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ARTICLE INFO ABSTRACT

Keywords: The most studied examples of 3d-4f based single molecule magnets (SMMs) and their coordination clus-
3d-4f coordination clusters ter counterparts is that of the 3d-4f butterfly systems which provide a test-bed to facilitate the relevance
Butterflies of the 3d and 4f ions to the overall magnetic behavior of the molecules. This review examines the syn-

Single Molecule Magnets

thetic strategies used to obtain these butterfly molecules with a view to facilitate the design and synthe-
sis of polynuclear 3d-4f clusters with different structures and enhanced SMM performance.
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Appendix A.

1. Introduction

Recently, the exploration of heterometallic 3d-4f coordination
clusters (CCs) has attracted intense attention because of their fas-
cinating architectures and potential applications in various
research fields including luminescence [1-3], catalysis [4,5], signif-
icant magneto-caloric effects [6-8] and single molecule magnetics
(SMMs) [9-12]. The first studies of magnetism on 3d-4f complexes
were primarily focused on Cu'-Gd" clusters based on the pioneer-
ing work of Gatteschi and co-workers [13]. Subsequently, several
3d-4f complexes were reported and in 2004, Matsumoto and
coworkers successfully produced the first 3d-4f SMM complex
[Cu'TbL(hfac),], (HsL = 1-(2-hydroxybenzamido)-2-(2-hydroxy-3
-methoxy-benzylideneamino)-ethane) [14]. The success of this
study revealed not only the nature of the Cu'-Ln ferromagnetic
interaction but also the magnetic anisotropy of the system, demon-
strating how a suitable molecular design can lead to the slow
relaxation of the magnetisation at a molecular level, here with
Uer=21Kand 1p=2.7 x 10~%s. Thus, the principle that 3d-4f clus-
ters could lead to SMMs was established.

To date, several synthetic strategies have been developed by
chemists and many 3d-4f coordination clusters with a diversity
of nuclearities and topologies including ball, cage, disc, and wheel
shape structures have been synthesized and their properties inves-
tigated [15].

Despite the fact that many 3d-4f coordination clusters have
been prepared, the directed development of 3d-4f clusters with dif-
ferent nuclearities is still a challenge [16,17]. In fact, it is difficult to
control the synthesis of 3d-4f coordination clusters since the differ-
ent coordination geometry preferences of 3d and 4f metal ions
need to be taken into account. For example, 3d metal ions tend
to adopt coordination geometries largely steered by the influence
of the interplay between electron configuration and the ligand field
which mostly result in environments with coordination numbers
of 4 to 7. On the other hand, for 4f ions the concept of “ligand field
stabilization” loses relevance and stable electronic ground states
are generally directed through a balance of electrostatic and
spin-orbit coupling effects. Marrying these different coordination
preferences within a 3d-4f coordination cluster requires taking
these into account and adapting the synthetic strategies accord-
ingly. A further aspect regards the nature of the cooperativity
between the 3d and 4f ions. At least the existence of cooperativity
can be established through removal and/or variation of the 3d or 4f
ions and whether this makes a difference to the observed proper-
ties. In this review, we will concentrate on using the observed mag-
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netic behavior to monitor this. In order to achieve these aims it is
useful to develop and explore a large number of isostructural clus-
ters to elucidate the nature of the 3d-4f relationships amongst the
resulting structures. Ultimately, if these relationships can be estab-
lished it should be possible to synthesize target complexes show-
ing specific properties, but clearly it is still a long journey
towards this goal.

Although the magnetic properties of 3d-4f clusters have been
studied intensively, magneto-structural correlations have not yet
been satisfactorily established. Establishing such correlations is
regarded as the most useful way forward for constructing tailored
3d-4f clusters showing improved magnetic properties. At present,
ab initio calculations are widely regarded as a method of choice
in providing some definitive answers. However, the fact that most
of 3d-4f systems comprise large numbers of unpaired electrons and
that the 4f ions are subject to large spin-orbit coupling effects
places a significant hurdle to overcome in terms of using an ab initio
approach. Some other physical measurement methods beyond
standard magnetic measurements (dc and ac susceptibilities), such
as EPR [18,19], Mdéssbauer [20], INS [21] and XMCD [22] spectro-
scopies have provided some useful insights which can also inform
the results of such calculations. One factor which is becoming
increasingly clear in the interplay between 3d and 4f ions is the
importance of the dipolar fields which the 4fions can exert within
the system as well as the extent of the 3d-4f coupling which seems
to affect the relative performance parameters of relaxation phe-
nomena, usually gauged by Single Molecule Magnet behavior
[23-25].

The {M,Ln,} butterfly family provides a useful test-bed system
since a large number of examples are reported in the literature. In
some cases the compounds are amenable to exploration using
ab initio approaches along with some DFT treatments. These coor-
dination clusters can have two arrangements [26]. Type I (see
Fig. 1) has the 4f (Ln) ions occupying the wingtip positions of the
butterfly and the 3d (M) ions the body, M-Ln coupling tends to
steer the observed magnetic properties although the Ln single
ion magnetics as well as the strength of any central M-M coupling
balance this. This gives three different parameters in {(3d),Lny(»-
OR)4(p3-OR’),} cores. When the central M is either diamagnetic or
else not coupled to any significant extent to the 4f ion we might
expect the 4f single ion properties to dominate the magnetism.
When the 3d-4f and 3d-3d coupling parameters are present the
system has to be treated as a cooperative entity. In addition, the
role of the dipolar coupling and the relative anisotropies of the
two types of ions must be considered. For the Type II case the M

Fig. 1. The definition of the body and wingtip in butterfly M, cores (a); Ball and stick representation of the metal-oxo {(3d),Ln,(1t2-OR)4(13-OR'),} core of a ‘defect dicubane’

or ‘butterfly’ structure (b and c).



ions are at the wingtip positions and this effectively deletes the M-
M interaction, but the M-Ln interaction as well as the single ion
properties of the Ln ions are still relevant. Here we can expect
the lanthanide single ion properties to dominate.

In this review, we have summarized and compared all the dis-
crete 3d-4f butterfly topology clusters showing slow relaxation of
the magnetization (SMM properties) and wherever possible the
isostructural analogues containing selective deletion of the 3d or
4f ions contribution through using diamagnetic ions. We hope that
this summary will facilitate the design and synthesis of polynu-
clear 3d-4f clusters with different structures and shed light on fur-
ther rational design of better SMMs.

2. Scope of this review

The 3d-4f butterfly cluster compounds in this review were iden-
tified by searching the CCDC database (web edition) in July 2019.
The SMMs we consider are defined here as those 3d-4f butterfly
compounds showing slow relaxation and/or hysteresis loops in
the magnetization. The specific case of {Fe¥'Ln,} butterfly SMMs
has already been reviewed by us and will not discussed in detail
here, but referred to where needed. Some of the SMMs discussed
in this review are members of a family of isostructural compounds
and do not necessarily have single crystal X-ray structural data
deposited in the CCDC.

The supporting information contains the synthetic methodolo-
gies and a survey of the properties of 3d and 4f ions. Every com-
pound described here has been subjected to a SHAPE [27-29]
analysis to establish the best description of the coordination
geometries of the metal ions.

3. Survey of 3d-4f butterfly SMM complexes

The determination of the molecular structure of SMMs using
single crystal X-ray diffraction measurements forms the basis for
understanding the properties of SMMs. In this review we consider
3d-4f butterfly compounds according to the position of the 3d
metal ions in the Periodic Table. Through gathering and comparing
the fine tuning of complexes via subtle changes to the ligand field,
we can begin to discover how to create SMMs by design rather
than fortuity, at the same time trying to establish magneto-
structural relationships within these molecules. Until recently it
proved rather difficult to analyze compounds with such large Hil-
bert spaces using ab initio calculations, but now progress is being
made in this area and available results will be discussed in the rel-
evant sections. The analysis provided from ab initio calculations
has been developed in accordance with the computational effort
required for a given system. In order to assist the reader a sum-
mary of all the butterfly systems where ab initio calculations have
been applied is given in Tables 2, 4 and 9 (also an overview in
Table S9). The units for the result J values of calculations in the
Tables 2, 4, 9 and Table S9 are cm™!. As can be seen, for some sys-
tems broken symmetry DFT (BS-DFT) analysis, whereas for others
just DFT approaches have been used. It can also be seen that J value
contributions along with various versions of the spin Hamiltonian
are suggested by several different groups. This makes comparison
very tricky and it would be useful for a consensus to be formed.
Tables 1, 3, 5, 6, 7, 8 and Tables S3-S8 list the selected structural
features and parameters of 3d-4f butterfly SMMs.

For research on potential SMMs two characterization techniques
are of paramount importance. The first is single crystal X-ray

Table 1
Magnetic data and structural features of Cr'"'-4f butterfly SMMs.
Space group Applied dc Field/ Oe Relaxation processes Ref
Orbach Raman direct QTM
Uerr/K (cm ') 7ofs
[Cr4'Dy,(OMe);(mdea), (0,CPh)4(NOs),] 1 P2i/n 77 51x10°% - - - B2
(ca. 54)
[Cr¥'Dy,(OMe),(dea), (0,CPh),(MeOH)4](NO5), 2 P2,/n 62.1 23x107 - - - [33]
(432)
[CrY'Dy,(OMe)(OH)(edea), (0>CPh)4(NO5),] 3 P2i/n 79.1 34x10° - - - B
(55.0)
[Cr4"Dy(OMe),("Budea), (0,CPh),(NO5),] 4 P2/n 616 L1x107 - - - B
(42.8)
[Cr'Dy5(OMe)(teaH), (0,CPh)4(NO5);(MeOH), ] 5 P2i/n 634 83x107 - - - B
(44.1)
[CrY'Dy,(OMe);(mdea), (acac)u(NO5);] 6 P-1 346 12107 - - - 6
(24)
[CrY'Dy,(OMe),(edea), (acac)4(NOs),] 7 P-1 416 92x10%8 - _ - [36]
(29)
[Cry'Dy,(OMe),("Budea), (acac)s(NOs),] 8 P-1 37.5 31x107 - - - [36]
(26)
Cri'Nd;(OMe);(tea); (02CPh)4(NOs)} 9 P2;/n - - - - - [37]
[Cr4*Tby(OMe);(mdea), (0,CPh)4(NOs), ] 10 P2y/n 641 17x10° - - - B
(~44)
[Cri'Ho,(OMe),(mdea), (0,CPh)4(NO5),] 11 P2,/n 52£07 11x10° - - - B3
(~36)
[CrYEr,(OMe),(mdea), (0,CPh)4(NO3),] 12 P2y/n - - - - - [37]
[Cr3'Tb,(OMe)o 5(OH); > (mdea),(0-Cl-p,m-F-PhCO,)4 (NO3);] 13 P-1 63.3 7.7x10° - - - [41]
(44)
[Cri'Dy,(OMe); 4(OH)o 5 (mdea),(0-Cl-p,m-F-PhCO,)4 (NO3),] 14 P-1 87.8 21x107 - - - [41]
(61)
[Cri'Ho,(OMe);.16(OH) 84 (mdea)y(0-Cl-p,m-F-PhCO,); (NO5),] 15 P-1 518 68x10° - - - [41]
(36)
[Cri'Dy,(OMe)(OH) (‘Budea),(p-‘Bubenz), (NOs),] 16 P-1 64.7 77 x10 8 - - - [41]
(45)
[CrY'Dy,(OMe),(mdea), (hfacac)s] 17 Pbca 41.7 16x107 - - - [43]
(28.6)

Lattice solvent molecules are not listed. - means multiple relaxation processes were not observed.



Table 2
The J values between paramagnetic centers obtained from theoretic calculation for {Cri'Ln,} system.

[Cr¥'Dy,(OMe);(0,CPh),(mdea),(NO3),] 1 [Cr§'Dy>(OMe);(mdea)y(acac)4(NO3),] 6
Calculated Fitted Calculated Fitted
]dip ]ex + ]ex a ]ex b ]dip ]exé ]ex a ]ex b
Joyi1-pyr’ 2.50 1.00 1.0 1.50 2.31 0.49 0.50 2.64
Jeri-crr 0.34 0.12 0.10 0.12 0.01 0.04 0.04 0.03
Jpyi-cri 5.20 26.0 20.50 20.30 0.45 11.27 11.25 11.24
Joyi-crr 5.20 -32.5 17.00 16.70 0.43 8.35 8.35 8.33
[CrY'Dy,(OMe);(edea)y(acac)s(NOs )] 7 [Cri'Dy,(OMe),("Budea)(acac)s(NOs)] 8
Calculated Fitted Calculated Fitted
]dip ]em ]ex a ]ex b ]dip ]ex + ]ex a ]ex b
Jpy1-pyr 2.40 0.49 0.50 2.77 2.34 0.49 0.50 1.79
Jert-crr 0.01 0.01 0.01 0.02 0.01 0.05 0.05 0.06
Joy1-cr1 0.46 11.83 11.85 11.83 0.45 10.55 10.55 10.48
Ipyi-crr 043 8.26 8.25 7.96 0.42 7.15 7.15 7.14
+ means BS-DFT.
= ( ]dDiyp] Dyt +J30, Dyl’)gbyl,ZSDyl’,Z (ngrpl e, )501 Sarv 33 ' Ser 2Scrr 2
]dDé' (1 3c0820)3py12Scriz  3sin0cosOipy1 zScry ]dDiyp1 “T(1 3c0820)3g 2Scr z+
3sin0cos03cy zScry I (1 3c0820)3py12Scvz  3Sin0COSOSDy1 2Scryy diél/ ar
[(1 3c°529)§cn'.zsm'z + 351n0(:050§01’.zscr1'.y} ]g{m @ lsDyl zScrz ’j{c‘h CrlgDyl’.ZSC” z ]'3{2,1 Cn/gDy],ZSCr]’.Z ]fxyfy; m,guyl'.zsm’.z (eqn 1).
! D; i G [ p—
]Dx},/;l o~ Hf;ggy,z/R?)yl Dy1'5]g$ ot = ugg%r/Rgrl Crl';]di};J "= luBgDy,ZgCr/R?)y, i
The dependence on the 0 angle comes from the anisotropy of the dipolar magnetic interaction.
H = .,Dyl Dyl’:gDyl,ZgDyl’.Z JDyl crl (§Dy1,zscn.z + S'Dyl’,zsmhz) .’Dyl cr'-
(§Dy1,25m’.z + 3Dyl',zsmz) Jeriz v zScrzScr z (eqn 2).
SDy =15, S¢r = 3/2, The ] constants from eqn (2) were calculated as combinations of the J* and J%P parameters by fixing the angles 6 in eqn (1).
Table 3
Magnetic data and structural features of Mn""'"'-4f butterfly SMMs.
Space Applied dc field/ Relaxation processes Ref
group Qe Orbach Raman Direct QTM
Uerr/K /s
(cm ")
[Mn4Tb,(hmp)s(NO3)4 (MeOH),] plus [Mn3Tb,(hmp)s(NO3)4 P-1 500 3.84* 6.43 x 10 ™* - - [44]
(HzO)z] 18 (2.67)
[MnYDy,(hmp)s(NO3)4(MeOH),] plus [Mn3Dy,(hmp)s(NO3)4(H,0),]  P-1 500 3.86* 1.24 x 10 * - - [44]
19 (2.67)
[Mn3Dy,(L2)4(NO3), (DMF),] 20 P-1 0 11* 1.0 x10 & - - - [45]
(7.6)
[NMe,]2[MnY'Dy, (thme),(piv)4(NOs),] 21 P2,/c 0 15 32x107 + + + [46]
(10.4)
[Mn}'Ce,("Budea), ("BudeaH),(piv)s] 22 P-1 0 - - - - - [47]
[Mn}'Nd,("Budea), ("BudeaH),(piv)s] 23 P-1 0 10 14 x 10 © - - - [47]
(6.95)
[Mn}'Dy,(OH)2(NO3)4 (hmp)a(H20)4](NOs), 24 C2/c 0 - - - - - (48]
[Mn}'Tb,(OH)2(NOs)4 (hmp)a(H20)4](NO5); 25 C2/c 0 - - - - - (48]
[Mn}'Dy,(dpm)s (MeO)s] 26 P-1 0 - - - - - [49]
[Mn3'Tb,(dpm)s (MeO)s(MeOH),] 27 P-1 0 - - - - [49]
[EtsNH],[Mn3'Dy,(0), (piv)io0] 28 P-1 0 29 46 x 10 © + + [50]
(20.2)
[Mn}'Dy,(OH),(pdea), (p-Me-PhCO,)s] 29 P-1 0 19.32 564 x 10 8 - - [24]
(13.4)

Lattice solvent molecules are not listed. + means multiple relaxation processes were observed but not analyzed. - means multiple relaxation processes were not observed.

* means the energy barriers obtained by fitting the equation bellow:
In(y"/%") = In(w7o) 4 Ues /KpT (eqn 3).

diffraction (SCXRD) in order to establish the molecular structure of 2. In the measurement of dc susceptibility saturation effects

the coordination cluster and the second bulk susceptibility studies should be checked for by using different applied fields.
which makes it possible to look for and assess any SMM properties. 3. In magnetization measurements it is important to constrain the
Whilst SCXRD has become a standard tool for coordination che- sample to avoid orientation effects which can lead to abnor-
mists, for the susceptibility work there are several potential pitfalls mally high values.
which have been noted over the years and we list these below. 4. Allowances for small amounts of so-called “paramagnetic
impurities” may need to be made. In many cases these are not
1. Consistent sample preparation. Different groups have different impurities as such, but the result of uncompensated surface
preferences for preparing samples for measurement and use spins. These effects can look large for strongly antiferromagnet-

various means for holding the samples. ically coupled systems.



Table 4
The J values between paramagnetic centers obtained from theoretic calculation for {Mn4""'Ln,}, {Fe%'Dy,}, {Co4Dy,} and {Ni4Ln,} systems.

Compounds [Mn3Dy,(L2)4(NO3), [Mn}'Dy;(OH )2(p-Me-PhCO,)g (pdea)s] [Fe}'Dy(OH)x(pdea), Cr3'Dy,(OH)(pdea),
(DMF),] 20 29 (p-Me-PhCO,)g] 37 (p-Me-PhCO,)s]"
Fitted® Fitted? Fitted® Fitted®
0 3 0.2 3.20 420 0.65
IS5 2.10 3.00 0.50
J4p oy 1.10 1.20 0.15
I8y 48 0.15 0.12 1.15
IS0y 0.09 0.05 0.80
J4P by 0.06 0.07 0.35
I8 by 5.5 0.035 0.060 0.405
J& by 0.001 0.025 0.370
Je by 0.036 0.035 0.035
4 - - - 0.045
[Fel'Dy,(OH), (teaH), [Fe}'Dy,(OH), (teaH), [Fe5'Dy,(OH), [Fe}'Dy,(OH), [Fe}'Dy,(OH); (teaH),
(p-CN-PhCO,)s] 32 (m-Me-PhCO,)s] 33 (teaH),(m-CN- (teaH),(p-NO,-PhCO, )] (p-Me-PhCO,)s] 36
PhCO,)s] 34 35
BS-DFT Fitted® BS-DFT Fitted® BS-DFT Fitted® BS-DFT Fitted® BS-DFT Fitted®
Jret-Fer’ 5.7 5.7 8.2 21.0 8.6 8.6 6.3 6.3 8.8 14.0
10* 9.5*
Jre1-py1 0.12 0.13 0.21 0.30 0.31 0.31 0.088 0.0050 0.26 0.26
0.17* 0. 20*
Jre1-pyr’ 0.090 0.090 0.046 0.01 0.17 0.17 0.11 0.0050 0.26 0.27
0.10* 0. 20*
Joy1-pyr 0.0067 0.0067 0.011 0.011 0.024 0.024 0 0 0.011 0.010
0.020* 0*
Fitted" Fitted" Fitted" Fitted" Fitted”
Jrot+ 0.035 0.02 0.03 0.61 0.65
Jising 0.18 0.50 0.60 0 0
Jdi 0.53 0.48 0.57 0.61 0.65
[CoSDy,(L1)s [Co3Dy,(L2)4(NO5 ) [Ni§Dy,(H,L4),(MeO), [Ni§Tb,(H,L5)x(MeO), [Ni§Dy(H,L5),(MeO),
(NO3)o(THF),] 42 (DMF),] 45 (MeCN);(NOs),] 51 (MeCN);(NO3)4] 52 (MeCN);(NOs)4] 53
Fitted" Fitted' BS-DFT Fitted Fitted® BS-DFT BS-DFT Fitted
10f 2.0 6.8 7.9 20.3 17.6 20.5 17.8 20.5
o 1.6 11.7 17.2 11.0 8.5 20.4 9.5 216
o - 2.0 47 7.1 53 6.8 49 5.7

# means related compound for comparison. *A small rescaling of the experimental data is in principle justified given the possible experimental errors due to the absorption of
solvent molecules or mass error. **Magnetic interactions between Dy"' corresponding to pseudospin of 1/2 of the ground KDs on the dysprosium sites.

H= Ioyi y28oy180y2  J5y an(3py18mn1 + Spy13mn2 + Spy2Smm + Sy28mn2) Iy mnSmmSuna (€qn 4).
Spy = Vo, Sum = 5/2,J = J% + .

H = JBy1 py280y180y2  JBy aan (3by13mn1 + Spy1Smn2 + Spy2Smm + Sy28mn2)  Jiin vnSmmSmn2 (€qn 5)
Soy = Vo, Sun = 5/2, " = ]+ J%P

°H = Ioy1 y2Soy18oy2 ISy re(Soy1Sker + Spy1Srea + SpyaSrer + Sny2Sre2)  Jie reSketSre2 (€QN 6).

Spy = Y4, $ge = 5[2, ] = J + P

= Iy py2Soyidoya By o (Boyiden + SoyiSera + Spy2Scrt +Spy2San)  JE ardener (eqn 7).

§Dy =15, gCr = 3/2,]“7[ =]ex +]dip.

¢H = Joyr pyr SoviSpyr Joyt et (SDyISFel +5Dy1'5m') Joy1 Ferr (SDylsm’ +SDy1'5Fe1) Jre1 rer Sre1Sgey (eqn 8).
Spy = 5/2 and Spe = 5/2 ] = J* + J*P.

b = ]Dy] DyZSDy]S ]Dy Co (SDylsCtﬂ + Spy1Scoz2 + Spy2Scot +SDyZSCOZ> Jeo coSco1Sco2 (eqn 9).

Spy = 5/2 and S, = 3/2.

iH = ]150;1 Dyz-%DylgDyz ]:30; Co (§Dy1§Col +§Dy1§C02 +§Dy2§Col +§Dy2§C02) ]290[ Co§Col§CDZ (eqn 10)4
Soy = 1/2, 8¢ = /2 JF = J% + J*.

H=J3 nySoySny2 Ji5y ni(Spy1Snit + Spy1dniz + Spyadwit + Spyadiiz)  Jii wiSwinSniz (eqn 11).

“H = IS mSmiSme S niGSmorSnin + StoiSniz + Smadit + Sm2Snia)  JNG niSninSwiz (eqn 12).

Sy = 102, 8y = 1, J00 = 7 + JOP,

"H=J§! p,80y130y2 (eqn 13).

§Dy = -1/2'Jtut =Jising +]dip‘

5. The type of magnetometer used may make a difference for cer- to identify the presence of paramagnetic impurities. For dynamic
tain measurements, for example the available frequency range behaviour investigated using ac susceptibility measurements both
for ac measurements. temperature and frequency dependent data provide useful

6. If hysteresis measurements are possible on the bulk sample, information.
care needs to be taken in terms of the sweep rate used. Analysis of the ac data gives a means to explore the slow

relaxation of the magnetization. Historically this led to the idea

The standard practice in handling data is to produce T vs T of using an Arrhenius fitting of data-points corresponding to the

plots and magnetization isotherms taken over 3 temperatures, positions of the maxima in the out-of-phase data according to
usually 2 K, 3 K'and 5 K. It can be useful to also look at , vs T plots the equation:



Table 5
Magnetic data and structural features of Fe'-4f butterfly SMMs.

Space group  Applied dc field/Oe  Relaxation processes Ref
Orbach Raman Direct QTM
Uere/K (cm ') tofs
[Fel'Ho,(OH ),(teaH),(PhCO,)4(NO3),] 30 P-1 - - - - - - [52]
[Fel'Dy,(OH),(teaH ),(PhCO,)s] 31 /e 1500 16.2 1.9 x 10 © - - - [53]
(11.3)
[Fel'Dy,(OH),(teaH ),(p-CN-PhCO,)s] 32 P2,/c 0 8 768 x10 5 - - - [54]
(5.6)
1000 13 271 x10 6 - - -
(9.0)
[Fel'Dy,(OH),(teaH ),(m-Me-PhCO,)s] 33 P2,/c 1500 21.2 515x10 7 - - - [54]
(14.7)
[FeY'Dy,(OH),(teaH ),(m-CN-PhCO,)s] 34 P-1 1000 22.8 128x10 ¢ - - - [54]
(15.8)
2000 6.3 3.02x10° - - -
(4.4)
[Fel'Dy,(OH),(teaH ),(p-NO»-PhCO,)s] 35 P-1 0 - - - - - [54,55]
[Fe3'Dy,(OH),(teaH),(p-Me-PhCO,)s] 36 P-1 1000 24 1.71x10 7 - - - [54,55]
(16.7)
[FeY'Dy,(OH),(pdea),(p-Me-PhCO,)s] 37 C2/c 1000 16.2 260x10 6 - - - [25]
(11.5)
[FeY'Er,(OH),(pdea),(p-Me-PhCO,)s] 38 C2/c 1000 16.5 203x107 - - - [23]
(11.5)
[Fel'Dy(OH)y(teg)x(N3)2(PhCO,)4] 39 P-1 0 - - - - - [56]
[Fe3'Dy,(OH)x(dda),(Hpdf)2(NO3)s(H20)1.5(MeOH)os] 40 P2y/n 0 - - - - - [57]
Lattice solvent molecules are not listed. - means multiple relaxation processes not observed.
Table 6
Magnetic data and structural features of Co'-4f butterfly SMMs.
Space group Applied dc field/Oe Relaxation processes Ref
Orbach Raman/ Direct QTM/
SIK™ s
Uer /K(cm 1) Tofs
[COIZIGdZ(OH)z(ova“)4(N03)4]'(C3Hso) P-1 - - - - - - [58]
41
[CoYDy,(L1)4(NO3)o(THF),] 42 P-1 0 15.8 7.7 x10 *and 62 x 10 7 - - - [59]
(11.0) and 118.1
(82.1)
[CoYDy,(L1)4(NO3),(MeOH),| 43 P2,/c 0 17.9 23x10 *and 9.2 x 10 7 - - - [60]
(12.4) and 104.8
(72.8)
[CoYDy,(L1)4 (NO3)»(DMF),] 44 P2,/c 0 17.5 15%x10 “and 1.2 x 10 & - - - [60]
(12.2) and 94.5
(65.7)
[CoYDy,(L2)4(NO3),(DMF),] 45 P-1 0 88.8 229 x 10 © C=0.301 - 1000 [45]
(61.7) 2.67 x 10 ¢ n=3.16
125.1¢
(86.8)
['Pr,NH,], [ColiDy,(OH),(Piv);o] 46 P-1 0 - - - - - [50]

Lattice solvent molecules are not listed. - means multiple relaxation processes were not observed. € fitted only Orbach process.

Tl = ‘colexp<7U"ff> (eqn14)
kT
Here, to is pre-exponential factor and kg is Boltzmann's
constant.
Many of the examples discussed here have been analyzed in
this way. In more recent times, researchers have favoured using
an equation which takes other relaxation processes into account:

1 B m n *Uejf
TBZI-IZ+A 1H"T + CT + Ty exp< kT )

The terms represent the QTM, direct, Raman and Orbach contri-
butions to the relaxation time, respectively [30].

The drawback of this equation is the large number of
parameters.

A further analytical tool used is to construct an Argand diagram,
which is often called a Cole-Cole plot by the community [31], plot-
ting the in-phase (') versus out-of-phase (") data (real vs imag-

(eqnl15)

inary). If such a plot is analyzed using a generalized Debye model
the deviation of the parameter o from the ideal value of 0 gives
an indication of whether more than one relaxation process is in
operation.

3.1. 3d (paramagnetic)-4f systems

3.1.1. {Cr¥Lny} systems

The Murray group reported the first Cr'"-4f butterfly SMM of
Type II in 2013 [32], with formula [CrY'Dy,(OMe)y(0,CPh),
(mdea)(NO3),] 1 (see Fig. 2), which was synthesized by the reaction
of Dy(NO3);-6H,0 and CrCl3-6H,O with mdeaH, (N-
methyldiethanolamine), benzoic acid and Et3N in acetonitrile.

This compound crystallizes in the monoclinic space group P2,/n.
The {Cri'Dy,} molecule displays a planar butterfly topology of Type
II, bridged by two 13-OMe ligands (see Fig. 2). Around the periphery
of the cluster, two doubly deprotonated mdea®~ ligands displaying a



Table 7
Magnetic data and structural features of Ni'' and Cu"'-4f butterfly SMMs.

Space group Applieddcfield/Oe Relaxation processes Ref
Raman Direct QTM

Uer [K(cm 1) Tofs

[Ni¥Dy,(L1)4(NO3),(DMF),] 47 P2,/n 0 18.5 54 x10 7 - - - [61]
(12.9)

[NiJDy,(L1)4(NO3),(MeOH),] 48 P2,/c 0 21.3 15x10 6 - - - [61]
(14.8)

4000 285 28 x10 ¢ - - -

(19.8)

[Ni}Tby(L1)4(NO3)(DMF),] 49 P2,/c - - - - - - [61]

[NiDy,(L2)4(NO3)5(H,0),] 50 P-1 0 36.0 8x10 8 - - - [62]
(25)

[NiJDy,(H,L4),(MeO),(MeCN),(NOs)4] 51 P2;/n 0 48.5 36x10 8 - - - [63]
(33.7)

[NilTb,(H,L5),(MeO),(MeCN),(NOs)4] 52 P-1 0 86.8 23x10 7 - - - [63]
(60.3)

[NiJDy,(H,L5),(Me0),(MeCN),(NOs)4] 53 P-1 0 57.0 33x10 8 - - - [63]
(39.6)

[EtsNH,]5[NisDy,(OH)5(Piv);0] 54 C2/c 0 20 6x107 + + + [50]
(13.9)

[EtsNH,][NiSEr,(OH)o(Piv);o] 55 2/c 1000 12 5x10 ¢ + + + [50]
(8.3)

['PraNH,]o[CusDy(OH),(Piv)io] 56 P-1 - - - - - - [50]

['PryNH, 5[ CuSEr,(OH)5(Piv)yo] 57 P-1 - - - - - - [50]

[Cu¥Dy,(OMe),(HL6)5(NO3)4] 58 P2,/n 1500 16.5 45x%x10 7 - - - [64]
(11.5)

Lattice solvent molecules are not listed. + means multiple relaxation processes were observed but not analyzed. - means multiple relaxation processes were not observed.

ps-n%:n':m? coordination mode chelate and bridge within the
{CrY'Dy,} core (Scheme S2). There are four bridging benzoate ligands
connecting the outer Cr'" to the inner Dy" ions and two chelating
nitrates coordinate to each of the two Dy ions. Thus, the two Cr'"
ions are six coordinate displaying octahedral geometry and the
two Dy jons are eight coordinate displaying square anti-prismatic
geometry (Table S3 for the estimated deviations for the idealized
geometries).

The compound is described as showing ferrimagnetic coupling
between the paramagnetic centers. Classic SMM behavior was
observed with maxima in the out-of-phase ac susceptibilities ver-
sus temperature and frequency plots (Fig. 3) from which Ugz=77 K
(53.5cm~') and To = 5.1 x 1078 s were extracted (Fig. 4) using the
Arrhenius law, which is linear over whole temperature range stud-
ied. This along with the small values and range from the fitting of
the Cole-Cole plots suggest a single Orbach relaxation process
(Fig. 4). Furthermore, magnetic hysteresis loops open up
to ~ 3.5 K with wide coercive field of Hg. = 2.7 T at 1.8 K and were
observed using sweep rates of 0.003 T s~! (Fig. 4). Ab initio calcula-
tions reveal that the relatively long relaxation times originate from
the fact that there are stronger antiferromagnetic interactions
Ucrpy= 2030cm 'and 16.7 cm ') than usually found between
the Cr' and Dy" ions (Table 2). This gives a useful indication that
increasing exchange coupling between 3d and 4f ions can help to
slow down the usually very fast relaxation of 4f ions.

In order to investigate the effect of the organic ligand field on
the properties of the {Cri'Dy,} butterfly system, four related
{CrY'Dy,} complexes with formulae: [Cri'Dy,(OMe),(0,CPh)4(dea),
(MeOH)4](NOs); 2, [Cri'Dy,(OMe) (OH)(0,CPh)4(edea)y(NOs),]-
MeOH-Et,0 3, [Cri'Dy,(OMe),(0,CPh)4("Budea),(NOs),] 4 and
[CrY'Dy,(OMe),(0,CPh)4(teaH),(NO5),(MeOH),] 5 were prepared
by the same group. The effect arising from changes in R of the
R-deaH, ligand (functionalized diethanolamine ligands, where R is
H, diethanolamine (deaH;), CHsCH,, N-ethyldiethanolamine
(edeaH;), CH3CH,CH, N-butyldiethanolamine ("BudeaH,), or
HOCH,CHj,, triethanolamine (teaHs)) could thus be explored [33].

All four complexes crystallize isostructurally in the same mon-
oclinic space group P2;/n as compound 1 and the {Cri'Dy,} cores
have the same planar Type II butterfly motif (see Fig. 5). Apart from

the differences introduced by changing R in the main ligand, in com-
plex 3 the two bridging |13-OMe ligands are now a 1:1 mixture of pi3-
OH and p3-OMe ligands. A further variation is that the terminal
ligands on the Dy ions are different. A single chelating NO3 is found
for 3 as well as 4, as was the case for compound 1. However, for com-
pound 2, two MeOH molecules occupy the two oxygen sites taken by
the chelating nitrate which results in two nitrate counterions being
present in the lattice to balance the charge. In compound 5, a mon-
odentate NO3 and a MeOH occupy these sites on the Dy (Fig. 5). All
the Cr'" ions and Dy ions display distorted octahedral geometry and
distorted square anti-prismatic geometries, respectively (Table S3
for the estimated deviations for the idealized geometries).

Dc susceptibility measurements for all four complexes show
similar behavior in ¥T vs T to that observed for compound 1, but
with a steeper decrease at low temperature for complex 3, suggest-
ing that the antiferromagnetic interactions are stronger between
the Cr'"! and Dy" ions compared with 1, 2, 4, and 5. All four com-
pounds show typical SMM behavior and at all temperatures the
plots of In(t) versus T~! are linear confirming a single relaxation
process without QTM in complexes 2-5. Anisotropy barriers of
62.1 (43.2 cm™1), 79.1 (55.0 cm™ '), 61.6 (42.8 cm™'), and 63.4
(44.1 cm™ ') K, with 19 = 2.3 x 1077, 3.4 x 1078, 1.1 x 1077, and
8.3 x 1077 s were found for 2-5, respectively (Table 1). Whilst it
might be conjectured that the size of the effective barrier can be
related to the electronic properties of the different R groups, there
is no clear trend here. This may be the result of the recently dis-
cussed ambiguities with fitting relaxation data to an Arrhenius
law pointed out by Hill et al. [34,35].

Cole-Cole plots indicate single relaxation processes within all
the compounds with small o values, in line with a single Orbach
relaxation process. Open M(H) hysteresis loops at temperatures
up to ~3.5 K were also observed for all the compounds with sweep
rates of 0.002 T/s (0.003 T/s for 1) (Fig. 6), again in line with what
was observed for complex 1. The results indicate the main ligands
have a small influence on the strong intra-cluster magnetic inter-
actions between Cr'" and Dy ions as shown by the xT vs T plots
and the effective energy barriers. Furthermore, every compound
shows magnetic hysteresis loops open with large coercive fields,
which is a rare observation for 3d-4f based SMMs using a conven-



Table 8
Magnetic data and structural features of Zn", Co", Mg" and Al"'-4f butterfly SMMs.

Space  Applied dc  Relaxation processes Ref
group  field/Oe Orbach Raman/C/ Direct QTM/s
UK s s 'K "and n
eff] 0,
(cm 1)
[ZnYDy(L1)4(NO3),(MeOH),] 59 P-1 0 140.4 14 %107 C=21x102% - 1.50 x 10 2 [60]
(97.6) n=41
[ZnYDy,(L2)4(NO3),(MeOH),] 60 p-1 0 115 235 %10 © C=0.116 - 92 x10 3  [45]
(79.9) n=3.26
[Zn,Dy,(L3)4(NO3),(MeOH),] 61 P2)/n 0O 112.2 82x10° C=147x10 % - - [69]
(78) n=54
[ZnYDy,(L3)4(0AC),(EtOH),] 62 P-1 0 74.8 278 x 10 © - - 25x10 4 [69]
(52)
[ZnYDy,(L3)4(0Ac),(EtOH),] 63 P-1 0 116.0 6.6 x 10 ° C=16.75 - 41x10 % [70]
(80.6) n=2.02
[ZnYDy,(L3)4(0Ac),(MeOH),] 64 P-1 0 149.9 126 x 10 7 C=326x10*% - 2.02 [70]
(104.2) n =567
[CoY'Tb,(OMe),(teaH ),(0,CPh)4(MeOH),](NOs), plus 41/a 10,000 14.3 2.84 x 10 © - - - [71]
[CoY'Tb,(OMe),(teaH),(0,CPh),(MeOH),(NOs),] 65 (9.95)
17,500 19.0 6.02 x 10 © - - -
(13.2)
[CoY'Dy,(OMe),(teaH ),(0,CPh)4(MeOH),](NO3), plus 141/a 0 88.2 5.64 x 10 8 + + <15 [71]
[CoY'Dy,(OMe),(teaH),(0,CPh)4(MeOH),(NOs),] 66 (61.3)
[CoY'Dy,(OMe),(teaH),(acac)s(NO3),] 67 P-1 0 27 8.1 x 10 ¢ + + 58 x 10 4 [72]
(18.8)
[CoY'Dy,(OH),(teaH),(acac)4(NOs),] 68 P2))c 0O 28 74 %10 S + + 58 x10 4 [72]
(19.5)
[CoY'Dy,(OMe),(mdea),(acac)4(NOs),] 69 P-1 0 38 26x10 6 + + 25%x10 3 [72]
(26.4)
[CoY'Tb,(OH),("Budea),(acac),(NOs)y] 70 P2;/n 5000 - - - - - [73]
[CoY'Dy,(OH),("Budea),(acac),(NO3)4]71 P2y/n 0 169 147 x 10 7 + + 25x10 3  [73]
(117.5)
[CoY'Dy,(OMe),(teaH ),(Piv)s] 72 P-1 0 51 6.1x10 7 - - 7.3 [74,75]
(35.4)
127 12x10° C=17x10°3 - -
(88.3) n=
1500 89? 54 x 10 8 C=55x%x103 - -
(61.9) 54 x 10 %° n=5
104° C=17x10 *
(72.3) n=7°
- C=22x10 4
n=7¢
59 1.7 x10 7 - - 0.58
(41)
- - - - 20x 10 4
[CoY'Tb,(OMe),(teaH )o(Piv)s] 73 P-1 1000 - - - - - [76]
[CoY'Ho,(OMe),(teaH),(Piv)s] 74 P-1 3000 432 6.2 x10 ° - - - [76]
(30)
[CoY'Er,(OMe),(teaH),(Piv)s] 75 P-1 1500 - - C=35%x102 - 51x10 3  [76]
n=7
[CoY'Yb,(OMe),(teaH),(Piv)s] 76 p-1 1500 33.1 21 x10 ¢ - - 13x10 2  [76]
(23)
[CoY'Dy,(0OMe),(dea)z(0,CPh)4(MeOH),4(NO3), 77 P2y/n 0O 103.6 6.05 x 10 8 + + 0.12 [77]
(72)
[CoY'Dy,(OMe),(mdea),;(0,CPh)4(NOs),] 78 P2;/n 0O 79.1 1.03 x10 7 + + 0.2 [77]
(55)
[CoY'Dy,(OMe),("Budea),(0,CPh)4(MeOH),](NO3), plus P2y/n 0 115.1 338 x 10 8 + + 0.48 [77]
[Co¥'Dy,(OMe),("Budea),(0,CPh)4(MeOH),(NO5),] 79 (80)
[CoY'Dy,(OH),(teaH ),(acac)s] 80 P-1 0 71 27x10 7and - - 7.6 x10 2 [78]
(49)and 32 x107
45
(31)
[CoY'Dy,(OH),("Budea),(acac)s] 81 Pccn 0 27 1.0x10 6 - - 14 x10 3 [78]
(19)
500 38 27 x107
(26)
[CoY'Dy,(OH),(edea),(acac)s] 82 P-1 1000 16 13x10 6 - - - [78]
(11)
[CoY'Dy,(0OMe),("Budea),(0-Cl-PhCO,)4(NO3),] 83 p-1 0 115.7 1.8 x 10 & + + 0.9 [43]
(80.4)
[CoY'Dy,(OMe),("Budea ),(p-‘Bu-PhCO,)4(NO3) P2;/n 0 110.6 38x10 %and + + 0.5 [43]
(MeOH)3](NOs) 84 (76.9) 56 x 10 8
and
137.6

(95.6)



Table 8 (continued)

Space  Applied dc  Relaxation processes Ref
group  field/0e Orbach Raman/C/ Direct QTM/s
1 n
UearfK Tofs s 'K "and n
(cm 1)
[CoY'Dy,(OMe)(OH) ("Budea),(0-CF3-PhCO,)4 (NO5),] 85 P-1 0 126.8 14 x 10 8 + + ~15 [43]
(88.1)
[Co¥'Dy,(OH),(mdea),(0-Me-PhCO,)4(NO5),] 86 P-1 0 116.9 9.8 x 10 ° C=13x10*% - 0.34 [79]
(81.2) n=7
[CoY'Tb,(OH),(mdea),(0-Me-PhCO,)4(NO3),] 87 P-1 5000 49.2 6.6 x 10 ' - - - [79]
(34.2)
[CoY'Ho,(OH ),(mdea),(0-Me-PhCO,)4(NOs),] 88 P-1 2000 - - - - - [79]
['PryNH, 5[ MghiDy,(OH),(Piv);o] 89 P2;)c 0 44 7.8 x10 7 + + + [50]
(30.6)
['Pr,NH, 5 [MgYEr,(OH )o(Piv);0] 90 P2;/c 1000 23 6.6 x 10 7 + + + [50]
(16.0)
[ALS'Dy,(OH),(pdea),(p-Me-PhC0,)s] 91 P-1 0 38.7 1.06 x 10 © + + + [25]
(26.9)
1000 415 9.95 x 10 7 + + +
(28.8)
[AY'Er,(OH),(pdea),(p-Me-PhCO,)s] 92 P-1 1000 454 485x10 “and + + + [23]
(32)and 1.54 x 10 6
28.73
(20.0)

Lattice solvent molecules are not listed. + means multiple relaxation processes were observed but not analyzed. - means multiple relaxation processes were not observed.

aband ¢ mean three different setups for fitting.

tional magnetometer rather than a micro-SQUID set-up. The lack of
a step in the hysteresis at zero field for compound 4 (Fig. 6) indi-
cates ZF-QTM is suppressed significantly more than in compounds
1-3 and 5.

Subsequently, a new series of {Cri'Dy,} heterometallic butterfly
complexes of formulae [Cri'Dy,(OMe),(R-dea),(acac)s(NO3),]
(acacH = acetylacetone, R = Me 6, Et 7 or "Bu 8) was investigated
by the same group [36]. The compounds are isostructural, crystallize
in the triclinic space group P-1, only differing from each other by
variation of the amine based polyalcohol ligands. Each compound
was found to be a heterometallic butterfly of Type II (Fig. 7), and
the metal cores are also bridged by two p13-OMe ligands. Each com-
plex is further stabilized around the periphery by two doubly depro-
tonated amine-polyalcohol ligands displaying ps-n% n':in?
coordination mode (Scheme S2). Each of the four acac™ ligands che-
late to each of the four metal ions (Fig. 7). The two remaining coor-
dination sites of each 8-coordinate Dy ion are occupied by a
chelating nitrate giving a distorted square anti-prismatic geometry.
The Cr'™ jons have a distorted octahedral geometry with deviation
values slightly larger than those found in complexes 1-5 (0.35-
0.45) and in the range 0.55-0.67. For the Dy" ions in compounds 6
and 7, the deviation values are similar to those of compound 1,
and in compound 8 the deviation values are similar to compounds
3 and 4 (Table S3 for the estimated deviations for the idealized
geometries).

The dc susceptibility measurements suggest that there are sig-
nificant changes in the magnetic interactions between the Cr'"
and Dy" ions (Fig. 8) and ab initio calculations yielded Cr"-Dy"
exchange parameters ( 11.24 and 8.33 cm™! for 6, 11.88 and

7.69cm 'for7, 10.48and 7.14cm!for 8) which are all much
smaller than for compound 1 (Table 2). All complexes show classic
SMM behavior (Fig. 9). A fit to the data with an Arrhenius law
yields energy barriers of 34.6 K (24 cm™!), 41.6 K (29 cm™!) and
37.5 K (26 cm™!), with 1o = 1.2 x 1077 s, 9.2 x 1078 s and
3.1 x 1077 s for 6-8, respectively (Fig. 10). Again, the plots of In
(t) versus T~! are linear at all temperatures indicating that a single
process is operative for all three compounds and Cole-Cole plots
indicate a single relaxation process with small o parameters for
all three complexes, which is similar to what was found for 1-5.
M(H) hysteresis loops at temperatures up to 1.8 K for 6, and
2.2 K for 7 and 8 (Fig. 10) were observed using a sweep rate of

0.004 T s~'. The coercive field for 7 and 8 is found to be ~1000
Oe at 1.8 K, which decreases with increasing temperature, typical
of a SMM. The relaxation times are found to be faster for compound
6, which displays a very narrow coercive field at 1.8 K, in line with
the dynamic behavior of compound 1. The results associated with
ab initio calculations indicate that the anisotropy barrier is related
to the Jr.py magnetic exchange interaction. When J¢.p, increases,
Uey increases, highlighting a clear route towards the enhancement

of slow magnetic relaxation of {Cri'Dy,} coupled systems.

More recently, a series of {Cri'Ln,} systems of formula {Cr¥'Ln,
(OMe)z(02CPh)4(R-dea)2(NO3)2}, (R = CHyCH,OH, Ln = Nd 9,
R =Me, Ln = Tb 10, Ho 11 and Er 12) was reported [37]. The results
show the effect that the 4f ions can have on the magnetic properties
within these {CrJ'Ln,} butterfly systems (Fig. 11).

The dc susceptibility measurements indicate the four com-
pounds show significantly different static magnetic behavior com-
pared to complex 1 {Cri'Dy,}. There is slow magnetic relaxation but
without maxima observed for compounds 9 {Cr4'Nd,} and 12 {Cr}-
Er,} even under small applied dc field. It should be noted that in
the literature only one other compound containing Nd" shows slow
magnetic relaxation [38]. Contrary to the cases of 9 {Cri'Nd, and 12
{CrY'Er,}, typical SMM behavior was observed for 10 {Cr3'Tb,}and 11
{CrY'Hoy} (Fig. 12) with Upy=(64 £ 1)K (~44 cm™'), 1o =1.7 x 10%s
and Ugr=(52£0.7) K (~36 cm™!), 19 = 1.1 x 1079 s (Fig. 13) under
zero dc field, respectively. A fit to Cole-Cole plots for 10 {Cr3'Tb,} and
11 {CryHo,} (Fig. 13 inset) gave small o. parameters, indicating a nar-
row distribution of relaxation times. M/H hysteresis loops open for
complex 10 {Cr4'Tb,} up to 2.5 K (Fig. 14a). Moreover, the plot shows
a butterfly shape [39,40] with a large loss of magnetization at zero-
field as is commonly observed for Tb" based complexes due to QTM.
For compound 11 {Cr,Ho,}, a very narrow open hysteresis loop is
observed (Fig. 14b) at 1.8 K, which is rare for Ho'"! based complexes.
No magnetic hysteresis was observed for compounds 9 {Cry'Nd,} and
12 {Cr¥"Er,}, which is consistent with the ac experiments.

As the relaxation barriers in the {Cri'Ln,} species are mainly
dependent on the exchange interaction between Cr'! and Dy ions,
it is interesting to see if modifying the bridging benzoate ligands
can affect the exchange interaction between Cr' and Dy ions and
thus further influence the magnetic properties in the {Cri'Ln,} but-
terfly systems. With this in mind, the Murray group utilized two
types of substituted benzoate ligands (electron withdrawing



Table 9

The J values between paramagnetic centers obtained from ab initio calculations for {ZnLn,}, {Co¥'Ln,} {MgiLn,} and {Al¥'Ln,} systems.

[Zn3Dy5(L2)4(NOs ), [Zn5Dy4(L3)4(NOs3), [Zn3Dy(L3)4(0AC), [Zn3Dy(L3)4(0AC), [Zn3Dy(L3)4(0AC),
(MeOH),] 60 (MeOH),] 61 (EtOH),] 62 (EtOH),] 63 (MeOH),] 64
Fitted™ Fitted™ Fitted™ Fitted™ Fitted™
I8t oy 2.8 0.41 0.37 0.35 0.48
]“D’S,,Dy - 0.25 0.25 0.25 0.25
J8e - 0.66 0.62 0.60 0.43
z/ 0 0 0 0.01 0
[CoY'Dy,(OMe),(teaH ),(0,CPh)4(MeOH ),](NO3),-MeOH-H,0 (1) plus [Co4'Dy,(OMe),(teaH ),(0,CPh)4(MeOH),(NOs),]-MeOH-H,0 (2) 66***
Molecule 1" Molecule 2"
Ay Ag B, By Ay Ag B, By
jg’j.py 2.92128 2.93519 2.92106 2.93689 2.93338 2.95717 2.93735 2.95893
]E’_‘y_,;y 0.61950 0.53625 0.62100 0.53795 0.51850 0.53900 0.52052 0.53925
]?;’}‘,’,,;,y 2.30178 2.39894 2.30006 239714 2.41488 2.41817 2.41685 2.41968
[CoY'Lny(OMe),(teaH )(Piv)s] 72 [CoY'Dy(OMe),(dea),(0,CPh)4(MeOH)4](NO3), [Co4'Dy,(OMe),(mdea);(0,CPh)4(NO3),] 78**
Py
Fitted' BY B BY B
],';‘.’j,Dy 2.77075 2.77425 2.62625 2.62050
JBy-py 0.046 0.03950 0.04275 0.18425 0.19025
J8 261184 2.61073 2.69086 2.69157
[CoY'Dy,(OMe),("Budea),(0,CPh)4(MeOH ),](NOs), (1) plus [Coy'Dy,(OMe),("Budea),(0,CPh),(MeOH),(NOs),] (2) 79***
Molecule 1" Molecule 2"
;M By By By
T80y 2.54075 252975 2567565 255575
JBy-py 0.04225 0.05300 0.07150 0.05300
]ﬁ'j,’,w 2.46831 2.46478 2.50851 2.50971
[Co¥'Dy, (OMe),(p-‘Bu-PhCO, )4 [Co¥'Dy,(OH), [Co¥'Tb,(OH),(0-Me-PhCO, )4 [CoY'Ho,(OH),(0-MePhCO, )4
("Budea),(NO3)(MeOH)3](NO3) 84*** (0-Me-PhCO,)4 (mdea),(NOs3),| 87 (mdea),(NOs),] 88
(mdea),(NO3),] 86
A B DFT Fitted' DFT Fitted' DFT Fitted'
Fitted" Fitted"
Je 2.71116 2.73228 - - - - - -
]E"‘ Ln-Ln 0.17296 0.22667 0.029 0.05 0.034 0.042 0.023 0.012
]d'p Ln-Ln 2.53820 2.50561 - - - - - -
[AIY'Dy,(OH);(pdea)s(p-Me-PhC0;,)s] 91
Fitted™
J8y-by 0.049
850y 0.025
oy 0.024

Two structural models for the mono_n_uclear_Dy”l fra_gments have been employed:
large (TZP-quality). ***means J® = J*"¢ + J%P the 4P is from Ising term.

"= J5 bySpy180y2 (eqn 16).
§D¥ =1/2.

mH = ]g]; Dy§Dy1§Dy2 d(eqn 17).
Spy = 1/2,J% = J* + JOP.

"H= ]g’; Dy§Dy1'-§.Dy2 (eqn 18).
§Dy = ]/2‘]mr =jlsmg +]d1p.

fragment A (small) and B (large). The employed structures were both computed within two basis set approximations: a-small (DZP-quality) and B-



Fig. 2. Molecular structure of 1 [CrJ'Dy,(OMe),(0,CPh)4(mdea),(NO3)s].

halogen and electron donating tert-butyl) isolating four new com-
plexes with formulae of [CrY'Ln,(OMe),.4(OH).(0-Cl-p,m-F-
PhCO,)4(mdea),(NO3),]-nMeOH (Ln = Tb 13, Dy 14 and Ho 15) and
[CrY'Dy,(OMe)(OH)(p-‘Bu-PhCO, )4(‘Budea),(NOs),]-MeOH-2Et,0 16
(*‘BudeaH, = N-tert-butyldiethanolamine) (Fig. 15) [41]. Compounds
13-16 crystallize in the triclinic space group P-1. They display the
same core topology and bridging structure as the parent benzoate
compounds 1, 10 and 11.
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Direct current (dc) magnetic susceptibility measurements show
that the {Cr¥'Ln,} complexes (Ln = Tb 13, Dy (14 and 16) and Ho 15)
have similar behavior to the benzoate analogues (PhCO; for 1, 10
and 11, 0-Cl-p,m-F-PhCO; for 13-15 and p-‘Bu-PhCO; for 16) with
subtle differences in the ¥ T vs T plots. They are all SMMs under zero
dc field with Uy = 63.4 K (44 cm™!) and 1o = 7.7 x 1079 s for 13,
Uer = 87.8 K (61 cm ™) and 19 = 2.1 x 1077 s for 14, Ugy = 51.8 K
(36 cm™") and 1o = 6.8 x 107 s for 15 and Uy = 64.8 K (45 cm™!)
and 1o = 6.8 x 1078 s for 16 (Fig. 16). Magnetic hysteresis loops of
all samples are temperature dependent, with open loops observed
up to 3.5 K with coercive fields of 1.4 T at 4.7 K, 44 T at 2.6 K,
1.2 Tat3.1Kand 2.2 T at 1.8 K for 13-16, respectively, all at an aver-
age sweep rate of 0.003 T/s (Fig. 17). The experimental data suggest
that the substituent atoms present on the bridging carboxylate co-
ligand for 13-16 have a substantial influence on the magnetization
dynamics. The benzoate substituents probably influence the
strength of the magnetic exchange interaction, which was also
shown to directly influence the anisotropy barrier and thus the
relaxation time [42].

Based on the [CriDy,(OMe),(acac)s(mdea),(NO3),] complex,
the acac™ and nitrate ligands could be replaced by hfacac™
ligands, to give molecules such as [Cri'Dy,(OMe),(mdea),(hfa-
cac)g] 17 (Fig. 18) [43]. The Cr'" ions adopt octahedral coordina-
tion geometry with a deviation value of 0.72 and for Dy™ ions
square anti-prismatic coordination geometry with a deviation
value of 0.74 (see Table S3 for the estimated deviations for the
idealized geometries).

——

viHz

Fig. 3. Plots of %" vs T (a) and v (b) for 1 [CrY'Dy,(OMe),(0,CPh),(mdea),(NOs),] under zero applied dc field. Reprinted with permission from [32]. Copyright (2013) Wiley-VCH

Verlag GmbH& Co. KGaA.
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of (a): Cole-Cole plots of 1. The solid lines are best fits (a). Plots of M vs H for 1 with an average sweep rate of 0.003 T/s (b). Reprinted with permission from [32]. Copyright (2013)
Wiley-VCH Verlag GmbH& Co. KGaA.



Fig. 5. The molecular structures of 2 [Cri'Dy,(OMe),(0,CPh)4(dea),(MeOH),](NOs), (a), 3 [Cri'Dy,(OH) (OMe)(0,CPh)4(edea),(NO3),]-MeOH-Et,0 (b), 4 [Cry'Dy,(OMe),(0,-

CPh)4("Budea),(NOs),] (c) and 5 [Cri'Dy,(OMe),(0,CPh)4(teaH),(NO3)o(MeOH),] (d).

From the dc susceptibility measurements, it can be seen that 17
shows similar magnetic behavior to the analogous {Cri'Dy,} com-
plexes. Ac susceptibility measurements show clear evidence of
SMM behavior for 17 with x” versus frequency plots displaying
out-of-phase susceptibility maxima at zero dc field (Fig. 19a) with
Uer=41.1K(28.6 cm™ ') and 1o = 1.6 x 10”7 s~ ', Magnetic hysteresis
loops are open up to 2.2 K with a coercive field Hqc = 0.25 T
(Fig. 19b). The results indicate that the electron-withdrawing groups
provide a potential route towards improving the exchange strength,
and hence the energy barrier in exchange type relaxation processes
involving anisotropic Ln™ ions.

Summary: For the Type II butterfly {Cr4'Ln,} system, all the Dy’
analogues show typical SMM behavior with open hysteresis loops on
randomly ordered samples up to surprisingly high temperatures for
3d-containing systems. This seems to result from the relatively
strong antiferromagnetic interactions between the Cr' and Dy" ions
as identified from ab initio calculations (Table 2). This helps to slow
down the usually very fast relaxation of the Dy single ions, as
judged by the global relaxation parameters for the cooperative but-
terfly system and the relaxation behavior can be analyzed exclu-
sively with an Orbach process. Although not so impressively, some
of the Tb™ and Ho" analogues show nice SMM behavior with open
hysteresis loops even if the Tb" compounds suffer from zero-field
quantum tunneling effects as judged by the ac signals and the hys-
teresis measurements. The relaxation rates for the compounds with
these ions are notably faster than the Dy analogues. In one family,
even the Nd" and Er'" analogues show slow relaxation but without
maxima in the out-of-phase ac signals. Such behavior for these lan-
thanides is rarely observed in 3d-4f SMM complexes.

11

From further studies, it also appears that the co-ligands have
more influence on the magnetic properties than the main ligands.
This is clear from the results with electron withdrawing groups on
the co-ligands which reduce the ZF-QTM.

Given the good SMM performance of these systems and the
potential to tune other parameters, it is a pity that examples with
other paramagnetic 3d M ions such as Mn'"' and Fe'" are not so far
available. There are few Type II {Cri'Ln,} compounds making
magneto-structural correlations in terms of the influence of the 3d
ion and its influence via superexchange difficult. However, it is clear
that this Type I {Cr¥'Ln,} butterfly is an interesting benchmark com-
pound towards the understanding of the important parameters in
3d-4f SMMs. The fact that only four compounds were subjected to
ab initio calculations means that at present no meaningful
magneto-structural correlation can be proposed. It would be most
instructive to have such calculations on the other compounds
described here.

3.1.2. {Mn¥Ln,} and {Mn'Ln,} systems

3.1.2.1. {MnYLn,} systems. Chen’s group reported the first [Mn4Ln,]
butterfly family showing slow relaxation of the magnetization with
formulae  [MniLn,(hmp)s(NO3)4(MeOH),] and [MniLny(hmp)s
(NO3)4(H20);] (Ln = Tb 18 or Dy 19) formed through solvothermal
reaction of Mn(NOs3), with hmpH ((2-hydroxymethyl)pyridine),
EtsN and Ln(NO3)3-6H,0 in MeOH [44]. Compounds 18 and 19 are
isostructural, crystallizing in the triclinic space group P-1. The asym-
metric unit contains two similar butterfly units with [MniLn,] cores
of Type I but with differences in the coordinated solvent ligands
(Fig. 20). For both, the [MniLn,] core is chelated and bridged by
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Publishing.

Fig. 7. Molecular structures of [Cry'Dy,(OMe),(R-dea),(acac)4(NOs),] (acacH = acety-
lacetone, purple = R = Me 6, Et 7 or n-Bu 8).

two n®:m':us hmp~ groups and four n?:n':p, hmp~ groups. The
peripheral ligation is completed by two chelating NO3 ligands and
two MeOH (for 18 Tb) or two H,0 (for 19 Dy) terminal ligands. All
four Mn" atoms are six coordinate displaying octahedral coordina-
tion geometry and the Ln ions are nine-coordinate and can be
described as having a capped square antiprism geometry (Table S4
for the estimated deviations for the idealized geometries).

Ac susceptibility measurements reveal that compounds 18 and
19 show slow magnetic relaxation but without maxima even under
small applied dc fields (Fig. 21a and 21b). Therefore, Ues and 7o
could not be determined in the usual way. However, the values
of Ugr and 1o can be extracted using the relation In(y"/y/) = In(®
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Fig. 8. Plots of % T vs T for 6-8 under 1000 Oe dc field. Reprinted with permission
from [36]. Copyright (2014) The Royal Society of Chemistry.

To) + Ueg/ KgT, giving Uy = 3.84 K (2.67 cm ') and 19 = 6.43 x 1077
s for 18 (Fig. 23c), 3.86 K (2.68 cm~') and 1o = 1.24 x 107% s for 19
(Fig. 214).

Subsequently Song’s group reported a [MniDy,(L2)4(NOs),
(DMF),] 20 compound formed by recrystallizing the red powder they
obtained from reaction of Dy(NOs);-6H,0, Mn(NO3),-6H,0, H,L
(((E)-2-(2-hydroxy-3-ethoxybenzylideneamino)phenol) and Et3N in
DMF and MeOH (Fig. 22) [45]. The compound crystallizes in the tri-
clinic space group P-1. Two symmetry related Mn" and two Dy" ions

are linked via two p3-OR phenol bridges from two separate (L2)*~
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Fig. 11. Molecular structure of 11, {Cr3'Ho,(OMe),(0,CPh),(mdea),(NO3),}.

ligands to construct the {Mn3Dy,0,} butterfly core of Type L. On the
periphery, two doubly deprotonated ligands displaying a ps-n':n%
1n':n? coordination mode and two doubly deprotonated ligands dis-
playing the us- n%mn':n':n3 bridging and chelating mode connect
the four metal ions (Scheme S2). Two chelating NO3 ligands are
coordinated to two Dy ions and two oxygens from DMF coordinate

to two Mn" ions to give the eight coordinate Dy" ions displaying an

ambiguous coordination geometry of either TDD-8, with a deviation
value of 2.73, or BTPR-8, with a deviation value of 2.68, coordination
geometry. The six coordinate Mn" ions display distorted octahedral
geometry with a deviation value of 3.08 (Table S4 for the estimated
deviations for the idealized geometries).

Ac susceptibility measurements show magnetic relaxation but
without maxima even under a small applied dc field. A fit to the
ac data using the In(y"/x/) = In(wTg) + Ug/KgT equation, gives
U = 11 K (7.6 cm™") and 7o = 1.0 x 10~% s, which are similar
values to those found for compounds 18 and 19. The ab initio
calculations indicate the interactions are Ji).py 55 cm
Jihoy = 4.8 em™! and Jig5 mn = 0.2 cm ™! (Table 4). It is surprising
that the calculated wingtip J5y.p, interaction is over 25 times lar-
ger than the body Jig,.v, interaction. This does not make physical
sense.

Summary: The {Mn}Ln,} butterfly systems cannot be described
as typical SMMs. These compounds show slow relaxation, but with-
out maxima even under applied dc field. Probably combining the
highly isotropic Mn" ions in an octahedral coordination environment
with Ln" ions is not a promising strategy for 3d/4f SMMs. There are
few examples for such systems. It should be instructive to compare
the relative contributions of h.s. Mn" d° and Fe'" d° ions in terms of
the SMM properties in 3d-4f butterfly systems. The fact that there
are many more examples of Fe"-4f SMM systems suggests that
Mn'-based compounds either have not been investigated much or



-

21

“ 23

4 v b))

v x

Y &Y 3

1.5 " 4 ) @ v
P T

A Y 5y > 0

‘ TN i1

-1

7, cm” mol

Fig. 12. Plots of %" vs v for 10 {CrJ'Tb,} (a) and 11 {Cr3'Ho,} (b) under zero dc field. Reprinted with permission from [37]. Copyright (2015) American Chemical Society.

L' fem® mot 'y

In()

o> mary

Taten? ety

T bt T

T
0.4 0.5 0.6

7K

0.2 0.3 0.7

Fig. 13. Plots of In(t) vs T ! for compounds 10 {Cr§'Tb,} and 11 {Cr3'Ho,}. The solid
lines represent fits to the Arrhenius law in the thermally activated regime. (Inset)
Cole-Cole plots of 10 {Cry'Th,} and 11 {CrY'Ho,}. The solid lines are the best fit.
Reprinted with permission from [37]. Copyright (2015) American Chemical Society.

else never make it into the literature because of a lack of SMM
behavior.

3.1.2.2. {Mn¥'Ln,} systems. The Brechin group reported the first

Mn'"-4f butterfly SMM cluster, [NMey];[Mn}'Dy,(thme),
(0,CCMe3)4(NO3)4] 21 obtained through the reaction of
a) — 18K
61 l—2k
—22K
49 —25K
24
Z o {crTby)
=

[Mn3O(piv)s(py)3] with thmeHs; (2-ethyl-2-(hydroxymethyl)pro
pane-1,3-diol), Dy(NOs)3-xH,0, and NMe,OH in MeCN [46]. The
compound crystallizes in the monoclinic space group P2;/c. The cen-
tral metallic core has a butterfly topology of Type I (Fig. 23) with the
metal ions linked together via two thme®~ ligands displaying the pi,-
1n% n*n? coordination mode. The two ligands are situated above
and below the plane of these metal ions. Around the periphery, four
pivalates bridge the Mn" and Dy™ ions in their usual syn, syn, u-
fashion. Thus, the Mn" ions are in distorted octahedral geometries
(deviation value of 0.36) with the ]J-T axes defined by 012-Mn1-
031. The coordination spheres of the nine-coordinate Dy ions are
completed by two chelating NO3 ions, to give a capped square
antiprismatic coordination geometry (CSAP-9) with a deviation
value of 1.43 (Table S4 for the estimated deviations for the idealized
geometries).

Dc magnetic susceptibility measurements indicate dominant
antiferromagnetic interactions between the metal centers. Ac
susceptibility measurements (Fig. 24 a) reveal compound 21 shows
SMM behavior with Ugy= 15 K (104 cm ') and 15 =3.31 x 1077 s
(Table 3). Furthermore, hysteresis data collected on a micro-SQUID
indicate the observed hysteresis is due only to intramolecular slow
relaxation of the magnetization at very low temperature measured
with a scan rate of 0.07 T/s (Fig. 24b). The butterfly shape of the
loops indicates significant ZF-QTM.

In 2009, the Powell group reported the compounds [Mn4'Ln,
("Budea),("BudeaH),(piv)s]-2MeCN (Ln = Ce 22 and Nd 23) obtained
from the reaction of "BudeaH, (N-"butyldiethanolamine), Ln(NO3)s-
-6H,0, Mn(OAc),-4H,0 and pivalic acid in MeCN [47]. The complexes
crystallize in the triclinic space group P-1 and contain {Mn}'Ln,}
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Fig. 14. Plots of M vs H for compounds 10, Cri'Tb, (a) and 11, Cri'Ho, (b) with an average sweep rate of 0.003 T/s. Reprinted with permission from [37]. Copyright (2015)

American Chemical Society.



Fig. 15. Molecular structure of 14 [Cri'Dy,(OMe),_(OH )4(0-Cl-p,m-F-PhCO;)4(mdea);(NOs),]-nMeOH (a) and 16 [Cri'Dy,(OMe)(OH)(p-‘Bu-PhCO,)4(‘Budea),(NO3),]-MeOH-

2Et,0 (b).
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butterfly cores of Type I (Fig. 25). Each of two doubly-deprotonated
("Budea)®~ ligands displays the ps-n°:n':n? coordination mode
(Scheme S2). The central nitrogen is coordinated to one Mn" and
the two deprotonated alcohol arms bridge to the other three metal
ions. Each of two singly-deprotonated ("BudeaH)~ ligands displays
the u>-n%:n':im' coordination mode and chelate to one Ln™ and
bridge to a central Mn"ion. Each of the two syn, syn: u pivalates
bridge between Mn"" and Ln"". The unique Mn™ jon is six coordinate
in a J-T distorted octahedral coordination geometry with the J-T axis
along 01-Mn-N1'. Three oxygen atoms from one chelating pivalate
and one coordinated pivalate complete the coordination spheres of

the nine-coordinate Ln" jon giving a capped square antiprismatic

coordination geometry (Table S4 for the estimated deviations for
the idealized geometries).

Compounds 22 and 23 show overall ferromagnetic coupling.
Ferromagnetic coupling between the central 3d metal ions in Type
I butterflies appears to be a useful strategy for enhancing the SMM
parameters as has also been seen in mixed valence {MniMn}'} but-
terflies when the Mn'"! ions are in the body positions with their J-T
axes aligned [51] and more recently shown to be key to enhancing
SMM properties in mixed 3d-4f butterflies with body 3d ions and
their analogues [24].

Complex 22 {Mn¥'Ce,} shows slow relaxation of magnetization
but without maxima (Fig. 26a), while complex 23 {Mn2'Nd,} shows
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out-of-phase signals with clear maxima (Fig. 26b) and could be ana-
lyzed in terms of an energy barrier of 10.0 K (6.95 cm™') with T = 1.
4 %107 s,

These results pose important questions regarding lighter versus
heavier lanthanides and their anisotropies as well as possible spin
contributions to the overall system under study. A simple “switch-
back plot” is a useful aide memoire to relating and correlating
potential single ion spin, or maybe better put, number of unpaired
electrons, and anisotropy characteristics (Scheme 1). From this it
can be seen that Ce'! equates to Yb™ in terms of a single unpaired
electron and oblate versus prolate anisotropy, whereas Nd™ with
three unpaired electrons and an oblate anisotropy can be com-
pared with the electronic situation of Er'" with a prolate
anisotropy.

If the incorporation of lighter lanthanides can also lead to SMM
behavior, although most of the published research on SMMs con-
cerning 3d-4f, describes systems based on the heavier and smaller
lanthanides such as Dy"™, Tb" and Er', then Nd" is a promising
candidate worthy of further exploration. We note that it offers an

Fig. 18. Molecular structure of 17 [Cri'Dy,(OMe),(mdea),(hfacac)g].
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Fig. 19. Plots of % vs v (a) and Plot of M vs H for 17 [CrJ'Dy,(OMe),(mdea),(hfacac)s] (b) an average sweep rate of 0.004 T/s. Reprinted with permission from [43]. Copyright
(2015) American Chemical Society.
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Fig. 20. Molecular structure of [Mn3Ln,(hmp)s(NO3)4(MeOH),] (a) and [MnYLn,(hmp)s(NO3)4(H,0),] (b) (Ln = Tb 18, Dy 19).
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Fig. 22. Molecular structure of 20 [Mn}Dy(L2)4(NO3),(DMEF),].

Fig. 23. The structure of the anion of complex 21 [NMe4],[MnY'Dy,(thme),(piv),
(NOs)4]. The green lines represent the J-T axes.

alternative oblate anisotropy ellipsoid for a configuration with 3
unpaired electrons compared with the prolate ellipsoid of Er'™
The Christou group reported [MnY'Ln,(OH),(NOs)4(hmp)s(Hs-
0)4](NO3),, (Ln = Dy 24 and Tb 25) [48] formed by reaction of Mn
(Cl04),;-6H,0 with hmpH ((2-hydroxymethyl)pyridine), NEt3, and
Ln(NO3);-6H,0 in MeCN. Compounds 24 and 25 are isostructural,
crystallizing in the monoclinic space group C2/c with an inversion

center in the middle of the cation. It possesses a [Mn'zuan(ug,—

OH),]'®" core consisting of a {MnY'Ln,} planar Type I butterfly
(Fig. 27). The core is additionally chelated and bridged by four pi,-

n':m? hmp~ groups (Scheme S2). Thus the Mn" atoms are six-
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Fig. 25. Molecular structure of 22 [Mn}'Ce,("Budea),("BudeaH),(piv)s]-2MeCN. The
green lines represent the J-T axes.

coordinate with distorted octahedral geometry including the
expected J-T distortion of an axial elongation along 03-Mn1’-N2,
but with a significant deviation from a linear 180° central angle.
The coordination sphere of the nine coordinate Dy" jons is com-
pleted by two chelating nitrates and two H,O molecules giving a dis-
torted muffin coordination geometry (Table S4 for the estimated
deviations for the idealized geometries).

Dc susceptibility measurements reveal that the coupling is pre-
dominantly antiferromagnetic in both compounds 24 and 25. Ac
susceptibility measurements show slow relaxation of the magneti-
zation in zero dc field, but without maxima for both 24 and 25
(Fig. 28). Thus, no energy barriers were extracted.

Vaz et al reported another {Mn%'Ln,} butterfly system formed by
reaction of MnCl,, Ln(NOs)3, Hdpm (2,2,6,6-tetramethyl-3,5-heptano
dione) and 30% MeONa solution in MeOH with formula of [MnY-
Dy,(dpm)s(MeO)s] 26 and [MnY'Tb,(dpm)s(MeO)s(MeOH),] 27
[49]. These two compounds are similar and crystallize in the triclinic
space group P-1. The molecular structures of these two clusters
consist of a butterfly {Mn4'Ln,} core bridged by two p3-OH™ and four
L,-OH™ in Type I (Fig. 29). Each six coordinate Mn'" ion is further
coordinated by one B-diketonate leading to a distorted octahedral
environment with J-T distortion. The lanthanide ions are further
coordinated by two B-diketonate anions and in 26 are seven coordi-
nate with pentagonal bipyramidal geometry and, as the result of an
additional coordinating MeOH ligand, eight coordinate in 27 with
square anti-prismatic geometry (Table S4 for the estimated devia-
tions for the idealized geometries).

Ac susceptibility measurements on both compounds show slow
relaxation without maxima even under applied dc field (Fig. 30).
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Fig. 24. Plots of x” vs T under zero dc field (a) and plots of M vs H with a scan rate of 0.07 T/s for 21 (b). Reprinted with permission from [46]. Copyright (2005) The Royal

Society of Chemistry.
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Scheme 1. The relationship amongst the Ln"' jons. O = Oblate and P = Prolate
anisotropy. The central row of numbers gives the number of unpaired electrons in
the ground state of the free ion.

Fig. 27. Molecular structure of 24 [Mn}'Dy,(OH),(NO3)4(hmp)s(H20)4](NO3). The
green lines represent the J-T axes.

For both compounds, there is a signature of QTM under zero dc
field evidenced by the in-phase and out-of-phase ac signals moving
to higher temperatures under a small applied dc field.

In 2015, Winpenny's group reported the {Mn4'Ln,} butterfly,
[EtsNH]o[MnY'Ln,y(0),(Piv);o] 28 formed through reaction of
[MnY(Piv)4EtOH],, [Dy2(Piv)s(HPiv)s], and EtsN in MeCN [50]. The
anionic cluster is composed of a {MnY'Dy,} Type I butterfly core
bridged by two p3-0%~ (Fig. 31). The metal core is further bridged
and chelated by ten piv~ ligands displaying three different coordina-
tion modes: N%n’;*%:n%n' and syn syn: n':n% The resulting
dinegative charge is balanced by two [EtsNH]"* cations. The six coor-
dinate Mn'" jon shows elongated octahedral geometry due to a J-T

elongation along the 04-M-010’ axis. The Ln"' ion is eight coordinate
adopting a distorted square antiprismatic coordination geometry
(SAP-8) (Table S4 for the estimated deviations for the idealized
geometries).

Ac susceptibility measurements indicate compound 28 is a typ-
ical SMM with clear maxima in the out of phase ac susceptibilities
(Fig. 32a and b). Fits for the data extracted from the " vs v data to
an Arrhenius law gave Ugr= 29 K (20.2 cm Y and to=4.6 x 1065
(Fig. 32d). As can be seen from the In(t) vs T~' data, there are
clearly further relaxation processes to be taken into account, but
at the time of publication it was not common practice to use the
multiple relaxation processes equation to fit the data. Fitting the
Cole-Cole plots gave o parameters in the range 0.2-0.3, suggesting
a wide distribution of relaxation times (Fig. 32c).

More recently, the Powell group reported another
[MnY'Dy,(OH),(p-Me-PhCO,)s(pdea),] -2MeCN-2MeOH 29 butterfly
complex of Type I with the pdeaH, ligand (Fig. 33) [24]. The high
spin distorted octahedral Mn'" jons in {Mn4'Dy,} show an axial J-T
elongation along 04-Mn-01'. The ferromagnetically coupled coordi-
nation cluster shows typical SMM behavior with no significant effi-
cient ZF-QTM (Fig. 34). The Arrhenius law is a straight line over
the whole temperature range 1.8-2.4 K with Ueg = 1932 K
(13.4 cm™') and 1o = 5.64 x 108 s (Table 3). Fitting the relatively
symmetrical semicircles Cole-Cole plots gave small o values in the
range 0.067-0.093 (Fig. 35), indicating a narrow distribution of
relaxation times within this single relaxation process. Ab initio calcu-
lations suggest that the ferromagnetic coupling between the Mn'™
and Dy" ions plays a key role in directing the nature of the SMM
properties observed (Table 4).

Summary: The {Mn4'Ln,} systems containing J-T distorted Mn
ions show better SMM performance compared to the {MnYLn,} sys-
tems but with only two examples for {Mn4'Dy,} butterflies showing
slow relaxation which can be analyzed in terms of an effective
energy barrier. However, it is hard to correlate the J-T effect of the
Mn" ions to the behavior of the whole molecule. The orientation
of the J-T axes within the butterfly motif is probably one important
factor. It is perhaps noteworthy that for 28 {Mn4'Dy,} the J-T axes
are in an almost perpendicular orientation to those in 29 {Mn3'Dy,}.
It is also not clear what the effect of an elongation versus a compres-
sion along the J-T axis might make. The nature of the ligand and co-
ligand and lastly the nature of the Ln" e.g. as shown for 26 and 27
(26 [MnY'Dy,(dpm)s(MeO)s] and 27 [MnY'Tb,(dpm)s(MeO)s
(MeOH),]) can all have further influences on the SMM properties.

11

3.1.3. {Fe¥'Ln,} systems

As mentioned before, the {Fel'Ln,} butterfly clusters have been
reviewed elsewhere [26] and here we list the parameters of the com-
pounds showing SMM properties for comparison with the other
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Fig. 28. Plots of " vs T under zero dc field for 24 (a) and 25 (b). Reprinted with permission from [48]. Copyright (2011) American Chemical Society.

Fig. 29. Molecular structures of 26 [Mn3'Dy,(dpm)s(MeO)s] (a) and 27 [Mn}'Tb,(dpm)s(MeO)s(MeOH),] (b). The green lines represent the J-T axes.
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compounds discussed in the present review (Tables 4, 5 and S5 for
the estimated deviations for the idealized geometries). It is
instructive to compare the available ab initio calculations on these
with the other butterflies in this review. Furthermore, it is interest-
ing that there are very many more h.s. Fe'"' than Mn" SMM butterflies
so far discovered. In this system, SMM behavior is often only
observed under application of small external dc fields, which

indicates that many compounds are not particularly impressive
SMMs. Nevertheless, this fact actually allows for an easier
identification of the parameters which enhance SMM performance
and we can see that the Type I [FeJ'Lny(OR;)s(R,-dea)s(Rs-PhCO5)g]
system provides a robust, highly tunable and sensitive compound
making it an ideal “test bed” for exploring magneto-structural
correlations.



Fig. 31. Molecular structure of 28 [EtsNH]5[Mni'Dy,(0),(Piv)io]. The green lines
represent the J-T axes.

3.1.4. {Co¥Ln,) systems

Costes’s group reported the first Co"-4f butterfly compound
showing slow relaxation of the magnetization [58] in 2011, namely
[CoYGd,(OH),(ovan)4(NOs),]-(acetone) 41 (Hovan = o-vanillin)
through the reaction of the cobalt complex [(ovan),Co"(H,0),] with
Gd" ions. It crystallizes in the triclinic space group P-1 with a {Co3-
Gd,} Type I butterfly core motif (Fig. 36) bridged by two p3-OH™
ligands. The periphery of the core is further bridged and chelated
by four deprotonated ovan ligands adopting a 1':n%:n2:p, coordi-
nation mode. Thus the Co' ions are six coordinate in distorted octa-
hedral geometry and each of two Gd" ions is further chelated by two
NOs3 to achieve nine coordinate in distorted MFF-9 (muffin) geome-
try with a deviation value of 2.24 (Table S6 for the estimated devia-
tions for the idealized geometries).

Fig. 33. Molecular structural of 29 {Mn}'Dy,}. The green lines represent the J-T axes.

The dc susceptibility measurements indicate an overall ferro-
magnetic interaction in 41 and slow relaxation of the magnetiza-
tion was detected from the open hysteresis loops at low
temperatures measured using a micro-SQUID (Fig. 37). The molec-
ular nature of the relaxation was confirmed from the temperature
and sweep-rate data, but zero-field fast quantum tunneling meant
that no Ugg values could be extracted.

One year later the Powell group reported the first Co'-4f butter-
fly system showing classic SMM properties, i.e. no ZF-QTM as seen
from maxima in the ac-susceptibility signals measured under zero
field, [Co3Dy,(L1)4(NO3),(THF),] 42. This was formed by recrystalliz-
ing the red powder obtained from reaction in MeOH of Dy(NOs)s-
-6H,0, Co(NOs),-6H,0, H,L and Et3N from THF [59]. Compound 42
crystallizes in the triclinic space group P-1. The molecular structure
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Fig. 32. (a) Plots of x” vs T, (b) plts of %" vs v, (c) Cole-Cole plots, and (d) plot of In(t) vs T ! for 28 [EtsNH],[Mn4'Dy,(0),(Piv);0] under zero dc field. Reprinted with permission

from [50]. Copyright (2015) American Chemical Society.
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Fig. 36. The molecular structure of compound 41 [CoYGd,(OH),(ovan)4(NO3),].

is similar to that of the {Mn4Dy,} compound, 20 with small differ-
ences in the details of the ligands (Fig. 38).

Complex 42 shows overall ferromagnetic interactions between
the metal centers and characteristic SMM behavior (Fig. 39a). A
fit to the In(t)vs T~! plots gave two thermally activated regimes
with Ugl = 16.0 K (11.1 cm™!) and 191 = 7.7 x 107* s in the
temperature range 1.6-8 K and U2 = 118.3 K (82.2 cm™!) and
102 = 6.2 x 1077 s (18-22 K) (Fig. 40a). The compound also shows
open hysteresis curves measured on bulk powder samples and
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the data from these measurements in addition to data from
ac-susceptibility measurements were fitted according to two
Orbach processes obeying Arrhenius laws. These findings could
be substantiated from ab initio calculations with the conclusion
that the two relaxation processes could be attributed to the
single-ion anisotropy of the Dy'!! jons at higher temperature with
a crossover to molecular exchanged-based anisotropy in the low
temperature regime.

Through fine-tuning of the reaction conditions, two analogues,
[Co3Dy5(L1)4(NO3),(MeOH),]-2CH,Cl, 43 and [CoiDy(L1)s(NOs),
(DMF),]-2C,HgCO 44, of compound 42 were formed [60]. These crys-
tallize isomorphically in the monoclinic space group P2;/c. The sig-
nificant differences for these compounds compared with 42 are the
nature of the coordinated solvents and lattice solvent molecules
(Fig. 38). The structures all have very similar bond lengths and
angles but display slightly different static magnetic behavior. The
ac susceptibilities measurements show that 43 and 44 are typical
SMMs under zero dc field (Fig. 39). Both compounds show two ther-
mally activated regimes, Upyl = 17.9 K (12.4 cm™') and 101 = 2.3 x
10~* s in the temperature range 2.0-8.0 K and Ug2 = 104.8 K
(72.8 cm ') and 192 = 9.2 x 10~ s between 18 and 22 K for complex
43 and Ugsl = 17.5 K (12.2 cm™ ') and 101 = 1.5 x 10~* s in the tem-
perature range 2.0-8.0 K and U2 = 94.5 K (65.7 cm ')and 12 = 1.
2 x 107% s (Table 6) between 17 and 21 K for complex 44 (Fig. 40).

It seems that, the coordinating solvent on the Co" has an influ-
ence on the strength of the exchange interaction between Co'" and
Dy™ ions, which further affects the relaxation of the Dy ions as
seen from the relative values of Uegl, and Ugg2. For 41 the Y" ana-
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Fig. 37. Single-crystal plots of M vs H for complex 41 at several temperatures with a scan rate of 0.07 T/s (a), and at 0.04 K for several field sweep rates (b). M is normalized to
its saturation value at 1.4 T. Reprinted with permission from [58]. Copyright (2011) The Royal Society of Chemistry.

a)

Fig. 38. Molecular structures of 42 [CoDy,(L1)4(NO3),(THF),] (a), 43 [ColDy,(L1)4(NO3),(MeOH),]-2CH,Cl, (b), and 44 [CoYDy(L1)4(NO3),(DMF),]-2C;H6CO (c), emphasizing
the interaction between the terminal ligand on Co(1) (THF in 42, MeOH in 43, DMF in 44). The atom numbering is the same in compounds 42-44 and given only for compound 42.
0-H---0 and C-HO hydrogen bonding shown as dashed pink lines.
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Fig. 39. Plots " vs T for 42 [Co}Dy,(L1)4(NO3),(THF),] (a), 43 [Co3Dy(L)4(NO3),(MeOH),]-2CH,Cl, (b), and 44 [Co¥Dy,(L)4(NO3),(DMF),]-2C,HgCO (c), under zero dc field.
Reprinted with permission from [59,60]. Copyright (2012) Wiley-VCH Verlag GmbH& Co. KGaA and Copyright (2017) The Royal Society of Chemistry.
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Fig. 40. Arrhenius analysis of 42 [ColiDy,(L1)4(NO3);(THF),] (a), 43 [CoYDy,(L1)4(NO3)o(MeOH),]-2CH,Cl, (b), and 44 [Co4Dy,(L1)4(NO3),(DMEF),]-2C2HgCO (c). Reprinted with

permission from [59,60]. Copyright (2012) Wiley-VCH Verlag GmbH& Co. KGaA and Copyright (2017) The Royal Society of Chemistry.

Fig. 41. Molecular structures of 45 [CoJDy,(L1)4(NOs),(DMF),].

logue shows no ac signals at zero field. For the Zn" analogue of 42
(see Section 3.2.1) deletion of the 3d contribution leads to an
enhanced barrier of Ugy = 140.4 K at zero field with similar relax-
ation time but now the data must be fit taking Raman and QTM
processes into account. The Arrhenius plots clearly show that the
energy barriers of exchange-coupled regime at low temperature
are very similar for compounds 42-44, whereas the energy barriers
of the single ion Dy'"! high temperature process are different. This
was the first time where it was observed that the effects of the
anisotropy of a single Dy can be steered through changes to the
nature of one coordinated solvent site on the Co" ions within these
[CoDy5(L1)4(NO5),(solv),] butterfly systems.

vl Hz

Song’s group reported another analogue, [CoYDy5(L2)4(NOs),
(DMF),]-2DMF (45) [45]. The molecular structure of 45 is similar
to 44, except that the coordinating ligands are H,L2 (((E)-2-(2-hyd
roxy-3-ethoxybenzyli-deneamino)phenol) instead of H,L1 (((E)-2-
(2-hydroxy-3-methoxybenzylideneamino)phenol), and the two
additional acetone molecules found in the lattice for 44 are replaced
by two DMF molecules (Fig. 41). The bond lengths and angles of the
fragment surrounding the Dy™ ions in the two complexes are basi-
cally consistent, making the comparison for these system high infor-
mative (Table S6 for the estimated deviations for the idealized
geometries).

Direct current (dc) magnetic susceptibility measurements indi-
cate that there are overall ferromagnetic couplings within the
molecule, which is very similar to what was found in compound
43. Ac susceptibility measurements show that 45 is a typical
SMM under zero dc field as evidenced by the observation of max-
ima of ac signals (Fig. 42a). A fit to the Arrhenius law gave
Uer = 88.8 K (61.6 cm™') and 19 = 229 x 10°° s in the range
16-20 K. A fit employing multi-relaxation processes (Fig. 42b) gave
Toim = 0.001 s7!, C=0.301 s7' K36, n=3.16, 1 = 2.67 x 10755,
and Ugr = 125.1 K (86.8 cm ') (Table 6). For complex 45, no hys-
teresis loops were observed even at 1.8 K. Surprisingly, compound
42 with THF coordinating to the Co" ions, shows large hysteresis
loops below 4 K. The ab initio calculations for these two complexes
reveal that it is the difference in the local environment of the Co"
ions which directly affects the uniaxial magnetic anisotropy of Co"
as well as the magnitude of the ferromagnetic interactions
between the central Co" ions as judged from Jco.co Where

Co,Dy,

010 0.15 020 0.25

T'(K")

Fig. 42. Plots of %" vs v (a) and plots of In(t) vs T ! (b) for 45 [CoYDy,(L2)4(NO3),(DMF),]- 2DMF under zero dc field. Reprinted with permission from [45]. Copyright (2017) The

Royal Society of Chemistry.



Jco-co = 6.8 cm ™! for 45 and Jco.co = 2.0 cm™! for 42, as well as the
interaction between the Dy™ and Co" ions Jpy.co where p,.
co=11.7 cm™! for 45 and Jpy-co = 1.6 cm ™! for 42. Both interactions
are stronger for 45 and it thus seems that these stronger interac-
tions effectively destroy the relaxation properties of the single
ion Dy". In order to clarify the effects of the 3d-3d and 3d-4f mag-
netic interactions in these systems more examples are needed to
allow for a systematic survey. These results further confirm that
subtle changes in the ligand sphere can have a huge effect on the
dynamic behavior, in line with the observations for compounds
41-43. It is, however, difficult to compare the results of the ab initio
calculation for 42 and 45 since for 42 the spin Hamiltonian was cal-
culated using S = 3/2 for Co" and S = 5/2 for Dy", whereas for 45 a
pseudospin of § = 1/2 was used for the Co" and Dy ions. As in the
case for the {MniDy-} 20 and {Zn!Dy,} 60 analogues the Dy"-Dy'"!
interactions seem relatively large (Tables 4, 9). Within the SMM
community 3d-3d interactions are expected to be larger than 3d-4f
interactions which in turn are expected to be larger than 4f-4f
interactions.

Winpenny reported another butterfly, [[ProNH,],[CoDy,(OH),
(Piv);o] 46 (Fig. 43) [50]. It crystallizes in the triclinic space group
P-1 and is essentially isostructural to 28 [EtsNH], [Mn%'Dy,(0),
(Piv);0] with the small differences that in 46 the two 3-0> are
two p3-OH™ in 28 and the two EtsNH" counterions are now two
iPr,NH3. The compounds show slow relaxation of magnetization
but without maxima in "y vs T above 2 K. Thus no energy barrier
could be obtained from the data (Fig. 44).

Fig. 43. Molecular structure of 46 ['Pr,NH,]5[Co4Dy,(OH ),(Piv);].
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Summary: The o-vanillin based Schiff-base compounds incor-
porating Dy" ions reveal two clear linear relaxation processes in
the Arrhenius plots. In these systems, the effect of varying the
coordinated solvent ligands proves to be a fine-tuning parameter
for slow relaxation as discussed in more detail above.

3.1.5. {NiLn,} systems

In 2011, Powell’s group reported the first {NiiLn,} butterfly
SMM systems, [NiiDy,(L1)4(NO3)»(DMF),] 47 and [NiiLny(L1)4
(NO3)2(MeOH),;]-:3MeOH (Ln = Dy 48, Tb 49) H,L1 = ((E)-2-(2-hydr
oxy-3-methoxybenzyli-deneamino)phenol [61]. The only significant
difference in the molecular structures involves the replacement of
the ((E)-2-(2-hydroxy-3-methoxybenzyli-deneamino)phenol DMF
ligand on each Ni' ion in 47 by MeOH ligands in 48 and 49
(Fig. 45). The core of compound 47-48 can be described in terms
of the well-known Type I butterfly topology and the compounds
are isostructural to complexes 42-45.

The dc susceptibilities indicate intramolecular ferromagnetic
interactions between the paramagnetic centers within the {Ni4Ln,}
units. Ac susceptibility measurements show typical SMM behavior
for both Dy-containing complexes 47 and 48 under zero dc fields
with Uggr=18.5K (12.9 cm™") and 19 = 5.4 x 1077 s for 47, Uepr=21.3-
K (14.8 cm™ ') and 19 = 1.5 x 107 s for 48 (Fig. 46) without QTM,
since the In(t) vs T~ are linear over the whole temperature region.
Complex 49 {NiJTb,} shows field-induced SMM behavior with
Uer = 28.5 K (19.8 cm™") and 79 = 2.8 x 107% s (Table 7) under
4000 Oe dc field. Fits to Cole-Cole plots gave o values in the range
0.10 to 0.14 for 47 suggesting single relaxation processes. For 48, a
good fit could only be obtained above 3.4 K giving o values in range
0.09-0.16.

These results indicate that the ligand substitution on Ni" has a
significant effect on the magnetic properties, which is in line with
the results on the {Co!Dy,} analogues discussed in Section 3.1.4.
Furthermore, on replacing the Co" with Ni", large changes in the
magnetic signature are observed, suggesting the nature of the 3d
metal ions within a given motif is an important influence on the
resulting magnetic properties. One factor to consider here is the sig-
nificant differences between these two 3d ions in octahedral coordi-
nation geometries. Co"" is expected to be a very anisotropic Kramers
single ion, whereas Ni'' has much less anisotropy and is a non-
Kramers single ion. Quite how these factors can influence the
magnetic properties in such 3d-4f butterflies is something requiring
further examples and ab initio calculations (Table 4).

The results also reveal that the ligand substituents on the 3d
metal ions could change the coordination geometries of the lan-
thanides, which clearly has an effect on the orientation and pre-
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Fig. 44. Plots of ' (a) and " (b) vs T for 46 ['Pr,NH,],[Co3Dy,(OH),(Piv);0] under zero dc field. Reprinted with permission from [50]. Copyright (2015) American Chemical

Society.



Fig. 45. Molecular structures of the coordination clusters in compounds 47 [Ni¥Dy,(L1)4(NO3),(DMF),] (a) and 48 [NilDy,(L1)4(NOs),(MeOH),]-3MeOH (b) 49 [Ni4Tb,(L2),

(NO3)2(H20)] (c).
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Fig. 46. Plots of " vs T for 47 (a) and 48 (b) under zero dc field. Reprinted with permission from [61]. Copyright (2011) American Chemical Society.

sumably the magnitude of the lanthanide single-ion anisotropy
tensors.

Changing the H,L1 (((E)-2-(2-hydroxy-3-methoxybenzyli-dene
amino)phenol) to HyL2 (((E)-2-(2-hydroxy-3-ethoxybenzyli-denea
mino)phenol), Christou and Mohanta could produce isostructural
[NiLny(L2),(NO3),(MeOH),] [62]. However, these molecules lose
their two MeOH molecules which are replaced by two water mole-
cules to give [NiJLn,(L2)5(NO3),(H>0),] 50. This molecule also shows
ferromagnetic coupling within the metal centers for the Dy com-
pound. Typical SMM behavior was observed with Ug = 36.0 K
(25 cm™!) and 1o = 8 x 1078 s (Fig. 47). This result further confirms
that small differences in the structural parameters can induce signif-
icant differences in the magnetic properties of butterfly systems
with similar core compositions (in terms of the metal ions) and
topologies.

In 2015, three butterfly Ni"-4f clusters of Type I were reported by
Liang’s group with formulae of [NiiDy,(H,L4),(OMe),(CH5CN),

(N03)4]4H20 51, [Nllzanz (HL5)2(0ME)2(CH3CN)2(NO3)4]4H20
(Ln=Tb 52, Dy 53) [63], using the o-vanillin based Schiff-base ligands
2-(((2-hydroxy-3-methoxyphenyl)methylene)amino)-2-(hydroxyme
thyl)-1,3-propanediol (H4L4) (Scheme S1) and 2-(2,3-dihydroxpropyli
minomethyl)-6-methoxyphenol (HsL5). Compound 51 crystallizes in
the space group P-1 whereas complexes 52 and 53 are isostructural
crystallizing in the space group P2;/n (Fig. 48). Both systems lie on
crystallographic inversion centers to give a Type I [NiiDy,] butterfly
core bridged by two 13-OMe. The butterfly cores of 51 and 53 are
bridged and chelated by two doubly deprotonated HL4 with n':n2:
n':n%n'n® s coordination mode for 51 or two doubly deproto-
nated HL5 with n':n%:n':n%n': p3 coordination mode for 53. Two
MeCN molecules coordinate to two Ni" ions to complete six-
coordinated distorted octahedral coordination geometry (Table S7
for the estimated deviations for the idealized geometries). Each Dy
ion further coordinated by two chelating NO3 to complete the nine-
coordinate distorted capped square antiprismatic geometry.
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Fig. 48. Molecular structures of compounds 51 [Ni3Dy,(H,L4),(OMe),(CH3CN),(NO3)4]-4H,0 (a) and 53 [NiyDy, (HL5),(OMe)5(CH3CN),(NOs)4]-4H,0 (b).
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Magnetic measurements show similar behavior in T with
decreasing temperature for compounds 51-53, consistent with
overall antiferromagnetic interactions between metal ions. Ac sus-
ceptibility measurements indicate compounds 51-53 are all SMMs
under zero dc field (Fig. 49) with energy barriers of 48.46 K
(33.7 cm™ 1), 86.71 K (60.3 cm™!) and 56.94 K (39.6 cm™!) and
relaxation times To = 3.6 x 1078, 2.3 x 1077 and 3.3 x 1078 s,
respectively, indicating that complexes 51-53 display relatively
high anisotropy barriers. In particular, 52 {Ni,Tb,} not only has
the best SMM parameters among these three compounds, but also

exhibits the highest anisotropy barrier among the Ni"-Tb™ based
SMMs reported so far. Ab initio calculations suggest there are stron-
ger 3d-4f exchange couplings within these compounds, which
again highlights the importance of the exchange coupling in 3d-
4f SMMs. The ab initio calculations on these {NiJLn,} were per-
formed by the same group who analyzed the compounds {Mn4Dy,}
20, {CoiDy,} 45 and {ZnYDy,} 60. As mentioned previously, the
relative values of the 3d-3d and 3d-4f coupling seem counter
intuitive when the BS-DFT approach is used for compound 51 with
J3a-3¢ = 7.9 cm™" and J34.4r = 17.2 cm™! (Tables 4 and 9).



Fig. 50. Molecular structure of compound 54 [EtsNH],[NiJDy,(OH),(Piv)o]

In the same year, another family of {NijLn,} butterfly coordina-
tion clusters, [EtsNH],[NiJLn,(OH),(Piv);0] (Ln = Dy 54 and Er 55)
[50], were reported by Winpenny's group. The structures are
isostructural to the reported compound 46 ['Pr,NH,],[Co Ln,(OH),

Ac susceptibility measurements indicate that the {NiJDy-} com-
pound shows slow relaxation under zero field and clear maxima are
observed in the temperature- and frequency-dependent measure-
ments (Fig. 51) at low temperature. Analysis of (T, v) gives Ueg= 20-
K(13.9cm ') and 19 = 6.0 x 1077 s, with o varying from 0.01 to 0.1
from high to low temperature. {NiJEr,} shows similar magnetic
behavior to {NilDy,} when measured under a 1000 Oe dc field.
Arrhenius analysis gives Uz = 12 K (8.3 cm™") with 1o = 5 x 107

sand o = 0.1 at high temperature, increasing to 0.2 at lower temper-
atures, which indicates a narrow distribution of the relaxation
(Fig. 52). As was the case for Mn'! analogue discussed before, the
data of {NiiDy,} clearly show that other relaxation processes are
in operation. From the shape of In(t) vs T~! plots, it is probably only
a Raman process which dominates for {Ni,Er;}.

Summary: All {NiJDy,} analogues in {NijLn,} systems, show typ-
ical SMM properties under zero applied dc fields. Interestingly, in the
[Ni4Lny(HL5)5(OMe),(CH3CN),(NO3)4]-4H,0 system, the Tb™ ana-
logue shows better SMM properties than the Dy analogue, which
is unusual for 3d-4f systems. We note that for the {ColLn,} ana-
logues, the Dy analogues have better SMM parameters suggesting
that mixing 3d Kramer ions with 4f Kramer ions is favorable as is,
apparently, mixing 3d non-Kramer ions with 4f non-Kramer ions.
This obviously requires further exploration in order to discover
means to help target better performing 3d-4f SMMs.

3.1.6. {CullLn,} systems

Winpenny’s group reported the first {CulLn,} (Ln = Dy 56 or Er
57) butterfly SMMs [50], ['Pr,NH;],[CubLny(OH ),(Piv);o]. The struc-
tures are isostructural to the reported [iPerHz]z[Cogan(OH)z
(Piv)10] 46 compound (Fig. 53).

Dc susceptibility measurements indicate both compounds show
overall antiferromagnetic coupling between the metal centers. Ac
susceptibility measurements reveal both compounds show slow
relaxation without maxima even under applied dc field, making
it impossible to derive an energy barrier (Fig. 54).

In 2017, the Powell group reported another {CulDy,} Type I but-
terfly SMM [64], [CulDy,(OMe),(HL6),(NO3)4]-2MeOH 58 (Fig. 55a)
which is similar to the [NiJDy,(H,L4),(OMe),(CH5CN)y(NO3)4]-
4H,0 51 and [NiJLn, (HL5),(OMe)y(CH3CN),(NO3),4]-4H,0 (Ln = Th
52 or Dy 53) compounds. The butterfly core is bridged and chelated
by two doubly deprotonated HsL5 with n':n%n':nZnin® us
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1 for 54 {Ni3Dy,} under zero dc field. Reprinted with permission from [50]. Copyright
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Fig. 53. Molecular structure of compound 56 ['Pr,NH;]o[CuliLn,o(OH)a(Piv)so).

coordination mode. The two Cu'" ions have five-coordinate distorted
square pyramid coordination geometry. Two pairs of NO3 ions coor-
dinate to two Dy" jons to complete nine-coordinate distorted
capped square anti-prismatic coordination geometries (Table S7 for
the estimated deviations for the idealized geometries). The ac mea-
surements reveal that the compound show maxima only under
applied dc field of 1500 Oe with Ugy = 16.5 K (11.5 cm™!) and 1 =
4.5 x 1077 s (Fig. 55b and Table 8).

Summary: Generally speaking, it might appear that Cu" with its
single unpaired electron is not the best choice for 3d-4f SMMs. The
fact that all the butterfly examples require application of dc field to
reveal slow relaxation supports this view.

3.2. 3d (diamagnetic)/4f systems

In several of the 3d-4f butterfly SMMs coordination clusters, the
3d metal ions are diamagnetic Zn" and Co™ ions. Thus it is debat-
able whether these coordination clusters should be considered
3d-4f SMMs or simply lanthanide SMMs. We have decided to con-
sider these species here since usually when lanthanide SMMs are
reviewed such compounds are not accounted for [65-68]. Further-
more, these can give insights into the effect of the diamagnetic ions
on the dynamic behavior of the paramagnetic 4f ions. Although the
3d diamagnetic metal ions Zn" and Co™ have been successfully
used as “knock-out” ions for replacement of divalent 3d ions such
as Mn", Co", Ni"", cu" and trivalent 3d ions such as Cr'", Mn'", Fe'",
until now, little progress has been made in replacing M" with Mg"
and M™ with AI", both being non-3d alternatives. There are only
two such butterfly systems, {MgiLn,} and {AlY'Ln,} in the literature
and these will also be discussed here.

3.2.1. {ZnfiLn,} systems

{ZnlLn,} complexes are normally isolated as analogues to help
the study of other {M4Ln,} (M = Co, Mn, Ni and Cu) isostructural
clusters. The groups of Powell, Song and Ke reported three similar
{ZnYLn,} butterfly SMMs compounds, [ZnDy,(L1)4(NO3)»(MeOH),]-
2CH2C12 59 [Zn'leyz(LZ)4(NO3)Z(MeOH)z] 60 and [ZHIZIDyz(L3)4
(NOs3)2(MeOH);]-2C3Hg0 61 with o-vanillin based Schiff-base ligands
[45,60,69]. The slight differences in the organic ligands and lattice
solvents (Fig. 56) allow for comparison/assessment of the effect of
the remote organic functional groups on the magnetic properties.
Dc magnetic susceptibility measurements indicate there are weak
ferromagnetic dipolar interactions between these two distant Dy
ions within these three complexes. Ac measurements reveal they
show typical SMM behavior under zero dc field (Fig. 57). The relax-
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Fig. 55. Molecular structure (a) and plots of " vs v (b) for 58 [CulDy,(OMe),(HL6),(NO3),]-2MeOH. Arrhenius fit (right inset). Reprinted with permission from [64]. Copyright

(2017) American Chemical Society.

ation data can be modelled allowing for QTM, Raman and Orbach
relaxation processes for compounds 59 and 60 with parameters of
Uer=1404K (97.6 cm '), 1p=14 x 1077 5,n=4.1,C=2.1 x 1072
s~ K™*! and tgrm = 1.50 x 1072 s for 59 and Ue= 115K (79.9 cm ™),
T0=235%x10"°s,n=326and C=0.116 s71 K325 gy =9.2 x 1
03 s for 60. The QTM process turns out to be a significant feature of
many of these Type I butterfly compounds with diamagnetic 3d-
contributions. This short-cut to overcoming the energy barrier places
an important limit on what might be regarded as “well-performing”
SMM properties. Put simply, a high energy barrier to spin reversal is
no guarantee that the system is forced to overcome this barrier (as
seen here). Indeed, as is widely acknowledged, in order to utilize
the potential of the very high energy barriers to magnetization
reversal which 4f ions can deliver, it is necessary to maintain a care-
ful control over the local coordination geometry of the lanthanide
ion in question. In addition, little attention has so far been paid to
the role of spin-phonon relaxation modes operating in solid state
systems. These effects are possibly easier to control by using the
ameliorating effects of providing a nearby 3d partner, which,
through even weak coupling to 4f ions seems to be an ideal way to
push the system over what may well be a lower energy barrier,
but in end effect avoid relaxation processes short-circuiting the “trip
to the summit”.

For 61, the whole temperature range could be fitted using only a
combination of Orbach and Raman processes with parameters

Uer=1122 K (78 cm '), 7= 8.2 x 10> s, n = 5.4 and C = 1.47 x
10~% s~1 K54 (Table 8). These results show that remote functional
groups on the organic ligands in {Zn4Dy,} complexes can modulate
the dynamic behavior that the diamagnetic 3d body ions can help to
suppress zero field QTM of the individual wingtip Dy"" ions.
Through careful control of the reaction conditions, [ZniDy,
2CH2C1205H20 63 and [anleyz(L3)4(OAC)2(MCOH)2]4CH2C12
2MeOH-0.1H,0 64 could be obtained (Fig. 58) [70]. Compounds 62
and 63 are isostructural with only slight differences in terms of
the lattice solvent molecules. The relaxation dynamics can be fit
with a combination of QTM and Orbach processes with parameters
Uer = 74.8 K (52 cm ™), 19 = 2.78 x 107® s, and tqmw = 2.5 x 1074
s for 62, for 63 a Raman process was also identified giving parame-
ters of Uer = 166.0 K (115.4 cm™'), 10 = 6.6 x 1072 s, n = 2.02 and
C = 16.75 s~ K=292 (Table 8). When the data are modeled using
the multiple relaxation equation, it is interesting that the higher
energy barrier for 63 is accompanied by a faster 1o parameter indi-
cating that the relevance of the lattice phonon modes has been sig-
nificantly altered. These two systems provide useful models for
future in-depth studies on the role of lattice spin phonon relaxation
process which could be evaluated using heat capacity plus 1615Y
NRVS (nuclear resonance vibrational spectroscopy). The results also
show that the nature and probably connectivity of lattice solvent
molecules can have a significant effect on the dynamic magnetic



Fig. 56. Molecular structures of 59 [ZnYDy,(L1)4(NO3),(MeOH),]-2CH,Cl, (a), 60 [ZniDy,(L2)4(NO3),(MeOH),] (b) and 61 [Zn;Dy(L3)4(NO3),(MeOH),]-2C5HgO (c).
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Fig. 57. Plots of ¢” vs v for compounds 59 [Zn4Dy,(HL1)4(NO3),(MeOH),]-2CH,Cl, (a), Reprinted with permission from [60] Copyright (2017) The Royal Society of Chemistry. 60
[ZniDy,(HL2)4(NO3),(MeOH),] (b) Reprinted with permission from [45]. Copyright (2017) The Royal Society of Chemistry. and 61 [Zn,Dy,(L3)4(NO3),(MeOH),]-2CH5COCHj (c).

Reprinted with permission from [69]. Copyright (2019) The Royal Society of Chemistry.

properties (Fig. 59) which is likely to be the result of the different
nature of spin/lattice relaxation modes mediated by spin-phonon
coupling.

Complex 64 is similar to complexes 62 and 63, but with each of
the two acetate ions now bridging the Zn" and Dy ions instead of
solely chelating the Dy ions. The two terminal solvent ligands on
the Zn" ions in 62 and 63 are transferred to the Dy" ions in 64, pre-
serving the local coordination geometries of the Zn" and Dy ions.
With these differences, compound 64 shows ferromagnetic
exchange coupling between two Dy ions at low temperature with
J%,.py = +0.25 cm™!, which is opposite to the observation in com-
plexes 62 and 63. The relaxation dynamics can be fitted with a
combination of QTM and Orbach processes with the parameters
Ugr = 149.9 K (1042 cm™ '), 1o = 1.26 x 1077 5, n = 5.67, C = 3.26
x 107* s7' K=>%7 and 1qmm = 2.02 s (Table 8).

Summary: For this system, the Dy ions are highly sensitive to

the ligand field. Both main ligands and co-ligands have a significant
effect on magnetic properties. Also, the lattice solvents influence
the magnetic properties. For example, by changing the four lattice
acetones per formula unit to two CH,Cl, and 0.5 H,O in [Zn!Dy,
(L3)4(OACc),(EtOH);] the energy barrier changes from 74.8 K (62) to
166.0 K (63). Although it is impossible to draw any conclusion in this
system, it is helpful to compare the magnetic properties with those
of some paramagnetic 3d" analogues {M4Ln,} (M = Co, Mn, Ni and
Cu). The magnetic properties of [MYIDy,(L1)4(NO3)s(MeOH),]
M = Co 43 or Ni 48 or Zn 59, [MYLny(L2)4(NO3),(DMF),] M = Co
45, 7n 60 and [NiJLny(L2)4(NO5)»(H,0),] 50 indicate that the param-
agnetic 3d" (Co and Ni) ions in these two systems help to suppress
the ZF-QTM. However, changing the 3d" ions to Mn" ions, [MnYDy,
(L2)4(NO3),(DMF),] 20, in this [M5Dy(L2)4(NO3),(DMF),] (M = Co,
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Fig. 58. Molecular structures of 62 [Zn3Dy,(L3)4(OAc),(EtOH),]-4C3HgO (a), 63 [ZnyDy.(L3)4(OAc),(EtOH),]-2CH,Cl,-0.5H,0 (b) and 64 [ZnYDy,(L3)4(0ACc),(MeOH),]-4CH,Cl,-
.2MeOH.-0.1H,0 (c).
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Fig. 59. Plots of %" vs v for 62 [Zn3Dy,(L3)4(OAc),(EtOH),]-4CsHsO (a), 63 [ZnIDy,(L3)4(OAC)(EtOH),]-2CH,Cl,-0.5H,0 (b) and 64 [ZnYDy,(L3)4(0AC),(MeOH ),]-4CH,Cl,-
-2MeOH-0.1H,0 (c) under zero dc field. Reprinted with permission from [69,70]. Copyright (2018, 2019) The Royal Society of Chemistry.

a b

Fig. 60. Molecular structure of 66 [CoY'Ln,(OMe ),(teaH),(0,CPh)4(MeOH)4](NO3),-MeOH-H,0 a plus [CoY'Ln,(OMe),(teaH),(0,CPh)4(MeOH),(NO3),]-MeOH-H,0 b, where two
Type II butterflies crystalized in one unit cell a and b for Ln = Dy and Tb.

Mn, Ni and Zn) family leads to disappearance of the SMM behavior, Dy" ions to have such a big interaction. Furthermore, for compounds
which indicates that we must combine the right 3d ions with Dy 61-64 all calculated by the same group, they introduced an inter-
ions to target SMMs within a given core motif. As seen in Table 9, molecular interaction of 0.01 cm™! (Table 9) for compound 63,
ab initio calculations were performed for compounds 60-64, the which is not consistent with the other three. Thus, it is impossible
compound 60 has a J&¢ , = 2.8 cm™!, whereas for compounds 61- to relate the interactions to energy barriers, relaxation times and

64 these are in range 0.35-0.48 cm~'. We do not expect the distant processes and thus derive magneto-structural correlations.



3.2.2. {Co¥'Lny} systems pounds are prepared from reaction of Co(NOs)3-6H,0, Ln(NO3)3-nH;-

Murray’s group was the first to report Co-4f butterfly SMMs in 0, teaHs (triethanolamine) and EtsN in MeCN/MeOH. Compounds 65
2012 [71], namely [Co¥'Ln,(OMe),(teaH)»(05CPh)4(MeOH)4](NO3),- and 66 are isostructural, crystallizing in the tetragonal space group
-MeOH-H,0 (a) and [CoY'Ln,(OMe),(teaH ),(0,CPh)4(MeOH ),(NO5)]- 141/a. The asymmetric unit contains two half butterflies, designated
MeOH-H,0 (b), ((Ln = Tb 65 or Dy 66), which have the Type II core as a and b for the complete butterflies. Butterflies a and b are struc-
(Fig. 60). Here the Co" ions are d® and diamagnetic. These com- turally very similar. Butterfly a is found to be isostructural to 2,
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Fig. 61. Plots of ¢ vs v (a) and plots of In(t) vs T ! (b) for 66 under zero applied dc field. The solid red line is a fit to the Arrhenius law; inset Cole-Cole plots between 4 and
10.5 K, with the solid lines being best fits to the experimental data. Reprinted with permission from [71]. Copyright (2012) American Chemical Society.

a) b)

Fig. 62. The molecule structures of compounds 67 [CoY'Dy,(OMe),(teaH),(acac)s(NOs),] (a), 68 [CoY'Dy,(OH),(teaH)(acac)4(NOs),]-4H,0 (b), and 69 [Coi'Dy,(OMe),

(mdea)y(acac)s(NOs),] (c).



[CrY'Dy,(OMe),(0,CPh)4(dea),(MeOH),](NOs), and b is isostructural
to 5 [Cr'Dy,(OMe),(0,CPh)4(teaH),(NO3),(MeOH),]. The Ls. Co™
ions are six-coordinate with distorted octahedral geometries and
the Dy™ and Tb" ions are eight coordinate with distorted square
antiprismatic geometries (Table S8 for the estimated deviations for
the idealized geometries).

Dc susceptibility measurements show similar decreases in yT
with decreasing temperature for 65 Tb and 66 Dy, consistent with
overall antiferromagnetic interactions between metal centers. For
66, the {Coy'Dy,} analogue, typical SMM behavior is observed with
a barrier of 88.8 K (61.7 cm™!) and 1o = 5.64 x 1078 s (Fig. 61) under
zero dc field. However, this fitting using an Arrhenius law is only
valid for the high temperature part of the data and clearly fitting
only part of the data with an Arrhenius law is not enough, since
other relaxation processes are in operation. The {CoY'Tb,} complex,
65, showed field-induced SMM behavior. Ab initio calculations
(Table 9) and experimental data reveal that QTM is greatly reduced
in the {CoY'Dy,} example compared to previously reported Dy
SMMs and attributed as due to the weak antiferromagnetic dipolar
coupling. Furthermore, dilution studies were performed and are in
good agreement with the results of the ab initio calculations.

Through the replacement of the carboxylate ligands by acety-
lacetonate (acac), the same group isolated three related complexes,
[Cob'Dy,(OMe)y(teaH)y(acac)s(NOs),] 67,  [Cob'Dy,(OH)(teaH),
(acac)4(NO3),]-4H,0 68, and [CoY'Dy,(OMe),(mdea),(acac)s(NO3),]
69 [72]. Compounds 67 and 69 crystallize in the triclinic space group
P-1, while compound 68 crystallizes in the monoclinic space group
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P2;/c. Compounds 66-68 (Fig. 62) are heterometallic tetranuclear
clusters consisting of {CoY'Dy-} ions displaying a planar butterfly
motif of Type I and are isostructural to [Cri'Dy,(OMe),(R-
dea)y(acac)y(NO3),] (R = Me (6), Et (7) or "Bu (8)) (Fig. 62). All the
low spin Co™ ions are six-coordinate displaying an octahedral geom-
etry. All the Dy"™ jons are eight-coordinate displaying distorted
square antiprismatic geometry (Table S8 for the estimated devia-
tions for the idealized geometries).

Dc susceptibility measurements show similar trends in ¢ T upon
cooling for 66-69, consistent with the overall antiferromagnetic
interactions observed for compound 66. Compounds 67-69 all
show SMM behavior under zero dc magnetic field (Fig. 63) with
energy barriers of 27 K (18.8 cm™!), 28 K (19.5 cm™!) and 38 K
(26.4 cm™'), respectively. It is notable that changing two pis-
OMe™ (68) to two |13-OH™ (67) shows negligible effect on the mag-
netic behavior. Two relaxation processes are observed for 67 and
69 under a small dc field (Fig. 64) with similar overall profiles.
However, both the barrier height and quantum regime are subtly
different between 67 and 69 and also different from the previously
reported {Col'Dy,} SMM complex 66. For all these compounds the
significant distortions of the local Dy ion geometry may be respon-
sible for the observation of multiple relaxation pathways. Dilution
studies on the Dy"' sample of 69 using Y revealed that the single-
molecule magnet behavior is also single ion in origin as found for
compound 66.

The replacement of one coordinated acetylacetonate by nitrate
around a Ln"™ and of teaH™ for "Budea™ in 67 results in two
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Fig. 63. Plots of " vs v for 67 (a) and 69 (b) under zero dc field. The solid lines are guides for the eyes. Reprinted with permission from [72]. Copyright (2013) American

Chemical Society.
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Fig. 64. Plots of ¢ vs v under 3000 (a) and 6000 Oe (b) dc fields for 69. The solid lines are guides for eyes. Reprinted with permission from [72]. Copyright (2013) American

Chemical Society.



Fig. 65. molecular structure of [CoY'Ln,(OH),("Budea),(acac),(NOs)s] (Ln = Tb 70
and Dy 71).

isostructural heterometallic complexes of formula, [Co4'Ln,(OH),
("Budea),(acac)y(NOs)4] (Ln = Tb 70 and Dy 71) [73], which display
a change in the acac:NOs ratio from 4:2 in 67 to 2:4 in 70 and 71.
Compounds 70 and 71 are isostructural, crystallizing in the mono-
clinic space group P2;/n (Fig. 65).

The % T product falls gradually with decreasing temperature and
then rapidly at low temperature. Compound 70 {Co3'Tb,} shows
field-induced SMM behavior, which is similar to the {Co3'Tb,} ana-
logue compound 65. The Dy™ analogue, 71, displays typical SMM
behavior under zero applied dc field (Fig. 66) with an energy barrier
of 169 +5 K (117.5 cm~') and 1o = 1.47 x 1077 s. Remarkable differ-
ences were observed between compound 71 and the complexes 67-
69 in terms of the low temperature dynamic behavior. Compound 71
shows better SMM behavior with a six times greater thermal barrier,
slower relaxation and quantum tunneling (greater than1.5 s) time-
scales compared with complexes 67-69 (Table 8). These results
highlight the sensitivity of the Dy ions to the ligand field, which
can thus have a large influence on the magnetic relaxation dynamics.
Furthermore, this is a rare example where such a dramatic increase
in Uy arises from such a small perturbation of the ligand field
environment.

The Alborés group reported another isostructural {Co¥'Ln,} fam-
ily with formula [Co}'Lny(OMe),(teaH),(Piv)g], PivH = pivalic acid,
(Ln = Dy 72, Tb 73, Ho 74, Er 75 and Yb 76) [74,76] formed by reac-
tion of [CoY(pu-H,0)(Piv)4(HPiv)4] and Ln(NOs);-xH,0 with teaHs in
MeCN. For example, compound 72 (Fig. 67) which crystallizes in
the triclinic space group P-1, with a {Co%'Dy,} butterfly core of Type
II has a structure similar to compound 66a but with the four PhCOO~

bridging between Co™ and Dy™ ions are replaced by pivalates in
a) 12
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Fig. 67. Molecular structure of [Co}'Ln,(OMe),(teaH ),(Piv)s] (Ln = Dy 72, Tb 73, Ho
74, Er 75 and Yb 76).

compound 72. The pairs of terminal MeOH molecules coordinated
to the Dy ion in 66 are replaced by two chelating pivalates in 72.
The Co™ ions are six coordinate displaying distorted octahedral coor-
dination geometry and the Dy" ions are eight coordinate with a dis-
torted square antiprismatic coordination geometry (Table S8 for the
estimated deviations for the idealized geometries).

The dc susceptibility measurements show similar decreases in
xT with decreasing temperature for 72-76, consistent with overall
antiferromagnetic interactions. From ac susceptibility measure-
ments it was found that compound 72 shows two well separated
relaxation pathways at zero dc field with energy barriers of 51 K
(35.4 cm™') and 127 K (88.3 cm™!) (Fig. 68c), which is different
from the observations for some of the previously reported {Col-
Dy,} complexes, in which a second well resolved pathway can only
be observed through application of an external dc magnetic field. In
order to explore the relaxation mechanisms further ac susceptibili-
ties under different fields (0-3000 Oe) at 2 K at driving frequencies
between 10 and 1500 Hz and complete frequency- and temperature-
dependence measurement at 1500 Oe applied dc field were per-
formed. Under 1500 Oe applied dc field, two relaxation processes
are also seen but with lower resolution than at zero dc field and a
third relaxation process is present. For the slow relaxation process
(S) (Fig. 68d), two almost identical best fitting parameter sets are
obtained with n = 5 or 7, that is, Ueg=89 K, Tp = 5.4 x 10785, Cpam =

b)

1 "/ cm’ mol”

Fig. 66. Plots of x” vs T (a) and v (b) for 71 under zero dc field. Reprinted with permission from [73]. Copyright (2013) The Royal Society of Chemistry.
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lines is best fitting curves. Reprinted with permission from [74]. Copyright (2014) The Royal Society of Chemistry.

5.5 x 1072 s7' K> (n=5)and Upy=104 K, 79 = 2.2 x 10755, Cam = 1.
7 x 1074 s~ K~7 (n = 7) (Table 8). A reasonable fit including only the
Raman component with n = 7 and Cram = 2.2 x 107% s~ K7 can be
obtained. In the case of the fast relaxation process (F) a good fit is
obtained with parameters of Uy = 59 K, 10 = 1.7 x 1077 s, and
Tqr = 0.58 s (Table 8) and in this case, a linear Arrhenius regime
without Raman contribution describes the data. The third
temperature-independent relaxation process was attributed to mag-
netization quantum tunnelling with tqr = 2.0 x 1074s.

The field dependence of the relaxation times also can be evalu-
ated. For the fast process a reasonable fitting can be obtained with
parameters of A; = 1.9 x 107 s7' K~! Oe™ as well as By = 844 5!
and B, = 1.4 x 10°% Oe 2. The slow process is more complicated,

where two overlapping relaxation pathways are distinguished. It
is possible to account for them through Equation (15) for each
independent pathway: A, 52 x 1078 s K1 0e
B; =135 s ! and B, = 3.5 x 10~* Oe 2 for the slower process and
A =60 x 105 s 'K '0e™* B;=51s" and B, = 3.8 x 1077
Oe 2 for the faster process. These results are in agreement with
the temperature-dependent data at 1500 Oe applied dc external
field where also three independent processes were observed in
the Cole-Cole plots (Fig. 68e). This makes the system a good exam-
ple for analyzing multiple relaxation processes (Fig. 68f).

None of the other explored members of this {CoY'Ln,} (Ln = Tb
73, Ho 74, Er 75, Yb 76) family shows slow relaxation of magnetiza-
tion under zero dc field. However, all of them show field induced



SMM behavior. Compound 73 Tb'"™ shows a very weak response
without maxima. No reasonable parameters were obtained by fitting
the Cole-Cole plots for the Ho"' compound 74, but it was possible to
extract dynamic information with energy barrier of 43.2 K
(30.0 cm ') and 1o = 6.2 x 1072 s from the maxima in the %" vs fre-
quency. Complexes 75, Er and 76, Yb are also field-induced SMMs
(Fig. 69). Two distinct relaxation processes were found for the Er'"
compound 75, one of them essentially temperature independent.
As seen from the In tvs T~! plots (Fig. 70), there is no clear linear
regime over the whole temperature range for complex 75 Er, while
for 76 Yb a linear regime is seen in the high temperature range.
The results indicate an Orbach regime for the compound 76 Yb,
which is not the case for the 75 Er analogue. The relaxation times
can be further analyzed in terms of the following general equations:
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1! =CT" + tgim for 75 Er and 17! = tgim + T 'exp(  Ugy/KgT) for 76
Yb. The best fitting gave parameters of Cyaman = 3.5 x 1072 s71 K~/
(n =7)and tqr = 5.1 x 1073 s for 75 Er and Uy = 33.1 K
(23 cm™), 19 = 2.1 x 107® s and Tgmm = 1.3 x 1072 s for 76 Yb
(Table 8).

In order to gain a deeper understanding of the relaxation mech-
anism(s) in such systems, the Murray group continued to study
this particular system by careful variation of the reaction condi-
tions to isolate chemical/structural variants of compound 66. Using
the amine-based diol ligands, diethanolamine (deaH,),
N-methyldiethanolamine (mdeaH;) and N-n-butyldiethanolamine
("BudeaH;) in place of triethanolamine (teaHs), in conjunction
with benzoic acid, several related compounds could be isolated.

The use of deaH, gave the cationic form of compound 66, [Co'Dy,
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Fig. 69. Plots of " vs v for 75 Er (a) and 76 Yb (b) under 1500 Oe dc applied field. Full lines are just for guiding the eye. Frequency dependence plot is shown in logarithmic
scale. Reprinted with permission from [76]. Copyright (2017) The Royal Society of Chemistry.
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(OMe),(dea),(0,CPh)4(MeOH)4](NO3), 77. The use of mdeaH,
resulted in a neutral complex with the formula [CoY'Dy,(OMe),
(mdea),(0,CPh)4(NO3),] 78. The coordination environment around
the Dy centers differs from those previously seen since each carries
a bidentate nitrate ligand.

The reaction utilizing "BudeaH, resulted in the isolation of two
unique complexes in the asymmetric unit of formula [CoY'Dy,
(OMe),("Budea),(0,CPh)4(MeOH)4](NO3),-0.5MeOH-H,0 (a) and
[Co¥'Dy,  (OMe),("Budea),(0,CPh)4(MeOH),(NO3),]-MeOH-1.5H,0
(b) 79 (79 = 79a plus 79b) (Fig. 71) [77], which are structurally sim-
ilar to those in 66.

The dc susceptibilities measured for 77-79 show similar behav-
ior to that for compound [Col'Dy,(OMe),(teaH ),(0,CPh)4(MeOH),4]
(NOg)z p]US [Cog[DyZ(OMe)z(teaH)2(02CPh)4(MeoH)2(N03)2] 66 (1
e. two molecules per asymmetric unit) with a steeper decrease in
the T product for 79 than for that for 66, 77 and 78. Ac magnetic
susceptibility measurements showed that the in-phase (') and
out-of-phase (") signals are frequency (Fig. 72) and temperature
dependent below 20 K for 77-79 with typical features of SMM
behavior, which is not surprising, since each are closely related to
69 [Coi'Dy,(OMe),(mdea)y(acac)y(NOs),]. The In(t) vs T~' plots
show differences within the dynamic magnetic behavior for 77-79.
All display a thermally activated relaxation mechanism above
8.5 K, with energy barriers of 79.14 K (55 cm™') for 78, 87.77 K
(61 cm™') for 66, 103.60 K (72 cm™') for 77, and 115.11 K
(80 cm™') for 79 (Table 8). Ab initio calculations and the experimen-
tal data indicate that the variation in barrier height is related to
changes in the coordination and geometric environments around
the Dy™ ions of each complex (Table 9). The dipolar interactions
are dominant (Table 9). This gives further proof that the magnetic

relaxation dynamics of Ln'" jons are sensitive to the ligand field.

These results also indicate that the SMM properties can be fine-
tuned through simple substitution of ligands both near to or distant
from the magnetic centers.

In the light of the remarkable changes of the magnetic proper-
ties induced through subtle chemical modifications, the Murray
group extended their exploration of these effects by studying
another system in which all of the co-ligands are replaced by
[acac]™: [CoY'Dy,(OH),(teaH)(acac)s]-MeCN 80, [Col'Dy,(OH),("-
Budea),(acac)s] 2H,0 81 and [CoY'Dy,(OH),(edea)y(acac)s]-2H,-
0-4MeCN 82 (edeaH, = N-ethyldiethanolamine) (Fig. 73) [78].
These are isostructural to 17, [Cr'Dy,(OMe),(mdea),(hfacac)s], and
very close to the structure of [Col'Dy,(OR)x(L)s(acac)s(NOs),], with
L = teaH?~ and R = Me 68, L = teaH?>~ and R = H 69 and L = mdea?~
and R = Me 70 and [CoY'Dy,(OH),("Budea),(acac),(NOs),] 71.

Dc magnetic susceptibility measurements on complexes 80-82
show similar behavior to those of the previously discussed ana-
logues 68-71. Compound 80 displays classic SMM behavior with
two Orbach relaxation processes of Uesl = 71 K (49.3 em™') and
To = 2.7 x 1077 s at high temperature and Ug2 = 45 K
(313 cm ') and 1 = 3.2 x 1077 s at low temperature (Fig. 74).
The QTM for the slower relaxation process was fitted separately
with a value of 7.6 x 102 s (see Table 8). The two processes could
be due to the presence of two crystallographically unique struc-
tural species. Compound 81 shows also typical SMM behavior with
a barrier of 27 K (18.8 cm™') under zero dc field and displays a sin-
gle process. Complex 81 shows fast QTM below 3 K, which can be
significantly reduced by applied an optimal dc field evidenced by
the height increase of energy barrier (27 K (18.8 cm™!)) at zero
dc field and 38 K (26.4 cm™!) at 500 Oe dc field. Compound 82 is

Fig. 71. Molecular structures of 77 [Co}'Dy,(OMe),(dea),(0,CPh)4(MeOH)4](NOs), (a), 78 [Coi'Dy, (OMe),(mdea),(0,CPh)4(NOs),] (b) and [Co}'Dy,(OMe),("Budea),(0,CPh),
(MeOH)4](NO3),-0.5MeOH-H-0, 79a plus [Co}'Dy 5(OMe),("Budea),(0,CPh)4(MeOH ),(NO;),]-MeOH-1.5H,0, 79b (c).
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Fig. 74. Plots of ¢ vs v (a) and plots of In(t) vs T ! (b) for compound 81. (b inset) Cole-Cole plots of 81 at temperatures range 2-10 K. The solid lines are fits of the
experimental data using a generalized Debye model. Reprinted with permission from [78]. Copyright (2015) The Royal Society of Chemistry.

a field-induced SMM with Ugy = 16 K (11.1 cm™!) under applied
optimal field of 1000 Oe.

Different dynamic behavior is seen for 80-82 depending on the
aminopolyalcohol ligand used with the heights of the energy
barriers following the trend teaH?~ > "Budea®~ > edea®". For 67
[CoM'Dy,(OMe),(teaH ) (acac)4(NOs);] and 69 [CoY'Dy,(OMe),
(mdea),(acac)4(NOs)2] 69 has the larger Uy s value suggesting an
overall trend of mdea®~ > teaH?~ > "Budea®~ > edea®~ in these sys-
tems. It was also found that swapping the two 13-OH™ (68) with two
H3-OMe™ groups (69) had no significant effect on the relaxation
dynamics.

Another interesting comparison is gauging the effect of the
chelating anions coordinated to the Ln™ ions. The comparison
of [CoY'Dy,(OH),("Budea),(acac),(NOs),] 71 (NO3/NO3) with

[CoY'Dy,(OH),("Budea)y(acac)s] 81 (acac /acac™) and [CoY'Dy,
(OMe),(teaH),(acac)4(NOs),] 67 (NO3/acac™) with [Col'Dy,(OH),
(teaH),(acac)s] 80 (acac™/acac™) reveals huge differences in dynamic
magnetic behaviors, e.g. Fig. 66 for 71 vs Fig. 74 for 81 arising from
the subtle changes in the ligand field around the Ln™ ion. These
results show that here the most important consideration for
modulating the dynamic properties is the choice of the coordinated
anion. It also reveals that the U, value can be tuned by
selection of the organic R group on the bridging aminopolyalcohol
ligand.

The differences in the dynamic properties of the complexes 80-
82 and the related complexes 67-69, compared with those of 71
have been shown to originate from the presence of acac™ ligands
in 67-69 and 80-82 and their absence in 71. Further possible

Fig. 75. Molecular structures of 83 [Co}'Dy,(OMe),(0-Cl-PhCO,)4("Budea),(NOs),] (a), 84 [Coy'Dy, (OMe),(p-‘Bu-PhCO,)4("Budea),(NO3)(MeOH);](NO3)-H,0-MeOH (b) and 85

[Co¥'Dy,(OMe)(OH)(0-CF5-PhCO,)4("Budea),(NO5),]-MeOH (c).



methods to improve and explore the influences on the SMM prop-
erties of the core unit could be to replace the bridging OMe™
ligands with differently substituted OR™ groups with and to test
the effect of adding various electron-donating or withdrawing
groups on the aminopolyalcohol.

Following on from previous work, Murray explored the proper-
ties of [CoY'Dy,(OMe),(0-Cl-PhCO,)4("Budea),(NO3),] 83, [Col'Dy,
(OMe),(p-"Bu-PhCO;)4("Budea),(NO3)(MeOH)3](NOs)-H,0-MeOH 84
and [CoY'Dy,(OMe)(OH)(0-CF3-PhCO,)4("Budea)>(NOs),]-MeOH 85
[43], in order to investigate the carboxylic acid and B-diketonate
ligands’ effect on the magnetic dynamics. Compounds 83 and 85
(Fig. 75) crystallize in the triclinic space group P-1 and are isostruc-
tural to [CoY'Dy,(OMe),(mdea),(0,CPh)4(NO3),] 78 with the differ-
ences that the mdea®~ in 78 is "Budea®~ for 83 and 85 and the
carboxylate is PhCOO~ for 78 and 0-CI-PhCOO~ for 83 and o-CFs-
PhCOO~ for 85) (Fig. 67). Compound 85 crystallizes in the mono-
clinic space group P2;/n. The difference for 85 lies in the terminal
ligands on the central Dy ions and the substituents on the bridging
benzoates. As shown in Fig. 75, Dy1 is coordinated by a chelating
nitrate and a MeOH ligand whereas Dy2 has two MeOH ligands.
Thus, the complex is a monocation with one nitrate counteranion
per cluster in the crystal lattice. All the Dy in this series are
eight-coordinate with distorted square antiprismatic geometries
and all the 1. s. Co™ ions are six-coordinate with octahedral geome-
tries (Table S8).

Ac susceptibility measurements for 83-85 reveal that all three
compounds are typical SMMs with barriers of 115.7 K
(804 cm™!) for 83, 110.6 K (76.9 cm™') for 84 and 126.8 K
(88.1 cm™!) for 85 (Fig. 76). Experimental results and theoretical
calculations on complexes 83 and 85 indicate that subtle chemical
changes can lead to a significant enhancement of the barrier
height. The differences can be attributed to the ortho-
substituents on the benzoate ligands (Cl, 83 versus CFs, 85), which
is consistent with the observations in the {Fel'Dy.} butterfly com-
plexes [42]. The effect of ortho-substituted groups on benzoate
ligands has also recently been highlighted by Murugesu and co-
workers, especially for electron withdrawing groups on ligands that
are directly coordinated to the Ln™ ion [80]. For compound 84, two
distinct relaxation processes are observed, which are ascribed to the
two different Dy ions with their two distinct coordination environ-
ments in terms of the terminal ligands. This leads to different low
lying electronic structures with their different relaxation timescales
confirmed by ab initio calculations.

More recently, the Murray group reported the [Col'Ln,(OH),(o-
Me-PhCO,)4(mdea),(NOs),] (Ln = Dy 86, Thb 87, Ho 88) butterfly clus-
ters (Fig. 77) [79]. This family contains relatives of the previously
reported {CoY'Ln,} butterfly compound 77 with R changed from H
to Me on the 13-OR group.

Dc magnetic susceptibility measurements reveal antiferromag-
netic exchange coupling between the two Ln™ ions for all three

Fig. 77. Molecular  structure  of [CoY'Ln,(OH),(0-Me-

PhCO,)4(mdea),(NO3),].

compound 86

complexes. Ac magnetic susceptibility measurements reveal classic
single-molecule magnet (SMM) behavior for complex 86 with
Uer=116.8 K (81.2 cm™ ") under zero dc field (Fig. 78). Complexes
87 and 88 exhibit field-induced SMM behavior, however only com-
pound 87 shows maxima with Ugy=49.2 K (34.2 cm™'). The relax-
ation processes can be fitted combining Orbach and QTM processes
for 86 (Table 8). The diamagnetic Co" ion effect on the magnetic
dynamic was probed via ab initio and DFT calculations. The results
strongly suggest that the Co™ ions are integral to the observation of
SMM behavior in these systems and in silico i. e. K* or Zn" in place
of diamagnetic Co" ions was found to increase the transverse ani-
sotropy of the ground state, leading to a significant QTM relaxation
process. Furthermore, the calculations also predict other diamag-
netic metal ions such as K* and Zn" in the place of diamagnetic Co™
can affect the relaxation behavior. The results indicate replacement
with these ions may yield better-performing SMMs with longer
relaxation times since their electrostatic charge polarizations are
larger than that for Co'™ ions. They are also ‘properly’ diamagnetic
with 4s° and 4s°3d° configurations rather than 4s°3d®. Low spin
Co™ also has accessible paramagnetic excited states with Pauli
magnetism. The local dipolar field of Dy" could easily be enough
to populate the excited states of Co'™.

Summary: Since the purpose of exploring replacement of para-
magnetic 3d ions with diamagnetic alternatives is to keep all the
other variables of the system the same in the two cases to be
compared, in this section on {Coj'Ln,} butterflies (Co™ is d° Ls

x4, em’ mot”’

{Co",Dy";}

Pose

01 ) 10 100 1000
vIHz

Fig. 76. Comparison of plots of " vs v for 83 (a), 84 (b) and 85 (c). Adopted with permission from [43]. Copyright (2015) American Chemical Society.
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and diamagnetic) we only compare the examples for ({Coi'Ln,} vs

{Cr¥'Ln,}) where this is the case. Specifically, we can compare the
magnetic behavior of 1 (Ueg =54 cm™! and 10 = 5.1 x 108 s) and
78 (U= 55 cm™' and 7o = 1.03 x 1077 s), 2 (Uer = 43.2 cm ™' and
To=23 x 1077 s) and 77 (Ugy = 72 cm ™! and 10 = 6.05 x 1078 5),
6 (Ugy=24cm 'and 79 = 1.2 x 1077 s) and 69 (Ugy = 26.4 cm ™!
and 1o = 2.6 x 107% s) (Table 8). Note that although compound
66b corresponds to compound 5, the presence of 66a in the lattice
makes direct comparison impossible and will not be discussed. All
the results indicate that the interactions between Cr'! and Dy ions
partly suppress the ZF-QTM leading to open hysteresis loops. As seen
in Table 9, ab initio calculations were performed by three different
groups. Compounds 66, 77-79 and 82 were analyzed using two
strongly anisotropic centers (Ising exchange) Lines model [81]. Anti-
ferromagnetic interactions dominate for these complexes. For com-
pounds 72 and 86-88, only an exchange Hamiltonian was
analyzed, which makes the comparison between these complexes
tricky and the magneto-structural correlations impossible. However,
it is obvious that the interaction between Dy ions plays an impor-
tant role in the SMM behavior.

3.3. Other M (diamagnetic)/4f systems

3.3.1. {MglLny} systems

The Winpenny group reported the Type I {MglLn,} butterfly
SMM compounds, ['PrNH-]5[MgiLn,(OH)x(Piv);o], (Ln = Dy 89 and
Er 90) (Fig. 79). [50] These crystallize in the monoclinic space group
P2;/c and are isostructural to compound 46 [Pr,NH,],
[Co3Dy(OH)y(Piv)so].

Ac susceptibility measurements indicate 89 is a typical SMM
under zero dc field with clear peaks in the out-of-phase suscepti-
bility (x”) (Fig. 80a and b) with Ugr=44 K and 19 = 7.8 x 107" s
(Fig. 80d). A fit to the Cole-Cole plots in the temperature range
1.8-9.5 K gives o parameters between 0.05 and 0.30 (Fig. 80c),
indicating a distribution of relaxation times. For 90 {Mg,Er,}, clear
peaks (Fig. 81a and b) could be observed with the optimal applied
dc field of 1000 Oe. An Arrhenius fit to the high-temperature range
gave Uy = 23 K and 1o = 6.6 x 1077s (Fig. 81d). Cole-Cole plots
show similar behavior to those for {MgiDy-}, with o = 0.035 at
higher temperatures increasing to o. = 0.2 at the lowest temperatures
(Fig. 81c). For these two complexes, the low temperature region is
dominated by QTM, which is typical for pure 4f based SMMs. No fur-
ther analysis of the non-linear part of the In (1) vs T~! plots was
undertaken in this study.

Summary: This system provides a Type I core example where
the central divalent 3d ions are replaced by diamagnetic Mg'.

Fig. 79. Molecular structure of compound 89 ['PrNH,],[Mg5Dy(OH),(Piv);o].

The Ln'" ions are thus more isolated through the deletion of the
paramagnetic M" and the Ln" single ion contribution can be seen.
This allows for an ordering of influence of the nature of the 3d ion
electron configuration to be assessed in terms of observed mag-
netic properties, backed up by ab initio and DFT calculations. The
ordering of the 3d ions d® > d® > d” (Ni", Cu", Co") was established
in terms of observation of maxima for the out-of-phase ac signals
for compounds 54, 56 and 46. Moreover, the Mn'" analogue also
shows SMM behavior which is better than that of the Ni, Cu"
and Co" analogues. However, since the ps-OH™ is replaced by
13-0%~ in this system, it is not possible to directly compare these
compounds. Probably the Mn™ h.s ion “adds value” through the
anisotropic contribution as a result of the axial J-T distortion.

In the case where Dy" ions replaced by Er'" in the {MglLn,} sys-
tem, the slow relaxation can only be analyzed under applied dc field.
The Dy"™-Dy" dipolar interaction is clearly ferromagnetic in 89
{MglDy,}, however in 90 {MgJEr,} the Er'"-Er'! interaction becomes
ambiguous.

3.3.2. {Al¥'Ln,} systems

Two {AlY'Ln,} butterfly SMMs, [AlY'Ln,(OH)y(pdea),(p-Me-
PhCO;)s], (Ln = Dy 91 and Er 92) with the Type I core were reported
by the Powell group [23,25]. Both compounds crystallize in the
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Fig. 82. Molecular structure of 91 [Al3'Dy,(OH ),(pdea),(p-Me-PhCO,)s].

monoclinic space group C2/c and have a similar core motif to that of
the previously reported {Fel'Ln,} Ln = Dy 37 or Er 38 coordination
clusters, and also similar to [Fel'Dy,(OH),(teaH),(p-Me-PhCO,)g]
36 with teaHs ligands of Type I. As shown in Fig. 82, for compound
91 the chelating alcohol arm of the triethanolamine ligand attached

to the Dy centers has been replaced by a picolyl group.

a) ) Hdc= 0 Oe +§5KK

35F :?f

3'5_ —T K
S 25F

£
© 2F
£ b
D45}
N L F
05F
0 =
10 100 1000
v/Hz

Dc susceptibility measurements indicate there is a weak dipolar
ferromagnetic interaction between the Dy™ ions indicated by ab
intio calculations (Table 9), which is in line with the Type I {Zn,-
Dy,} compounds 61-64. Ac susceptibility measurements reveal
classic SMM behavior under zero dc field with clear maxima
observed in the temperature and frequency dependent " data
(Fig. 83a) along with QTM. At temperatures above 6 K the relax-
ation data is roughly linear and can be analyzed using the Arrhe-
nius law (Fig. 83b) with a thermal energy barrier of Ues = 38.7 K
and 1o = 1.06 x 107® s under zero field (Table 8).

For compound 92, [AlY'Ero(OH),(pdea),(p-Me-PhCO-)s], dc sus-
ceptibility measurements indicate there is a weak dipolar antiferro-
magnetic interaction between the Er'' ions. Ac susceptibility
measurements require an applied dc field of 1000 Oe to give max-
ima. It is noteworthy that the plot of In(t) versus T~! (Fig. 84) shows
a crossover at ~4 K, which indicates the presence of dual relaxation
processes. A fit to the Arrhenius law, gives the effective energy
barriers of Uy = 4.54 K (19 = 4.85 x 1074 s) and Uer = 28.73 K
(to = 1.54 x 1075 s) for low- and high-temperature dynamics,
respectively. No further analysis of these data was performed for
91. Furthermore, under dc magnetic fields over 3000 Oe, both com-
pounds show at least two relaxation processes.

Summary: This system provides a Type I core example where
the central trivalent 3d ions are replaced by diamagnetic Al The
Dy"! ions are thus more isolated through the deletion of the para-
magnetic M™ and the Dy single ion contribution can be seen. This
allows for an ordering of influence of the nature of the trivalent 3d
ion electron configuration in the M = Cr, Mn 29, Fe 37 analogues
(IMY¥'Dy,(OH),(pdea)y(p-Me-PhCO,)s] to be assessed in terms of
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Fig. 83. Plots of % vs v (a) and plots of In (t) vs T ' (b) for 91 {Al3'Dy,} under zero dc field. Reprinted with permission from [25]. Copyright (2018) The Royal Society of
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observed magnetic properties, backed up by ab initio and DFT calcu-
lations (Tables 4 and 9). An ordering of the ions as d* > d° > d3 (Mn'",
Fe'", Cr'") was established in terms of observation of maxima for the
out-of-phase ac signals. Note that the isostructural Cr'" compound
does not show any slow relaxation of the magnetization. Again the
Mn" h.s ion also provides added value through a contribution to
the overall anisotropy as a result of the axial J-T distortion.

Furthermore, in this system, in the case where Dy" ions are
replaced by Er'" the slow relaxation can only be analyzed under
applied dc field. The Dy"-Dy" dipolar interaction is clearly ferro-
magnetic in 91 {AlY'Dy,}, but in 92 {AlYEr,} the nature of the Er'-
Er'" interaction becomes ambiguous as was also observed in the
{MgiLn} system (Ln = Dy 89 and Er 90).

As shown in Table 8, for the energy barrier for the {M,Ln,}
M = diamagnetic ions system, it is possible to see the ranking of Ueg
for all complexes with a wide range between 10 and 117.5 cm™".
However, for most of the results, the dynamic magnetic data have
been analyzed using only the Orbach process. It should be noted
that firstly, fitting the data to a straight line can lead to errors
[35]. Secondly, recent studies on relaxation processes indicate
the additional relaxation mechanisms, especially the Raman pro-
cess [34,82-84], can affect the energy barrier. Thus, the energy bar-
riers for most of the reported complexes showing multiple
relaxation processes but only fitted using the Orbach process are
not accurate. More detailed study of relaxation mechanisms for
the multiple relaxation process systems must be done.

Table 10
Summary of the available paramagnetic and diamagnetic analogues for 3d/4f butterflies.
Space Applied dc Relaxation process Ref
group Field/ Oe Orbach Raman direct QTM

Uere/K (cm ") To/S

[Cr¥'Dy,(OMe),(mdea), (0,CPh)4(NOs),] 1 P2,/n 0 77 51x10 8 - - - [32]
(ca. 54)

[CoY'Dy,(OMe),(mdea), (0,CPh)4(NO5),] 78 P2/n 0 79.1 1.03x 10 7 + + 0.2 [77]
(55)

[CrY'Dy,(OMe),(mdea), (acac)4(NOs),] 6 P-1 0 34.6 12x107 - - - [36]
(24)

[CoY'Dy,(OMe),(mdea), (acac)s(NO3),] 69 P-1 0 38 26 x10 © + + 25x10 3 [72]
(26.4)

[CrY'Dy,(OMe),(edea), (acac)4(NOs),] 7 P-1 0 41.6 92 x 10 8 - - - [36]
(29)

[Cri'Dy,(OMe),("Budea), (acac)4(NOs),] 8 P-1 0 375 31x107 - - - [36]
(26)

[Co¥'Dy,(OMe)y(teaH), (acac)s(NOs),] 67 p-1 0 27 81x10°6 + + 58 x 10 4 [72]
(18.8)

[CoY'Dy,(OH),(teaH), (acac)4(NO3),] 68 P2,/c 0 28 74 x10 6 + + 58 x 10 4 [72]
(19.5)

[MnYDy,(L2)4(NO5), (DMF),] 20 P-1 0 11* 1% 10 8 - - - [45]
(7.6)

[CoUDy,(L2)4(NO3), (DMF),] 45 P-1 0 88.8 229 %10 6 C=0.301 - 1000 [45]
(61.7) 2.67 x 10 ¢ n=3.16
125.1€
(86.8)

[ZnYDy,(L2)4(NO5), (MeOH),] 60 p-1 0 115 235x10 6 C=0.116 - 92x 103 [45]
(79.9) n=326

[CoYDy,(L1)4(NO5), (MeOH),] 43 P2,/c 0 17.9 23 x 10 % and - - - [60]
(12.4) 92 x 10 7
104.8
(72.8)

[NiYDy,(L1)4(NO3); (MeOH),] 48 P2,/c 0 213 15 % 10 © - - - [61]
(14.8)

4000 285 28 x10 © - - -

(19.8)

[Zn4Dy»(L1)4(NO3), (MeOH),] 59 p-1 0 140.4 14x107 C=21x102 - 1.50 x 10 2 [60]
(97.6) n=41

[EtsNH]o[Mn}'Dy,(0), (piv)10] 28 P-1 0 29 46 x 10 © + + + [50]
(20.2)

['PryNH;]5[Co4Dy,(OH), (Piv)io] 46 P-1 0 - - - - - [50]

[EtsNH,]o[NiJDy,(OH), (Piv);o] 54 /e 0 20 6x107 + + + [50]
(13.9)

[’:PerHz]zlculleﬁ(OH)z (Piv)0] 56 P-1 - - - - - - [50]

['PryNH,]5[MghiDy,(OH); (Piv);o] 89 P2,/c 0 44 7.8 x10 7 + + + [50]
(30.6)

[CrY'Dy,(OH),(pdea), C2/c 0 - - - - - [24]

(p-Me-PhCO0,)s]"

[MnY'Dy,(OH),(pdea), (p-Me-PhCO,)s] 29 P-1 0 19.32 5.64 x 10 & - - - [24]
(13.4)

[FeY'Dy,(OH)y(pdea), (p-Me-PhCO,)s] 37 c2/c 1000 24.0 171 x 10 7 - - - [25]
(16.7)

[AY'Dy,(OH),(pdea), (p-Me-PhCO,)s] 91 p-1 0 38.7 1.06 x 10 © + + + [25]
(26.9)

1000 41.5 9.95 x 10 7 + + +

(28.8)

Lattice solvent molecules are not listed. + Means multiple relaxation processes were observed but not analyzed. - means multiple relaxation processes were not observed. €
fitted only Orbach process. # means related compound for comparison. * means the energy barriers obtained by fitting the equation bellow:

In(y"/yx) = In(wtg) 4+ Uer /KeT (eqn 3).



Finally, it might be instructive to try to draw direct compar-
isons between systems with paramagnetic 3d metal ions for
which there are physical diamagnetic analogues. Candidates for
such a comparison are given in Table 10. In particular, for the
analogues with Cr'" replaced by low spin Co', the reported
energy barriers are rather similar and only small contributions
to the QTM are observed for the Co™ cases. When diamagnetic
ions with full shells of 3d electrons or else no 3d electrons are
used, there is an overall trend in increasing relaxation pathways
compared with their paramagnetic analogues. Particularly note-
worthy are the Co" butterflies which can be analyzed satisfacto-
rily in terms of two Orbach processes, whereas the Zn" cases
show clear QTM in the low temperature regime. This suggests
that both diamagnetic 1.s. Co™ and paramagnetic Co" are effective
in reducing fast and multiple relaxation processes of Dy ions
and in forcing the system to surmount rather than short-circuit
the overall energy barrier. Put colloquially, travelling by train
from Northern Europe to, for example, Italy, is significantly easier
if the option of “going over the top” has alternative tunnel routes
through the Alpine barrier at lower energies.

4. Conclusion and perspective

Research into 3d-4f coordination clusters has seen rapid devel-
opment in the past 15 years with the research on SMM examples
progressing extensively since the first examples were identified
in 2004. Although the synthesis of a wide range of 3d-4f complexes
has been explored, enlarging the database of structural topologies
as well as new magnetic materials, it remains a significant chal-
lenge to understand the magnetic properties of 3d-4f complexes.
This relies on quantifying both the exchange and dipolar interac-
tions between 3d and 4f ions. With improved computational facil-
ities as well as improved understanding of how to handle
evaluation of the static and dynamic magnetic properties, it is
becoming increasingly helpful to support physical analysis with
high level calculations to model the observed magnetic behavior.
This also opens the possibility to propose magnetostructural
correlations.

In present this review of 3d-4f butterflies SMMs reported prior
to July 2019, we have surveyed the variation of both 3d and 4fions
as well as their position within the butterfly. The magnetic proper-
ties of 3d-4f complexes are largely dominated by the nature of
metal ions as well as the symmetry of the ligand field, which in
turn is tuned by the precise molecular geometry. Through conduct-
ing this review on the restricted set of 3d-4f butterflies where the
core motif is always {M,Ln,(,-0)4(3-OR),}, in which the position
of M and Ln can be swapped between body and wing-tip positions,
it is possible to draw some general conclusions regarding the state-
of-the-art:

a) The coordination environments around the metal ions, the
alignments of uniaxial-anisotropy axes, such as the Ising
axes of Ln'" ions and ]-T axes of Mn'" ions, and the exchange
coupling between metal centers are the key tuning handles
for the magnetic properties.

b) For most 3d-4f SMMs, the primary contribution to the slow
relaxation of the magnetization is from highly anisotropic
Ln" ions. The direction of the easy axis of magnetization
may not necessarily coincide with the obvious molecular
symmetry axis. The 3d-4f interaction can also play a key role
in suppressing QTM.

c) Up to now, it has proved more challenging to exert the high
degree of control over local ion coordination geometry
which has been achieved for the 3d-SMMs and 4f-SMMs
within the 3d-4f systems.

d) It was found that in the Type I 3d-4f butterfly systems (Ln in
wingtips) simple substitutions around the Dy™ ions have lit-
tle influence on the barrier height. This is in contrast to the
Type II {Co'Dy,} complexes (Ln in body), in which the nature
of the slow magnetic relaxation is a consequence of the single-
ion Dy anisotropy being influenced by subtle changes to the
ligand field.

e) Introducing electron withdrawing groups in the butterfly
system can help in enhancing the magnetic properties, such
as increasing the barrier height to magnetization reversal.

f) The 3d paramagnetic metal ions play an important role in
determining the resulting static and dynamic magnetic
properties. From ab initio calculations deleting the 3d contri-
bution using diamagnetic metal ions can reduce QTM in
favorable cases.

g) Clearly, the role of magnetic exchange and dipolar interac-
tions between metal centers in 3d-4f SMMs should be fur-
ther studied both experimentally and theoretically.

In conclusion, the magnetism of 3d-4f complexes is so compli-
cated that even in a low nuclearity motif it is still challenge to gain
a clear understanding of the magnetic properties. In particular, the
magnetic interactions between 3d and 4f ions seems to be a key
component for steering the resulting magnetic behavior. Analyzing
this is made challenging as a result of the combination of 3d ions,
where orbital contributions are mostly quenched, with 4f ions,
where the large orbital and therefore spin-orbit coupling contribu-
tions become a dominant factor. With the continuous developing
of sophisticated physical measurements and computational meth-
ods, the perspective is to gain a deeper understanding of the mag-
netic properties of 3d-4f SMMs which could be expected in the near
future. Meanwhile, it is still necessary to gather physical data on
new examples to identify the factors leading to enhanced magnetic
properties as well to establish magneto-structural correlations in
these fascinating systems.
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