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Structure, Magnetism and Theory of a Family of Nonanuclear Cu";Ln"™ -
Triethanolamine Clusters Displaying Single-Molecule Magnet Behaviour
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Liviu F. Chibotaru, and Keith S. Murray*

Abstract: Synthesis, crystal structures
and magnetic studies are reported for
four new heterometallic Cu"™-Ln™ clus-
ters. The reaction of Cu(NO;),:3H,0
with triethanolamine (teaHs), pivalic
acid, triethylamine and Ln(NO;);-6H,O
(Ln=Gd, Tb, Dy and Ho) results in
the formation of four isostructural non-
anuclear complexes of general formula
[Cu'sLn",0,(teaH),{O,CC(CH;)5},-
(NO;),(OMe),]-2MeOH-2Et,0

(4)]. The metal core of each cluster is
made up of four face- and vertex-shar-
ing tetrahedral units. Solid-state DC
magnetic susceptibility studies reveal
competing anti- and ferromagnetic in-
teractions within each cluster leading
to large-spin ground states for 1-4.
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Solid-state AC magnetic susceptibility
studies show frequency-dependent out-
of-phase (y},) signals for 2—4 below
4K, suggestive of single-molecule
magnet behaviour. Ab initio calcula-
tions on one of the anisotropic exam-
ples (3) provided a rare set of J values
for Dy-Cu and Cu—Cu exchange inter-
actions (Dy-Dy zero), some ferro- and
some antiferromagnetic in character,
that explain its magnetic behaviour.

[Lhn=Gd (1), Tb (2), Dy (3) and Ho

Introduction

The search for new single-molecule magnets (SMMs)!'! has
led to an exponential growth of polynuclear metal clusters,
in which single-molecule magnetic properties are often ob-
served. SMMs derive their properties from having a large
ground spin state (S) with a sufficiently large magnetic ani-
sotropy due to a negative axial zero-field splitting (D). This
leads to an appreciable barrier (U.;=5?|D|) for magnetiza-
tion reversal and thus at sufficiently low temperatures these
clusters will act as nanoscale magnets. These observations
have led chemists to search for a variety of synthetic strat-
egies to obtain various types of metal clusters with the
above parameters. The main route to SMMs thus far has
been the isolation of homo- and mixed-valent manganese
clusters, usually derived from treatment of simple mono- or
polynuclear building blocks with various bridging ligands.”!
This self-assembly technique has also been successfully used
to isolate SMMs with other 3d transition metals, such as
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iron,” cobalt™ and nickel®™ and has also been extended to
heterometallic Mn-3d clusters.®! The largest energy barrier
found for transition-metal clusters obtained by this method
is that of a Mn"; compound with a barrier to magnetisation
reversal of U,;=86.4 K.l More recently SMM behaviour
had also been observed in various lanthanide clusters, as
well as in clusters composed of a combination of 3d and 4f
ions.’) The use of lanthanide ions in cluster formation has
led to reports of increased anisotropy barriers, observed for
Dy, Dy, and Dy'"™ compounds, with U, values of
170, 173 and 200(10) K, respectively. This promising obser-
vation of improved U, values for pure Ln clusters may also
translate to heterometallic 3d—4f systems, in which one can
exploit the large spin and anisotropy of the transition-metal
and lanthanide ions, respectively.

A sub-area of 3d—4f cluster chemistry uses Cu" with the
more anisotropic lanthanides (Tb, Dy and Ho), which can
give rise to an Ising-type magnetoanisotropy needed for
SMM behaviour. This chemistry was initially developed
from the observation that the magnetic interactions between
Cu" ions and isotropic Gd™ ions were often ferromagnet-
ic"l giving rise to clusters with large-spin (S) ground states.
This led to studies by Kahn et al.,'? for example, that con-
cluded that the Cu"™-Tb™ and Cu"™-Dy™ interactions, albeit
weak in magnitude, were also generally ferromagnetic,
whereas the Cu"-Ho™ interaction has been found to be
either anti- or ferromagnetic. The orbital contribution and
ligand-field effects present with the Tb™, Dy™ and Ho™
ions, however, complicate the theoretical analysis of the var-
iable-temperature (and -field) magnetic susceptibilities and
this still poses a problem in this area of spin-coupled cluster
chemistry. A simple magnetic analysis could be obtained in

@WILEY g

ONLINE LIBRARY

9209



CHEMISTRY

A EUROPEAN JOURNAL

some cases, as in the work by Kahn et al.l'” utilizing diamag-
netic ions in place of the copper ions, which allowed the
sign of the exchange interaction to be determined. This was
done by comparing the magnetic properties of isostructural
Ln"™-Cu" and Ln™-Zn" compounds, in which the deviation
in the magnetic susceptibility in the Zn" case is due to popu-
lation of the Ln™ Stark energy levels. Transferring this infor-
mation to the magnetic properties of the Ln™-Cu" com-
pound may result in the determination of the Cu-Ln inter-
action.

More rigorous fitting of magnetic data for 3d—4f combina-
tions in dinuclear family [Ln™Cu"(sal)(NO;),(L)(MeOH)]
(Ln" =Tb, Dy, Ho, Er; sal” =salicylaldehydato; L= vanillin-
derived Schiff base chelate)!'®! utilised a Hamiltonian con-
taining isotropic spin-spin interactions, Zeeman splitting
and ligand-field terms of type BY, B and B to calculate the
ground J, Ln™ Stark multiplets and obtain J,, from the
splitting of the lowest level (ca. —25 K). Crystallites of these
easy-axis materials were oriented in the DC field so that
anisotropy in the observed y\T values allowed the ligand-
field parameters to be delineated.

Several other types of heterometallic Cu™-Ln™ clusters
are known. Early work by Winpenny et al.," for example,
produced a number of Cu"-Ln"™ compounds with pyrido-
nate ligands, whereas SMMs were recently reported for di-
nuclear CuTb,***¥ trinuclear CuDy,™! and several tetranu-
clear Cu,Ln, (Ln=Dy and Tb) compounds."® Larger clus-
ters such as CuDy,'! {Cu;Dy;),™ CuDy,™ and
Cu,, Dy also display SMM behaviour. It is therefore ap-
parent that heterometallic Cu-Ln clusters display SMM be-
haviour due to a combination of large-spin ground states,
which are often observed, and a large anisotropy derived
from the lanthanide ions. Although there are other exam-
ples of non-SMM Cu-Ln clusters,”!! this area of chemistry
has not been researched as extensively as other cluster
types, with only a limited analysis performed on the magnet-
ic data for many of these compounds.

We have recently been investigating the potential of the
polydentate ligand triethanolamine (teaH;) to form polynuc-
lear 3d transition-metal® M*#1 and lJanthanide-only clus-
ters,® and have now extended such studies into Cu-Ln sys-
tems. During our previous work with teaH;, we showed that
the cluster topology is highly dependent on the co-ligand
used®! and here we have chosen pivalic acid as the co-
ligand. We report the synthesis and magnetic properties of
four isostructural Cu-Ln clusters of general formula
[Cu™sLn™,0,(teaH),{O,CC(CH;);},(NO;),(OMe),]-
2MeOH-2Et,0 [Ln=Gd (1), Tb (2), Dy (3) and Ho (4)].
These compounds display new, attractive cluster structures
and interesting magnetic features. Detailed ab initio calcula-
tions on Cu'sDy™, cluster 3, using methods and programs
recently described for SMM clusters such as [Cr'™,Dy™,(u,-
OH),(u-N3),(mdea),(piv),]-3 CH,Cl, (mdea=methyldietha-
nolamine dianion, piv=pivalate),” yielded a set of isotrop-
ic coupling constants for Dy—Cu and Cu—Cu pathways that
simulate well the susceptibility data. In a separate collabora-
tion, Cu—Gd compound (1) has been shown to have a record
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value for the magnetocaloric effect (MCE) at low tempera-
tures, compared to other spin-coupled molecular clusters.!

Results and Discussion

Structural descriptions: [Cu";Ln",0,(teaH),{O,CC(CH,),},-
(NO3)4(OMe),]-2MeOH-2Et,0 [Ln=Gd (1), Tb (2), Dy (3)
and Ho (4)]. Compounds 1, 2, 3 and 4 (Figure 1) crystallize
in the triclinic space group P1 (Table 1) with the asymmetric
unit containing half the cluster, which lies upon an inversion
centre. Each complex is isostructural and contains five Cu"
(Cul—-Cu3 and symmetry equivalents) and four Ln"™ (Ln1,
Ln2 and symmetry equivalents) ions. Compounds 1-4 have

Figure 1. Weblab viewer representation of 1-4. Cu": grey balls; Ln":
black balls.

a planar arrangement of Cu" ions, which form a bow-tie ar-
rangement, with the four Ln" ions forming a rectangle that
lies above and below the plane of the Cu" ions (Figure 2,
left). Overall this affords a metal core of four face- and
vertex-sharing tetrahedral units (Figure 2, right). The aver-
age Ln-Ln distances in 1-4 are 3.71 and 5.26 A (Lnl--Ln2
and Lnl--Ln2’, respectively, and their symmetry equiva-
lents). The average Cu--Ln distances between the outer Cu"
sites (Cu2 and Cu3 and symmetry equivalents) and the Ln™
ions is 3.29 A, whereas the distance of the central Cu® ion
to the Ln' ions is 3.22 A. The average Cu--Cu distance be-
tween the outer Cu' sites is 3.114 A, whereas the average
central-to-outer Cu-Cu distance is 3.46 A. The metal core
observed in 1-4 is similar to those of previously reported
Ln,Cu complexes (Ln=Nd, Gd and Dy) in which a single
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Table 1. Crystallographic data for complexes 1-4.

FULL PAPER

bonds through the N atom to

1 2 3 4 one of Cu2, Cu3, Cu2a and
formula® CusGdyCysHy1O3sNg - CusThbyCusHiygO3Ng - CusDy,CogHipO3Ng  CusHo CogHyipOssNg Cu3a and bridges through two
M, [gmol™'] 2354.16 2360.82 2375.14 2384.88 w-O atoms from a outer Cu"
crystal system triclinic triclinic triclinic triclinic ion to a Ln™ ion. The non-
space group P1 Pl Pl P1 b .

¢ onding alcohol arms on the
a[A] 11.050(2) 11.0443(4) 11.080(2) 11.087(2) & > 5 .
b[A] 13.830(3) 13.8090(5) 13.820(3) 13.803(3) four teaH™" ligands remain pro-
c[A] 14.030(3) 14.0113(5) 13.990(3) 13.985(3) tonated. Two of them lie in an
al] 78.80(3) 78.935(2) 78.90(3) 78.94(3) axial position above the outer
B 83.81(3) 83.743(2) 84.10(3) 84.10(3) Cu" ions and form hydrogen
7 [°] 69.28(3) 69.405(2) 69.04(3) 69.05(3) i
VA 1965.4(8) 1961.12(12) 1961.7(7) 1960.3(7) bonds to MeOH solvent mole
T[K] 100(2) 123(2) 100(2) 100(2) cules. The remaining two arms
z 1 1 1 1 form intermolecular hydrogen
P[cslncda[gcm%] 1.989 1.999 2.011 2.020 bonds to nitrate ions of adja-
APTTA] 0.71082 0.71073 0.77512 0.71253 .

cent clusters, generating 1D

data measured 12139 27457 21274 24425 . 8 g
indep reflns 7056 8661 5521 6300 inter-cluster  hydrogen-bonded
R, 0.0315 0.0393 0.0456 0.1413 chains (Figure 3). The four ter-
reflns with 7>20([) 6876 6995 5520 6093 minal nitrate ions each chelate
paia@eiers 377 3;7 287 226 one of the four Ln™ ions. For
restraints m
R1E R 0.0398, 0.099 0.045,0.1 0.039, 0.1083 0.0645, 0.1685 1-4 the central Cu 1on]](§u1)
GOF 1132 1.087 1.041 1.080 and the outer four Cu" ions
largest residuals 1.09, —1.331 1.539, —1.09 1.49, —1.53 1.53, -1.74 (Cu2, Cu3 and symmetry equiv-
[eA7] alents) are four-coordinate with

[a] Including molecules of solvation. [b] Graphite monochromator. [c] R1=X||F,|—|F.||/Z|F,|, wR2=

{Zw(F - FVEw(FY ™

Figure 2. Right: The face- and vertex-sharing tetrahedral core and left:
the rectangle within a bow tie of 1-4. Cu": grey balls; Ln"": black balls.

central Cu" site is surrounded by a rectangular array of Ln™

ions.'” In that study, the magnetic behaviour of each Ln,Cu
core revealed large-spin ground states, and SMM behaviour
was found for the Dy case.!'””

The magnetic skeletons of 1-4 are stabilized primarily by
two us-oxido ligands, which bond to all ions in the cluster
and by four methoxide ligands, which display two modes of
bonding. Two adopt a W, bonding mode and bridge Lnl to
Ln2 (and symmetry-equivalent ions) across a rectangular
edge, whereas two [3;-MeO~ ligands bridge Lnl to Ln2 (and
to the symmetry-equivalent ions) and to the central Cu" ion
(Cul). The clusters are further stabilized around the periph-
ery by bridging pivalate and doubly deprotonated trietha-
nolamine (teaH?") ligands, as well as by terminal nitrate
ions. The two pivalate ligands bridge Lnl and Ln2 (and sym-
metry equivalents) in the usual syn,syn mode. In 3 and 4 the
(CH;); group is disordered over two positions. The four
teaH?" ligands adopt a p;:n*m*m'm° mode of bonding; each
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square-planar geometries. At
these sites there are also addi-

Figure 3. Inter-cluster hydrogen-bonding interactions (dashed lines) form-
ing 1D chains in 1-4.

tional long (axial) contacts present within each cluster. Cul
has two long axial contacts through the two p,-methoxide li-
gands, with an average distance of 2.67 A (for 1-4). Cu2 has
one long contact to a non-bonded O atom of a teaH*"
ligand, whereas Cu3 also has a long contact to the same
atom, with average Cu--O distances of 2.74 and 2.44 A, re-
spectively (for 1-4). The average Cu—L bond length
(square-planar) for 1-4, is 1.94, 1.94, 1.95 and 1.94 A, re-
spectively. Each Ln'" site is eight-coordinate with distorted
square-antiprismatic geometry and average bond lengths of
2.40, 239, 2.38 and 2.37 A for 1-4, respectively. Selected
bond lengths for 1-4 are given in Table 2.

We also attempted to incorporate divalent ions such as
Zn" or Ni"" (square planar) in the place of the Cu" ions as
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Table 2. Selected distances [A] for 1-4.1

1 (CusGd,) 2 (CusTb,) 3 (CusDyy) 4 (CusHo,)
Cul-01 1.964(4) 1.949(5) 1.943(4) 1.939(5)
Cul-Or’ 1.964(4) 1.949(5) 1.943(4) 1.939(5)
Cul-02 1.978(4) 1.973(5) 1.973(4) 1.976(6)
Cul-02’ 1.978(4) 1.973(5) 1.973(4) 1.976(6)
Cu2-016  1.910(5) 1.899(5) 1.908(5) 1.903(6)
Cu2-015  1.907(5) 1.911(5) 1.913(5) 1.912(6)
Cu2-01 1.932(4) 1.941(5) 1.927(5) 1.930(5)
Cu2—N4 1.997(6) 1.981(6) 1.999(6) 2.001(8)
Cu3-0O14  1914(4) 1.911(5) 1.914(5) 1.907(6)
Cu3-012  1.920(4) 1.917(5) 1.929(5) 1.928(6)
Cu3-01 1.945(4) 1.932(5) 1.940(4) 1.930(5)
Cu3-N3 2.009(5) 2.010(6) 2.008(6) 1.999(8)
Lnl-0O15'  2.254(5) 2.236(5) 2222(5) 2.218(6)
Lnl-014'  2.260(5) 2.243(5) 2.254(5) 2.231(6)
Ln1-03 2.305(5) 2.274(5) 2.269(5) 2.267(6)
Ln1-07 2.306(5) 2.310(5) 2.293(5) 2.289(6)
Lnl-02 2.422(4) 2.406(5) 2.402(5) 2.384(6)
Ln1-04 2.528(5) 2.511(5) 2.506(5) 2.491(6)
Lnl-O1’ 2.557(4) 2.545(5) 2.553(4) 2.539(5)
Ln1-05S 2.574(4) 2.563(5) 2.554(5) 2.531(6)
Ln2-012  2249(5) 2.235(5) 2215(5) 2.209(6)
Ln2-016  2.258(5) 2.247(5) 2.245(5) 2.235(7)
Ln2-03 2.305(4) 2.293(5) 2275(5) 2.269(6)
Ln2-08 2361(6) 2.340(5) 2.338(5) 2.307(6)
Ln2-02 2.428(4) 2.417(5) 2.402(5) 2.384(6)
Ln2-010  2.501(5) 2.487(5) 2.484(5) 2.471(6)
Ln2-09 2.499(5) 2.490(6) 2.482(6) 2.463(7)
Ln2-01 2.726(4) 2.719(5) 2.708(4) 2.709(5)

[a] Symmetry transformation: ' —x, 1—y, 1—z.

diamagnetic “blanks”, but were not successful, despite many
attempts. The anisotropic lanthanide systems 2-4 complicate
the theoretical description of the system and make it com-
putationally much more difficult to simultaneously deter-
mine the nature and magnitude of the Cu—Cu, Ln-Ln and
Cu-Ln exchange coupling. Replacement with the above ions
would have allowed us to independently identify the mag-
netic behaviour of the Ln"™ ion and potentially the nature of
the coupling to the Cu" ions. Likewise, we attempted to re-
place the Ln™ ions with a diamagnetic ion such as Y™ in
order to elucidate the Cu--Cu magnetic interactions, again
without success.

Magnetic susceptibility data: Solid-state DC magnetic sus-
ceptibility data were collected on 1-4 in fields of 0.01, 0.1
and 1T over the temperature range of 2-300 K, with the
samples contained in Vaseline mulls to prevent torquing of
crystallites due to magnetic anisotropy. Plots of y\7 versus
T are shown in Figure 4 for the approximately 0.01 T (low
temperature) and 1T (high temperature) data. The yuT
versus 7T plots for 1-4 in fields of about 0.01, 0.1, and 1 T are
shown in Figures S1-S4 of the Supporting Information. All
plots display field dependence below about 20 K and this
can be explained by the effects of Zeeman interactions due
to low-lying excited states, which is a frequently encoun-
tered situation in molecules containing a high percentage of
Ln"™ ions. In essence, it arises as a result of weak exchange
interactions of typically J<1cm™, thus leading to the
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Figure 4. Plots of yyT vs. T for 1 (CusGd,), 2 (CusTb,), 3 (CusDy,) and 4
(CusHo,) in a DC field of about 0.01 T (2-70 K) and 1 T (70-300 K). The
solid lines are a guide for the eye.

energy separations being very small. It can therefore be as-
sumed that the ground states of 1-4 are very likely near in
energy to many other excited spin states.

Compound 1 has a room-temperature x,7 value of
33.00 cm® K mol ™!, which is in good agreement with that ex-
pected for five uncoupled Cu" ions (S='/, g=2) and four
Gd™ ions (S=754, g=2) of 33.33 cm*mol 'K. As the temper-
ature is decreased the y\7 value remains constant down to
about 30 K. It then increases significantly, at the lowest tem-
peratures and lowest fields measured, to a value of
48.58 cm’mol ' K, which indicates that ferromagnetic path-
ways may be present. The magnetization measurements at
2K and 5T for 1 (Figure S5 in the Supporting Information)
shows a near-saturation value of 31.28 Nf. This is lower than
the expected value of 33N if all the ions were ferromagnet-
ically coupled. The value observed may indicate a possible
S=31/, ground state, which would suggest that not all inter-
actions are ferromagnetic. Qualitatively, one may be able to
rationalize a ground state of S=31/ if the central Cu" is
strongly antiferromagnetically coupled to the outer Cu sites
in the bow tie (Figure2). This may occur, as the Cu-
(central)-O-Cu(outer) interaction with average bond angle
of about 126° will likely be antiferromagnetic and stronger
than the outer Cu-O-Cu interactions (average angle of
107°), forcing the four Cu sites to align parallel to each
other. The Cu--Gd interactions between the outer Cu ions
and the Gd ions is then ferromagnetic, which has been
noted for a number of Gd and Cu ions bridged by two O
atoms. The Cu--Gd interaction is likely to be weak as is nor-
mally expected for exchange with Ln™ ions. This may lead
to the §=31/ ground state, but will most likely lead to a sit-
uation in which lots of energy levels are close in energy,
with no well-defined ground state, as observed with no clear
saturation in the y\ 7 versus T plot. Our quantitative analy-
sis (see below) did not, however, agree with the above S=
31/, hypothesis.

Fitting of the experimental data was attempted by using
the MAGPACKP package with the H=—%/,S,S;, Hamilto-
nian augmented by a least-squares fitting routine, with a
five-J model for the interactions as specified in Table 3 and
using the numbering scheme shown in Figure 5.

Chem. Eur. J. 2011, 17, 9209-9218
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Table 3. Exchange interactions considered for 1.

Interacting ions Parameter Interacting pairs

Gd-Cu Ji 1-5,2-5,3-5,4-5

Gd-Cu Jy 1-8, 1-9, 2-6, 2-7, 3-6, 3-7, 4-8, 4-9
Cu—Cu J, 5-6, 5-7,5-8, 5-9

Cu—Cu J; 67,89

Gd-Gd J, 1-2,3-4

Figure 5. Structural model of the Cu'’;Ln", core. Numbers 1-4 represent
the Ln"™ jons, and 5-9 the Cu" ions.

Although many fits could be found to reproduce the
rather featureless yy7 versus T plot, the values below were
the only ones which also reproduced the M versus H data of
1 at 2 K. The fits of yy7T versus T and the isothermal M
versus H data at 2 K are shown in Figure 6. The following

50
48
46
44
42
40
38
36
34 s

=
=

xmT (em® mol! K)

£

Magnetization (Nf)

0 1 2 3 4 5
Field (T)

Figure 6. a) yuT vs. T plot for 1 in a DC field of about 0.01 T (2-70 K)
and 1T (70-300 K); the solid line is a fit of the experimental data with
the coupling scheme shown in Table 3 and the parameters given in the
text. b) Isothermal M vs. H plot at 2 K; the solid line is the fit made with
the same parameters as for y7.
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magnetic exchange parameter values were obtained and fur-
ther comments on the fitting procedure are given below:
J,=-0.03, J',=-0.18, J,=020, J;=-032, J,=022cm™,
g=199.

With these parameters, the ground state is found to be
S=%/,, with a large number of excited states <1cm™!
above. The Cu(central)-Cu(outer) J, was found to be ferro-
magnetic, different to what we had predicted, whereas the
Cu(outer)-Cu(outer) J; was found to be antiferromagnetic.
The Gd-Cu interaction for 1 was found to be very weak and
antiferromagnetic. This was also contrary to what we would
have expected. Other satisfactory fits obtained for the y\7T
versus T data, however, showed this interaction to be
weakly ferromagnetic. The nature of the interaction in this
case, due to its small value and the complexity of the
system, is therefore difficult to determine unambiguously.

In the light of the many potential fits for these data, a ra-
tionale for how we came to the above “unique” parameter
set is as follows. We recognized that, with five isotropic cou-
pling constants, a cluster “g value” and a large spin basis,
the fitting of the magnetic data for 1 was a difficult task.
When using a multi-dimensional minimization routine, the
choice of initial parameters is often essential in finding a
global or local minimum. Hence, many different initial pa-
rameter sets were used in an attempt to find an appropriate
fit to the y\uT versus T curve. These parameter sets led to
five different local minima, which were narrowed down to a
smaller subset based on prior knowledge of the system in-
volved; that is, the magnitude of the coupling constants in-
volving Gd ions are expected to be small (<10 cm™) and
the cluster “g value” is expected to be around 2 for ions
with no orbital moments. This reduced the number of possi-
ble parameter sets to four. The predicted yyT versus T
curves were then checked to see if the local minima actually
correspond to good fits, which ruled out a further set, leav-
ing three possibilities showing similar y,,T versus 7 curves.
These three sets were then used to generate magnetization
isotherms which were compared to the experimental mag-
netization data. Only one parameter set closely resembled
the curve, whereas the other two showed poor correlation.
The best-fit parameter set for the magnetization was also
the best of the three possible sets for the yT fit, and pro-
vided a basis for acceptance of the parameters. Independ-
ently, the ab initio study on 3 (see below) determined the
Cu—Cu J values to be of the same sign and similar, albeit
larger, magnitude, also in contradiction to what was initially
predicted and providing further justification for the chosen
parameter set for 1.

Compounds 24 have room-temperature yy7 values of
45.9, 58.3 and 54.01 cm’mol 'K, respectively. This is in rea-
sonably good agreement with what is expected for five un-
coupled Cu" ions (S='/, g=2) and four Tb™ ions (S=3,
L=6, F,, g=2"h, C=11.82 cm*mol'K)[¢ of
49.15 cm*Kmol™" for 2, five Cu" ions (S='/,, g=2) and four
Dy™ ions (S=53h, L=5, “Hysp, g=45, C=14.17 cm*mol 'K)
of 58.55 cm’mol 'K for 3 and five Cu" ions (S='/, g=2)
and four Ho™ ions (§=2, L=4, °I,, g=5%, C=
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14.07 cm® mol ™' K) of 57.78 cm*mol 'K for 4. As the temper-
ature is decreased the yy7T value decreases gradually to
about 30 K for 24 and then increases significantly at the
lowest temperatures, with values of 59.98, 87.04 and
101.8 cm*mol 'K respectively for 2-4 at 2K and in a field
of 0.01 T. The small decrease of y\7 as the temperature is
decreased may be due to antiferromagnetic interactions or
spin—orbit coupling and crystal-field effects of these ions
(depopulation of the Stark sub-levels). The large increase in
xmI at very low temperatures as with 1 suggests ferromag-
netic interactions may be present, with large-spin ground
states for these complexes.

The isothermal magnetization plots for 2-4 (Figure S6-S8
in the Supporting Information) also suggest that large-spin
ground states are likely, with values of 22.33, 26.72 and
21.52Np for 2-4, respectively, at 5T and 2 K. These plots
also reveal a lack of saturation at 5T and 2 K consistent
with the anisotropy of the Ln"™ ions used and the population
of low-lying excited states due to thermal and/or field-in-
duced mechanisms. Again with 2—4 there will be Cu-Cu,
Ln—Cu and Ln-Ln magnetic exchange interactions, similar
to 1. The Cu—Cu coupling is again likely to be strongest,
whereas the Cu-Ln and Ln-Ln exchanges are expected to
be small. One would again expect the Cu-Cu interaction to
be antiferromagnetic, and the Cu-Ln interaction ferromag-
netic. A more detailed ab initio analysis of the magnetic
data for 3 is given below.

Solid-state AC susceptibility measurements in a 5 Oe AC
field oscillating at 2000-20 Hz and with a 0 Oe DC field
were performed on compounds 1-4 to probe for any SMM
behaviour. For compound 1 no out-of-phase signal was de-
tected, which is to be expected due to the isotropic nature
of the Gd™ ion. These measurements also avoid Zeeman
and other effects of a large applied field and are used to de-
termine an estimate of S and the nature (isolated or not) of
the ground state. The in-phase 'y versus T for 1 displays an
increase in y'y T as the temperature is decreased (Figure S9
in the Supporting Information). This would indicate that ex-
cited state levels are still populated in this temperature
range, with the increase suggesting that excited states of
smaller value than the ground state are being depopulated.
Extrapolating the y'y7T value to 0K, at which only the
ground state will be populated, gives a value of about
60 cm’mol 'K, which indicates a possible ground state of
S=2, or ®/, depending on g, which is in good agreement
with the ground-state value obtained by fitting of the DC
data.

Out-of-phase signals are detected for 24 below 4 K, with
a subsequent decrease of the in-phase signal (less so for 2),
as shown in Figures 7 and 8 for 3 and 4, respectively, and for
2 in Figure S10 of the Supporting Information. This indicates
that 2-4 exhibit slow relaxation of the magnetization and
thus probable SMM behaviour. This was to be expected due
to the high spin and anisotropic nature of the Ln ions pres-
ent upon replacement of the Gd™ ion. Because no maxima
in y'y, are observed for 2-4, we are unable to determine the
energy barrier U, and 7, via the conventional Arrhenius
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plot method. Another method, recently employed by Barto-
lomé et al.,* is to assume that there is only one characteris-
tic relaxation process of the Debye type with one energy
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barrier and one time constant. With this assumption, one
obtains the following relation [Eq. (1)].

In(y'\y/%'w) = In(wto) + E, /kg T 1)

From this expression, and by plotting In(y'\,/x'm) versus 1/
T at the different frequencies, one can perform linear regres-
sions to obtain the gradients (E/kg) and intercepts [In(wt,)]
and then extract a estimate of the activation energy and the
characteristic time. For 3 (Figure9), these estimates are

1/T(K)
0.4 0.45 0.5 0.55

In(2"%')

-5.5

Figure 9. Natural logarithm of the ratio of y'}, to y'y vs. 1/T for 3 (AC
frequency, from top to bottom: 1500, 1000, 500, 250, 100, 50, 20 Hz).

Uyg~E,=7+1K and 7,=(1.340.2)x107s, whereas for 2
and 4 (Figures S11 and S12 in the Supporting Information)
the values are Uy~ FE,=11.9+0.8 K, 7,=(9+6)x10"%s and
Ug~E,=10£4K, 1,=(3+2)x107%s, respectively. To un-
ambiguously confirm SMM behaviour and to obtain more
accurate values for U.; and 7, single crystal hysteresis stud-
ies below 1 K would need to be performed.

Ab initio calculations and exchange coupling for Cu;Dy,
complex 3: Due to the limitations of current ab initio meth-
ods, local electronic and magnetic properties were studied
by employing suitable model fragments for each magnetic
centre. Due to inversion symmetry of the CusDy, complex
(Figure 1), there are two different Dy sites (Dyl and Dy2),
two different marginal Cu sites (Culm and Cu2m), and the
central Cu site (Cu3c); see Figures S13 and S15 in the Sup-
porting Information. Ab initio calculations for the dysprosi-
um and copper fragments were performed by using a
CASSCF/CASPT2 approach that includes spin—orbit cou-
pling®®! and the magnetic properties (yyT and M) were si-
mulated by a recently developed approach® (for further
details on the calculations, the Ln and Cu cluster fragments
used and the basis sets employed, see the Supporting Infor-
mation). The Dy ions are found to be highly anisotropic
with g,~19.7 and g,,~0 in the ground Kramers doublet
(Table S2 in the Supporting Information). The calculated
main anisotropy axes on Dyl and Dy2 (corresponding to g.)
are almost perpendicular to each other. As a result of this
arrangement, the exchange interaction between Dy ions is
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negligible. The angle between magnetic axes on Dyl and
Dy2 is 86.4°. (Figure S14 in the Supporting Information).
The three Cu" sites display typical pseudo-tetragonal type
anisotropy with g, ~2.35, g,~2.1 and g,~2.05; (Table S4 in
the Supporting Information). The ground Kramers doublet
on each dysprosium ion is separated from the first excited
one by approximately 70 cm~' (see Table S1 in the Support-
ing Information). Therefore, for the description of low-lying
exchange multiplets of the whole CusDy, complex we con-
sider that only the ground Kramers doublet of each Dy™
ion is involved in the exchange interaction. The high value
of g. on the dysprosium ions is proof of the essentially axial
nature of the ground Kramers doublet.”” Therefore, the ex-
change interaction between Dy™ centres and neighbouring
copper ions will be close to an Ising type.”” The numbering
of the Dy and Cu ions for the exchange model is shown in
Figure 5, and the exchange interactions considered, with cor-
responding J values given in Table 4, afford the following
Hamiltonian [Eq. (2)].

Hocnamse == (S7 - SE" 4 S S3 - SPY- S5 4+ 837 - S5+
§pY - Sgt S ST S S S S
S ST S S S St 4 S - 86 -
Jo(85¢ - S5+ S - STV 4 S5 - S+ 85t - S5 —
TS5 S5 4 S5 5)

Table 4. Exchange interactions considered for 3.

Interacting ~ Parameter Interacting pairs

ions

Dy-Dy -

Dy-Cu Ji 1-5, 1-8, 1-9, 2-5, 2-6, 2-7, 3-5, 3-6, 3-7, 4-5,
4-8,4-9

Cu—Cu J, 5-6, 5-7, 5-8, 5-9

Cu-Cu J; 6-7,8-9

As a result of the perpendicular arrangement of the main
anisotropy axes on any Dy-Dy pair (Figure S14 in the Sup-
porting Information), the exchange interaction between the
Dy ions is considered negligible. The parameters J;, J, and
J; are the only fitting parameters used in the model, with
the g values being fixed to those obtained by ab initio calcu-
lations (Table S2 in the Supporting Information). The ex-
change interactions were considered within the Lines model,
as described elsewhere® and included only the ground
Kramers doublets of each metal centre. This results in a
basis of 2°=512 exchange functions. The least-squares fit of
the magnetic properties on the basis of the ab initio calculat-
ed lowest spin-orbit Kramers doublets on the magnetic
sites, lead to the following Lines exchange coupling parame-
ters: J,=1.0,/,=13, /;=—4.6cm ™.

Thus, the interplay of these Dy—Cu and Cu—Cu exchange
interactions is responsible for the magnetism of the com-
plex. The Dy-Cu and Cu(central)-Cu(outer) J, interactions
are ferromagnetic, whereas the Cu(outer)-Cu(outer) J; inter-
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actions, with a Cu-O-Cu angle of 107°, are, perhaps surpris-
ingly, antiferromagnetic and stronger, which is also observed
in the fit for 1. The positive J; for Dy—Cu in 3 is gratifying
in view of our qualitative predictions and the summary of
previous studies on Dy—Cu exchange coupling given in the
Introduction.

The exchange energies and g tensor values for the ten
lowest exchange multiplets, the latter separated by only
1.75cm™, are given in the Supporting Information,
Table S5. Two views of the arrangement of the local magnet-
ic moments in the ground state of the CusDy, molecule, and
the main anisotropy axis of the cluster, are shown in
Figure 10. It can be seen that the main anisotropy axis of
the complex is almost perpendicular to the Dy, plane.

Figure 10. Two views of the arrangement of the local magnetic moments
in the ground state of the CusDy, molecule. The arrow outside the cluster
shows the main anisotropy axis of the total complex.

The powder yyT data, in fields of 0.01 and 0.1 T, are
fitted well, at all temperatures, by the above J values; (Fig-
ure 11a). At the higher field of 1 T, the fit is good down to
about 25 K, (Figure S16 in the Supporting Information) but
does not follow the sharp decrease observed below this tem-
perature, because of Zeeman level (Ms) thermal depopula-
tion effects occurring in this field, as described above, com-
bined with the calculations of y\7 being done by using the
limit of zero field, on the basis of Van Vleck theory (Sup-
porting Information).

Fitting of the isothermal magnetization M versus H plots
using the J values above gave quite good agreement be-
tween 0 and 1T (Figure 11b and Figures S17-S21 in the
Supporting Information), but the calculated data between 1
and 5T at temperatures of 2-20 K were lower by about
10% than the observed values, probably because the first
excited Kramers doublet on Dy sites, which are >70cm™
for both Dy centres (Table S1 in the Supporting Informa-
tion) should be included in the exchange coupling. However,
this would mean that the exchange basis set should contain
4*x2°=8192 functions, which is beyond our computational
possibilities at this juncture.

Conclusion

We have described the syntheses, structures and magnetism
of a new family of heterometallic, nonanuclear Cu"—4f com-
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Figure 11. a) Comparison between measured magnetic susceptibility
(xmT. @) at applied DC fields of about 0.01 T (2-70K) and 1T (70—
300 K) and the calculated (—) magnetic susceptibility for 3. b) Compar-
ison between measured (e) and calculated (—) molar magnetization at
3.0K for 3.

pounds of formulae [Cu™Ln™,0,(teaH),-
{O,CC(CHs;)3},(NO5)4(OMe),]2MeOH-2Et,0. Compound 1
(Ln=Gd) displays a combination of ferromagnetic and anti-
ferromagnetic coupling pathways, with no SMM features.
On the other hand, inclusion of the anisotropic ions Tb, Dy
and Ho in compounds 2-4 led to observation of SMM be-
haviour in their frequency-dependent out-of-phase AC sus-
ceptibilities. Ab initio calculations that employ Dy and Cu
fragments of cluster 3 and the lowest Kramers levels result-
ing therefrom yielded good fits of the susceptibility versus
temperature behaviour and a corresponding set of best-fit J,
(Cu-Dy), J, (Cu central-Cu outer) and J; (Cu outer-Cu
outer) values. The first two J values correspond to ferromag-
netic pathways and the last-named corresponds to antiferro-
magnetic pathways. The exchange interaction between Dy
ions is negligible due to the perpendicular arrangement of
their main anisotropy axes. The main anisotropy axes of the
cluster complex is almost perpendicular to the Dy, plane.
This combination of experimental work with high-level
fragment ab initio calculations gives a clear view of the
energy spectrum and magnetic anisotropies on each magnet-
ic centre of the polynuclear cluster. A successful fitting of
the experimental magnetic properties on the basis of ab
initio calculated local spin-orbital levels, using the Lines pa-
rameters as the only fitting parameters of the theory, give a
strong argument in favour of the employed approach. This
methodology provides a major advance in the interpretation
of the DC magnetic susceptibility and isothermal magnetiza-
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tion properties of 3d—4f clusters containing anisotropic Ln
ions. We have other such 3d-4f and 4f-only clusters in hand
to test this approach further.

Experimental Section

All reactions were carried out under aerobic conditions with commercial-
grade solvents. Copper(Il) nitrate trihydrate, Ln"! nitrate hexahydrate,
triethanolamine, pivalic acid and triethylamine were obtained from
Sigma-Aldrich.
[Cu";Gd™,0,(teaH),{0,CC(CH;);},(NO;),(OMe),]-2MeOH-2Et,0  (1):
Cu(NO;),:3H,0 (0.2 g, 1 mmol) was dissolved in MeOH (20 mL) fol-
lowed by the addition of triethanolamine (0.13 mL, 1 mmol), pivalic acid
(0.05 g, 0.5 mmol) and triethylamine (0.5 mL, 3.5 mmol) to give a green-
blue solution. To this solution, Gd(NO;);:6H,O (0.45¢g, 1 mmol) was
added and a deep blue solution resulted. This was stirred for 4 h, allowed
to stand and then layered with diethyl ether. After 3-5 d, blue crystals of
1 had formed. Yield: 102 mg, 39.2%. Selected ATR IR data (cm™):
2957w, 2856s, 1559s, 1483s, 1457sh, 1423s, 1377w, 1360w, 1298s, 1251w,
1227w, 1155w, 1133w, 1083s, 1022s, 916 m, 896 m, 817w; elemental analy-
sis (%) caled for 1.2MeOH-2Et,0 (CusGd,CygH;;iO5Ny): C 24.49, H
4.71, N 4.76; found: C 24.20, H 4.29, N 4.59.

[Cu",Tb™,0,(teaH) ,{0,CC(CH,);},(NO;),(OMe),]-2MeOH-2Et,0  (2):
As for 1 but Tb(NO;);6H,0O (0.44 g, 1 mmol) was used in place of
Gd(NO,);6 H,O. Yield: 120 mg, 46.2%. Selected ATR IR data (cm™):
2955w, 2859s, 1566s, 1481s, 1458sh, 1424s, 1386w, 1360w, 1294s, 1248w,
1228w, 1155w, 1084s, 1025s, 917 m, 898 m, 817w; elemental analysis (%)
caled for 22MeOH-2Et,0 (CusTb,CysH;1(O5Ng): C 24.42, H 4.70, N
4.75; found: C 24.20, H 4.39, N 4.89.

[Cu";Dy"™,0,(teaH) ,{0,CC(CH;);},(NO;),(OMe),]-22MeOH-2Et,0  (3):
As for 1 but Dy(NO;);xH,0O (0.44 g, 1 mmol) was used in place of
Gd(NO,);6 H,O. Yield: 150 mg, 57.6%. Selected ATR IR data (cm™):
2955w, 2858s, 2385s, 2349s, 2301s, 1566s, 1481s, 1460sh, 1424s, 1384w,
1359w, 1296s, 1248w, 1228w, 1155w, 1085s, 1026s, 916 m, 897 m, 817w; ele-
mental analysis (%) calcd for 3-2MeOH-2Et,0 (CusDy,C,sH;;03Ng): C
2427, H 4.67, N 4.72; found: C 24.45, H 4.22, N 4.83.

[Cu";Ho",0,(teaH),{0,CC(CH;);},(NO;),(OMe),]-2MeOH-2Et,0  (4):
As for 1 but Ho(NO;);6H,0 (0.44 g, 1 mmol) was used in place of
Gd(NO,);6H,O. Yield: 124 mg, 47.6%. Selected ATR IR data (cm™):
2955w, 2858s, 23835s, 2349s, 2301s, 1568s, 1481s, 1461sh, 1424s, 1384w,
1359w, 1296s, 1248w, 1228w, 1154w, 1085s, 1028s, 916m, 897m, 816w; ele-
mental analysis (%) calcd for 42MeOH-2Et,0 (CusHo,CysH,,,03Ng): C
24.17, H 4.65, N 4.70; found: C 24.11, H 4.29, N 4.85.

Physical measurements: Elemental analyses (CHN) were carried out by
Campbell Microanalytical Laboratory, University of Otago, Dunedin,
New Zealand. IR spectra were recorded on a Bruker Equinox 55 spec-
trometer with an ATR sampler provided by Specac inc. and the samples
were run neat.

X-Ray crystallographic measurements were performed at 100(2) K for 1,
3 and 4 at the Australian synchrotron MX1 beam-line. The data collec-
tion and integration were performed within Blu-Ice®® and XDSF? soft-
ware programs. Data for 2 were collected at 123(2) K on a Bruker Smart
Apex X8 diffractometer with Moy, radiation. Data collection and inte-
gration were performed within SMART and SAINT+ software pro-
grams, and corrected for absorption using the Bruker SADABS program.
Crystallographic data and refinement parameters for 1-4 are summarized
in Table 1. Structures of 1-4 were solved by direct methods (SHELXS-
97) and refined (SHELXL-97) by full-matrix least-squares methods on
all F? data.® Crystallographic details are available in CIF format.
CCDC 809026 (1), 809027 (2), 809028 (3) and 809029 (4) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

DC magnetic susceptibility measurements were carried out on a Quan-
tum Design MPMS 5 SQUID magnetometer calibrated by use of a stan-
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dard palladium sample (Quantum Design) of accurately known magneti-
zation or by use of magnetochemical calibrants such as CuSO,5H,O. Mi-
crocrystalline samples were dispersed in Vaseline to avoid torquing of
the crystallites. The sample mulls were contained in a calibrated gelatine
capsule held at the centre of a drinking straw that was fixed at the end of
the sample rod. Magnetisation isotherm measurements were made in
fields of between 0 and 5 T. AC susceptibilities were measured by using a
Quantum Design PPMS instrument with an AC field of 5 Oe and fre-
quencies varying over the range 20 to 2000 Hz at temperatures between 2
and 10 K.
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