMe),(0,CPh-4-Bu)4(bdea),(NO5)(MeOH);|(NO3) (72), [Co,™
Co"Ln"™(OH)(0,CPh-4-OH)(bdea);(NO5);(MeOH)] [Ln = Dy (73), Gd (74)], [Co,
"y, M(OMe)(OH)(0,CPh-2-CF;)4(bdea),(NO5),]  (75), and  [Co,"™'Dy,™
(mdea)4(hfacac);(O,CCF3)(H,0)] (76) [68]. A summary of magnetization relaxa-
tion dynamics of these complexes (71—76) is enlisted in Table 9.

Similarly a series of SMMs [Co™,Ln"",(;13-OH),(o-tol)4(mdea),(NO5),] [Ln = Dy
(77), Tb (78), Ho (79)] [69], [Dy"™,Co™,(OH),(teaH),(acac)s] (80), [Dy™,Co™
»(OH),(bdea),(acac)s](81), and [Dy™,Co™,(OH),(edea),(acac)s] (82)
(teaH; = triethanolamine, bdeaH, = N-n-butyldiethanolamine, edeaH, = N-
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Table 8 Magnetization dynamics data of complexes [Co"™,Ln"™,] [67]

Complex Mechanism | Parameters
[COIIIZDyIIIZ] (67) (zero DC Orbach 70 ="6.1 % 107" s; Usee = 35 cm ™ }; Tor =13
field) Orbach + 70=12x 107 s; Uy = 88 cm ™!
Raman
[Co™,Ho™,] (68) (1,500 Oe | Orbach T0=6.2 x 107° ;Uugr = 30 cm ™!
DC field)
[Co™,Er'™,) (69) (3,000 O¢ | Raman lor=51x 1072 8;Cram = 3.5 x 10725 'K’
DC field) (n=T7)r°or = 0.103 s
[Co™,Yb™,] (70) (3,000 Oe | Orbach 7o=2.1 x 107° s;Upqp = 23 cm™!
DC field) tor =13 x 10725

Table 9 Magnetization relaxation parameters for complexes 71-76

AC susceptibility data
Complex Ul (applied field) (cm_l) T, (8) 7qrM™ (8)
71 80.4 (0 Oe) 1.8 x 107® 0.9
72 76.9 and 95.6 (0 Oe) 38x 10 and 5.6 x 1078 0.5 and n/a
73 117.4 (1,500 Oe) 34 %1077 0.3
74 n/a n/a n/a
75 88.1 (0 Oe) 14 x 107® ~1.5
76 22.6 (0 Oe) 1.4 x 107° 0.004

ethyldiethanolamine and acacH = acetylacetone) [70] are reported. The detailed
parameters associated with their SMM behavior are summarized in Table 10 (Fig. 21).

2.4 Higher Nuclearity Cobalt—Lanthanide SMMs

In this section we will deal with complexes whose nuclearity is greater than 4. Only
representative examples will be discussed. The magnetic data for these complexes
are tabulated in Table 11. A hexanuclear complex [Dy4C0HIz(HL2)2(y3-
OH),(piv);o(OH,),] complex (86) was prepared by the use of 2-(2,3
dihydroxpropyliminomethyl)-6-methoxyphenol(H;L?) and pivalic acid as ligands.
The molecule contains two dimeric Dy(III) sub-units on either side of a dimeric Co
(IIT) motif. Each of the Co(IIl) centers along with a Dy(IIl) is involved in a defect
cubane structural motif [83] (Fig. 22).

The field dependence of magnetization shows a rapid increase of M values at
lower DC field, indicating the presence of intramolecular ferromagnetic interactions
between spin carriers. The Arrhenius plot obtained from the frequency-dependent
AC susceptibility measurements provides the signature of SMM with an energy gap
(Uege) of 18.4 cm™' (26.47 K) and a pre-exponential factor 7y = 8.7 X 107% s at
Hpc = 0. The Cole—Cole plot provides the a value within the 0.19-0.13, indicating a
single relaxation time is mainly involved and is independent of the temperature.
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Table 10 Magnetization relaxation parameters on heterometallic {Co,™Dy,"™} butterfly SMMs,

with the Dy™ ions in the body position, constructed with various ethanolamine-based ligands

Ueff
Molecular formula® (em™h g™ (8) 7o (8) Ref.
[Co,"Dy,™(OH),(acac),(bdea),(NO5),] (60) | 117 >1.5 147 x 1077 [57]
[Co,""Dy,™ 61 >1.5 5.64 x 1078 [64, 65]
(OMe),(0,CPh)4(teaH),(MeOH),J(NO3), and
[COZIIIDY2I”
(OMe),(0,CPh)4(teaH),(NO5),(MeOH),] (63)
[Co,""Dy,"(OMe),(0,CPh)4(dea),(MeOH)4] | 72 0.12 6.05 x 1078 [65]
(NO3); (64)
[Co,""Dy,™(OMe),(0,CPh),(mdea),(NOs),] | 55 0.2 1.03 x 1077 [65]
(65)
[Co, "Dy, 80 0.48 338 x 1078 [65]
(OMe),(0,CPh)4(bdea),(MeOH),4](NO3), and
[Coszyzm
(OMe)2(02CPh)4(bdea)s(NO3)»(MeOH),] (66)
[Co.™Dy,™(OMe),(teaH),(piv)s] (67) 35and |73 6.1x 10 7and | [66]
88 12x107°
[Co,™Dy,™(OMe),(0,CPh-2- 80 0.9 1.8 x 1078 [68]
Cl)4(bdea),(NO3),] (71)
[Co,™Dy,™(OMe),(0,CPh-4- 77and | 0.5 38x10%and | [68]
Bu),(bdea),(NO5)(MeOH)3](NO3)] (72) 96 5.6x 1078
[Co,™Co"Dy™(OH)(0,CPh-4-OH) 117 0.3 34 %1077 [68]
(bdea);(NO3);(MeOH)] (73) (1,500 Oe)
[Co,™Dy,"(OMe),(0,CPh-2- 88 ~15 14 x 1078 [68]
CF3)4(bdea)>(NO3),] (75)
[Co,"Dy,™(mdea),(hfacac);(0,CCF3)(H,0)] |23 0.004 1.4 x 107° [68]
(76)
[Co™,Dy™,(u3-OH),(0-tol)4(mdea),(NO5),] | 81.2 0.34 9.8 x 107° [69]
(77)
[Co™,Dy™,(OH),(teaH),(acac)s] (80) 49 and |76.5 27 %10 7and | [70]
31 32 x 1077
[Co™,Dy™,(OH),(bdea),(acac)s] (81) 19 1.4 ms 1.0x 107° [70]
[Co™,Dy™,(OH),(edea),(acac)s] (82) 11 b 13%x10°° [70]
[Co," Dy, (OMe),(acac),(mdea),(NO5),] 26 0.0025 2.6 x 107° [71]
(83)
[Co,""Dy,™(OMe),(acac)4(teaH),(NO5),] (84) | 19 0.00058 8.1x10°° [71]
[Co™,Dy"™,(OH),(teaH),(acac),(NO5),] (85) |20 0.00058 7.4 % 107° [71]

“deaH, diethanolamine, feaH; triethanolamine, bdeaH, N-n-butyldiethanolamine, edeaH, N-
ethyldiethanolamine, mdeaH, N-methyldiethanolamine, o-tol o-toluate, pivH pivalic acid, acac
acetylacetonate, hfacac hexafluroacetylacetonate

"Denotes no pure quantum tunneling relaxation regime is observed above 1.8 K
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Table 11 Magnetic properties of high nuclearity Co"™/Ln™ SMMs

Molecular formula® U.sr (K), Hpc (Oe) 7o (S) Ref.

{[Co"™,Dy;(BPDC)s(HBPDC)(H,0)s] 62.89, 5,000 6.16 x 1078 | [72]

(Cl04),-mH,0},, (90)

{[Co",Dy,(L™P¥),(CO5)4(HCOO),(H,0),]- | 7.6, 5,000 1.9 x 107° | [73]

2DMF-xH,0}, (91)

[COHGDy No maxima under zero | — [74,75]

(aib)s(OH)3(NO3)3(CH;0H)s(H,0)](Cl04); | DC field

92)

[Co"¢Dy,(OH).(chp)s(piv)s(CH;CN),] (93) | 7.7, 1,000 5.7 x 1078 | [76]

[Co™,Dy,(OH),(chp);o(acac)s] (94) No maxima under zero | — [77]
DC field

[Co™ No maxima under zero | — [771

1 ;DY()(OH)M(ChP) 14(piv)g(NO3)4(MeCN),4] DC field

95)

[C0112C0HI4Dy4(HtI‘iS)8(OAC)G(NO3)4(L)2] No maxima under zero | — [78]

(NO3), (96) DC field

[Co™5Co™,Dy3(u3-OH)s(0,C'Bu)1(LEY),] | 3.8, 2,000 1.5 x 107° | [79]

o7

[Co™,Dy.4(3-OH),(hmp)4(1-N3),- 3.8, 600 4.8 x 107° | [80]

(piv)s(NO3),] (98)

[Co™,Dy4(us- 2,0 107 [81]

OH),(salpa)4(NO3)4(OAc)4(H,0),] (99)

[(Co™;Dy;(1i3-OH)4(0,C'Bu)g(L2")5] 17.4, 2,000 25%107% |[79]

(NO3), (100)

[Co™,Dy.4(13-OH)»(piv),(hmmp),(ae),]- 25.2, 5,000 13 x107° | [82]

(NO3), (101) 32.4, 8,000 42 % 1077

BPDC 5,5'-dicarboxylate-2,2'-dipyridine anion,
H 4'-(4-Carboxyphenyl)-2,2":6' 2" -terpyridine,
methoxyphenol, Hyhmmp 2-[(2-hydroxyethylimino)methyl]-6-methoxyphenol,

ethanol, Hpiv pivalic acid, H,L"
SIn(y" by’ ) = In(@tg) + EkgT

Two octanuclear complexes,

Hhmp 2-(hydroxymethyl)pyridine, L*”

H3;L?  2-(2,3-dihydroxpropyliminomethyl)-6-

Hae
n-N-butyldiethanolamine, aibH 2-amino-isobutyric acid, Hchp
6-chloro-2-pyridinol, acac™ acetylacetonate, Hjtris tris-(hydroxymethyl)aminomethane

2-amino

[Co™.\Dy.(u-OH)s(u3-OMe)s {0,CC(CH,)s 4

(tea)4(H,0),] (87) and [Co™ Dy 4(u-F)4(u3-OH),(0-tol)g(mdea),] (88) (tea’™ =

triply deprotonated triethanolamine;

mdea’~ =

doubly deprotonated N-
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Fig. 22 Molecular structure of complex 86 along with the ligand. Adapted from Ref. [83] with
permission from The Royal Society of Chemistry

Fig. 23 Molecular structure of complex 88 along with the ligand. Adapted from Chem. Eur. J.
2017, 23, 1654-1666 with permission from John Wiley and Sons

methyldiethanolamine; o-tol = o-toluate), have been recently reported. The central
core of the octanuclear ensemble consists of a [Dy(II)], motif and is surrounded by
four Co(IIl) ions. Like in the previous case, each of the Co(Ill) along with two Dy
(IIT) centers is involved in a defect cubane motif [84] (Fig. 23).

Complex 87 reveals frequency-dependent “tails” in the out-of-phase susceptibil-
ity against temperature plots below 3 K at Hpc = 0 Oe. This behavior does not
improve even after application of fields up to 5,000 Oe. But for complex 88, at
Hpc = 5,000 Oe, the corresponding energy barrier Us = 39 cm ' and
pre-exponential factor 7o = 1.0 x 107 s can be obtained between 8 and 10.5 K.

A dodecanuclear complex [Co™,Dy;o(L)4(OAC);(SCN)»(CH;CN),(H,0),
(OH),(u3-OH)4][Co(SCN)4(H,0)], (89) was assembled by using the multi-
functional ligand, 1,2-bis(2-hydroxy-3-methoxybenzylidene) hydrazine (H,L). In
contrast to the examples discussed above, this complex contains Co(Il) [85]
(Fig. 24).
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Fig. 24 Molecular structure of complex 89 along with the ligand. Adapted from Ref. [85] with
permission from The Royal Society of Chemistry

The nature of the Co™-Dy and Dy-Dy interactions could not be delineated with
certainty. However, the authors, based on the AC susceptibility measurements,
suggest that this complex has a SMM behavior.

3 Summary

Co(I) is a promising 3d metal ion with first-order orbital contribution that has been
investigated for its interesting magnetic properties. The combination of Co(Il) and
lanthanide ions in the form of heterometallic complexes leads to an interesting array
of complexes where the role of the ligand seems to be extremely crucial in modu-
lating the nuclearity and the coordination geometry. While there has been consider-
able progress in this field, it is anticipated that appropriate design of complexes can
lead to SIMs and SMMs with even better properties. One crucial element that is
missing from the studies carried out so far seems to be a strong theoretical input.
Once such an understanding is in place, it becomes easier for synthetic chemists to
make appropriate designs for assembling SMMs with superior properties.
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