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ABSTRACT: Thirteen tetranuclear mixed-metal complexes of the hexaimine
macrocycle (L)~ have been prepared in a one-pot 3:1:3:3 reaction of copper(II)
acetate hydrate, the appropriate lanthanide(IIl) nitrate hydrate, 1,4-diformyl-2,3-
dihydroxybenzene (1), and 1,3-diaminopropane. The resulting family of copper(Il)—
lanthanide(III) macrocyclic complexes has the general formula Cu";Ln™(L")-
(NO,);-solvents (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Tb, Ho, Er, Tm, or Yb). X-
ray crystal structure determinations carried out on [Cu;Ce(L")(NO;);(MeOH);]
and [Cu;Dy(L™)(NO;);(MeOH)] confirmed that the large Ln' ion is bound in
the central O site and the three square pyramidal Cu" ions in the outer N,O, sites
(apical donor either nitrate anion or methanol molecule) of the Schiff base
macrocycle. Only the structurally characterized Cu;Tb complex, reported earlier, is a
single-molecule magnet (SMM): the other 12 complexes do not exhibit an out-of-
phase ac susceptibility signal or hysteresis of magnetization in a dc field. Ab initio
calculations allowed us to rationalize the observed magnetic properties, including the significant impact of subtle chemical
modification on SMM behavior. Broken-symmetry density functional theory (BS-DFT) calculations show there is a subtle
structural balance as to whether the Cu--Cu exchange coupling is ferro- or antiferromagnetic. Of the family of 13 magnetically
characterized tetranuclear Cu'’;Ln"™ macrocyclic complexes prepared, only the Tb™ complex is an SMM: the theoretical reasons
for this are discussed.

B INTRODUCTION

The term single-molecule magnet (SMM) is used to describe
systems which show slow relaxation of magnetization of purely
molecular origin, behaving effectively like tiny magnets. Thus,

Many SMMs are prepared by complexing acyclic ligands with
3d metal ions,* 4f metal ions,” or both.>® While this approach
can and does yield magnetically interesting complexes,”
characterization relies on growing single crystals of the product
for X-ray crystallography in order to determine the nuclearity

at sufficiently low temperatures, SMMs can become trapped in and structural details of the resulting coordination complex,

an energetically favored ‘total spin up’ or ‘total spin down’ (Mg
= +S;) state for a significant period of time." This may
ultimately permit them to be used as components for
molecular-scale data storage. The fact that they are of a
molecular dimension also means that quantum effects, such as
tunneling of the magnetization, can become important with
possible applications in data processing.” An important current
challenge in SMM research aimed toward applications in data
storage is to increase the blocking temperature (defined for a 1
s experimental time scale) above the current record of 14 K.}
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both of which are difficult if not impossible to predict with any
confidence.

An attractive alternative is to use organic macrocyclic ligands
with enough binding pockets to accommodate several metal
ions. Such macrocycles can also be designed so that they
provide specific binding pockets favoring different types of
metal ions, greatly facilitating controlled formation of mixed-
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metal complexes. Thus, employing large macrocyclic ligands
opens up the possibility of accessing a new generation of 3d—4f
SMMs with prescribed nuclearity and structure. The binding
pockets can not only be tailored to suit the coordination
preferences of the targeted metal ions but also, as we have
already discovered, influence the orientation of the anisotropy
axes.” In the case of lanthanide ions, the uniaxial anisotropy
depends of the shape of the 4f electron density and the
arrangement of the donor atoms around the ion; some ligand
fields result in pronounced magnetic anisotropy by stabilizing
certain M; states relative to others.” Hence, another strength of
the large macrocycle approach is that it facilitates preparation of
a large series of analogous complexes in which only the Ln" ion
(and hence the shape of the 4f electron density) is varied,*>"°
allowing determination of which 4f ion is best suited to a
particular binding pocket. Furthermore, the macrocyclic
complexes should be soluble and, importantly, stay intact in
solution. This would enable future processing, deposition, and
solution state studies, all of which offer a practical means of
realizing future application of SMMs. Finally, the organic bulk
of the macrocycle can help to minimize or even prevent
undesirable intermolecular magnetic interactions. The fact that
the macrocycle controls and hence limits the nuclearity of the
complex is advantageous for two reasons. First, this allows an
exploration of the utility of employing certain blends of 3d/4f
metal ions within a constrained and structure-directing
environment, and second, following on from this, it makes it
possible to test the premise that higher blocking temperatures
will result from a fine control of anisotropy rather than by
simply trying to achieve large ground spin states.""

Smaller, single-binding-site organic macrocycles have been
successfully used, mostly by Ishikawa and co-workers, to
prepare mononuclear SMMs containing a single, eight-
coordinate lanthanide ion sandwiched between two N,
phthalocyanine macrocycles.'”> We decided to use our
experience13 working with larger, multiple-binding-site, organic
macrocycles to create 3d—4f coordination complexes in a
controlled manner. Accordingly, a family of tetranuclear
Zn™;Ln™ complexes of a hexaimine [3 + 3] macrocycle
(LP")®~ was prepared®™'® using one-pot metal-templated
reactions of the dialdehyde 1,4-diformyl-2,3-dihydroxybenzene
(1) with 1,3-diaminopropane. This design was inspired by the
macrocycles reported by the MacLachlan'* and Nabeshima'®
groups,'® in particular, the oxime macrocycle HiL®® reported
by Nabeshima and co-workers in 2007 (Figure 1)."

Within the Zn";Ln"™ (L") family, the complex [Zn,Dy(L")-
(NO,);(MeOH);]-4H,0O was established to be the first
example of this new class of SMM, in which a single lanthanide
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Figure 1. Dialdehyde 1 and macrocyles (L™)®~, (L°%)®7, and (L™)*".
Of these macrocycles, (L%%)®" has also been isolated as the free ligand
HLO~,

ion is coordinated within the designed cavity of a single organic
macrocyclic ligand, surrounded by three 3d metal ions, also
within the cavity, in an approximately trigonal array.** Such a
structural motif was already known for acyclic ligands,18 but our
design and use of the (L) macrocycle provides many
advantages, as outlined above. Kajiwara, Nabeshima, and co-
workers recently reported the second example of such a SMM,
specifically a Zn",Er'™ complex of a related macrocycle, (L™*)¢~
(Figure 1), confirming the promise of this new macrocyclic
approach to generating SMMs.

Pleasingly, we found that the macrocycle can also be formed
via a template reaction using a combination of three Cu" ions
and one Ln™ ion,* allowing exploration of the effect of
incorporating paramagnetic 3d centers without the need to
prepare the metal-free macrocycle H,L™ or to transmetallate a
Zn" complex of the macrocycle. Here, having recently reported
the synthesis, structure, and SMM properties of the Cu",;Tb™
complex of this macrocycle, which is the third example of such
an SMM,*® we report the synthesis and characterization of a
family of 13 analogues, Cu",Ln™(L"")(NO,);«solvents, in
which the lanthanide ion can and is varied at will. Such a
systematic variation, in which all features of the system are
preserved apart from the electronic nature of the 4f ion,
provides invaluable insights into the features required for
creating molecular magnets. These families of isostructural
complexes demonstrate that SMM behavior can be lost on
minor chemical modification, and ab initio calculations allow
these observations to be rationalized.

B EXPERIMENTAL SECTION

General. All chemicals were of A. R. Grade and used as received.
Compound 1 was prepared in two steps from veratrole, as reported
earlier.'>*" IR spectra were recorded as solids on a Bruker Alpha FT-
ATR IR spectrometer with a diamond anvil Alpha-P module between
400 and 4000 cm™'. ESI-MS data were collected with a Bruker
MicrOTOF, spectrometer using MeOH. Microanalysis was carried
out by the Campbell Microanalytical Laboratory at the University of
Otago.

Single-crystal X-ray measurements were carried out on a Bruker
SMART Apex diffractometer using graphite-monochromated Mo Ka
radiation (4 = 0.71073 A). Structure solution and full-matrix least-
squares refinement were carried out using the SHELXTL software
package.”® All non-H atoms were assigned anisotropic thermal
parameters, except for the disordered atoms in the structure of
[Cu,Dy(LP)(NO,);(MeOH);]. H atoms bonded to C atoms were
placed in calculated positions, while those on O atoms were placed in
calculated positions that gave the best hydrogen bonds. For further
details see the cif files.

Crystal data for [Cu;yCe(L™)(NO;);(MeOH);]: Triclinic, P-1, dark
green rod, a = 10.581(3) A, b = 13.203(3) A, ¢ = 15.696(5) A, a =
80.395(7)°, f = 78.989(7)°, ¥ = 76.962(8)°, V = 2079.1(8) A%, Z = 2,
T = 92 K. Structure was solved by direct methods (SHELXS-97)** and
refined against all 8902 unique F* data (SHELXL)>* to wR? = 0.1181,
GooF = 1.048; for the 7869 data with F > 46(F), R' = 0.0427. CCDC
829375.

Crystal data for [CusDy(L™)(NO;);(MeOH),]: Triclinic, P-1,
brown irregular block, a = 12.1722(14) A, b = 13.4004(14) A, ¢ =
14.7438(14) A, a = 109.487(5)°, B = 95.676(5)°, y = 110.021(5)°, V
= 2067.5(4) A%, Z = 2, T = 92 K. Structure was solved by direct
methods (SHELXS-97)* and refined against all 9970 unique F* data
(SHELXL)?* to wR? = 0.1181, GooF = 1.057; for the 8511 data with F
> 46(F), R' = 0.0464. CCDC 829374

Magnetic susceptibility measurements were obtained using an
MPMS-XL Quantum Design SQUID magnetometer operating
between 1.8 and 400 K for dc applied fields ranging from —70 to
70 kOe. Measurements were performed on polycrystalline samples
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which were loaded into a polyethylene bag (3 X 0.5 X 0.02 cm) and
sealed under argon. The ac susceptibility measurements were
measured with an oscillating ac field of 3 Oe with frequencies
between 1 and 1500 Hz. Magnetic data were corrected for the sample
holder and diamagnetic contributions.

Synthesis. General Synthetic Method for CusLn(L"")-
(NO3)s-xsolvents. To a solution of 1 (0.030 g 0.18 mmol) in
methanol (5 mL) was added Cu(OAc),-H,0 (0.036 g, 0.18 mmol)
suspended in a solution of Ln(NO;);-«H,0 (0.06 mmol, Ln = La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, or Yb) in MeOH (10 mL),
resulting in a dark brown solution. After stirring this solution for 2 h,
1,3-diaminopropane (0.014 g, 0.18 mmol) in methanol (S mL) was
added, resulting in a green-brown solution. This solution was stirred
for a further 10 min and left to stand overnight. Diethyl ether was then
vapor diffused into the solution, resulting in precipitation of a solid.
The solid was filtered, washed with diethyl ether, and dried in air,
giving CuyLn(LP")(NO;);-xsolvents.

CusLa(LP")(NO;);-3MeOH-H,0. Reported in ref 20.

[Cu;Ce(L”)(NO5);(MeOH)(H,0),]-H,0. Brown powder (0.037 g,
519%). Anal. Caled for CuyCeCyyHygNoO - H,O: C, 34.78; H, 3.57; N,
10.14. Found: C, 33.50; H, 3.05; N, 10.11. ESIMS (m/z) = 1061.9
[CuyCe(L™)(NO,)]*, 499.5 [CusCe(LP)(NO;5)]*, 312.3 [Cu,Ce-
(LP)]**. IR (FT-ATR diamond anvil) 7/cm™ = 1618 (m); 1523 (w);
1458 (m); 1411 (w); 1321 (s); 1264 (m); 1231 (s); 1187 (m); 1082
(m); 1041 (m); 973 (w); 888 (w); 860 (w); 817 (w); 782 (m); 737
(s); 642 (m); 602 (s); 545 (m); 504 (m).

Cu3Pr(LP’)(NO3)3-MeOH-4HZO. Brown powder (0.034 g 59%).
Anal. Caled for Cu;PrCy H3ygNoO,p: C, 33.25; H, 3.45; N, 10.26.
Found: C, 33.48; H, 291; N, 9.80. ESI-MS (m/z) = 1061.9
[Cu,Pr(LP)(NO,),]%, 499.9 [CuyPr(LP)(NO,)]1*, 3127 [CusPr-
(LP)]**. IR (FT-ATR diamond anvil) T/cm™ = 1615 (m); 1523 (w);
1458 (m); 1412 (w); 1324 (s); 1259 (m); 1232 (s); 1185 (m); 1081
(m); 1044 (m); 974 (w); 887 (w); 870 (w); 819 (w); 787 (m); 738
(s); 643 (m); 602 (s); 545 (m); 504 (m).

Cu;sNd(LP)(NO),-5H,0. Brown powder (0.043 g 59%). Anal
Caled for CusNdCy3H,0NoO,: C, 32.55; H, 3.31; N, 10.3S. Found: C,
32.58; H, 3.21; N, 10.05. ESI-MS (m/z) = 501.4 [CusNd(L*)-
(NO,)1*, 313.6 [CuNd(LP)]**. IR (FT-ATR diamond anvil) 7/
ecm™ = 1614 (m); 1523 (w); 1459 (m); 1412 (w); 1323 (s); 1258
(m); 1232 (m); 1184 (m); 1081 (m); 1046 (m); 975 (w); 88S (w);
870 (w); 818 (w); 787 (m); 738 (s); 643 (m); 602 (s); 545 (m); 505

m).

Cu3Sm(LP)(NO3);-MeOH-2H,0. Prepared on a 0.05 g of 1 (instead
of 0.03 g) scale. Brown powder (0.05 g 42%). Anal. Calcd for
Cu,SmCy,H gNoO,q: C, 33.98; H, 3.19; N, 10.49. Found: C, 34.21; H,
3.02; N, 10.57. ESI-MS (m/z) = 1072.9 [Cu;Sm(L™)(NO;),]%, 505.5
[CuSm(LP")(NO,)]*. IR (FT-ATR diamond anvil) 7/cm™ = 1614
(m); 1523 (w); 1458 (m); 1410 (w); 1322 (s); 1263 (m); 1232 (m);
1187 (m); 1080 (m); 1036 (m); 976 (w); 888 (w); 859 (w); 817 (w);
781 (m); 739 (s); 641 (m); 602 (s); 546 (m); S03 (m).

CusEu(L™)(NO;);-MeOH-3H,0. Brown powder (0.037 g 50%).
Anal. Caled for CuzEuCyH,0NoOo: C, 32.44; H, 3.30; N, 10.32.
Found: C, 33.60; H, 2.90; N, 10.21. ESI-MS (m/z) = 505.0
[Cu;Eu(LP)(NO,)]*, 316.0 [CusEu(L™)]*. IR (FT-ATR diamond
anvil) 7/cm ™ = 1618 (m); 1523 (w); 1458 (m); 1406 (w); 1321 (s);
1263 (m); 1232 (m); 1187 (m); 1080 (m); 1036 (m); 974 (w); 888
(w); 861 (w); 818 (w); 778 (m); 739 (s); 642 (m); 600 (s); 546 (m);
503 (m).

Cu;Gd(LP)(NO3);-MeOH-3H,0. Brown powder (0.043 g, 58%).
Anal. Caled for Cu;GdC;,H,0NyOyo: C, 33.29; H, 329; N, 10.28.
Found: C, 33.25; H, 2.78; N, 9.76. ESI-MS (m/z) = 508.5
[Cu;,GA(L™)(NO;)]*, 318.3 [Cu;Er(L™)]**. IR (FT-ATR diamond
anvil) 7/cm ™ = 1615 (m); 1524 (w); 1460 (m); 1407 (w); 1323 (s);
1258 (m); 1233 (m); 1185 (m); 1082 (m); 1040 (m); 975 (w); 885
(w); 869 (w); 818 (w); 786 (m); 739 (s); 643 (m); 601 (s); 545 (m);
503 (m).

[CusTb(LP)(NO3),(H,0),(MeOH)I(NO3)-3H,0. Reported in ref 20.

[Cu3Dy(LP’)(NO3)3(MeOH)Z(H20)]-3HZO. Brown powder (0.037 g
48%). Anal. Calcd for Cu;DyCysH, ¢NyO,: C, 32.79; H, 3.62; N, 9.83.
Found: C, 32.52; H, 3.39; N, 9.84. ESI-MS (m/z) = 510.5

[Cu;Dy(LF)(NO;)]*, 319.6 [Cu;Dy(L)]3*. IR (FT-ATR diamond
anvil) 7/ecm™ = 1617 (m); 1526 (w); 1460 (m); 1409 (w); 1327 (s);
1262 (m); 1233 (m); 1188 (m); 1081 (m); 1035 (m); 975 (w); 887
(w); 860 (w); 818 (w); 780 (m); 740 (s); 642 (m); 600 (s); 545 (m);
501 (m).

CusHo(LP")(NO3);-MeOH-3H,0. Brown powder (0.036 g 49%).
Anal. Caled for Cu;HoC3,H,(NyO,o: C, 33.09; H, 3.27; N, 10.21.
Found: C, 33.19; H, 2.90; N, 9.86. ESI-MS (m/z) = S512.1
[Cu;Ho(LP)(NO;)]*, 320.6 [CusHo(L™)]**. IR (FT-ATR diamond
anvil) 7/ em™ = 1615 (m); 1524 (w); 1461 (m); 1409 (w); 1323 (s);
1258 (m); 1233 (m); 1186 (m); 1095 (m); 1081 (m); 1039 (m); 975
(w); 886 (w); 870 (w); 818 (w); 782 (m); 739 (s); 642 (m); 599 (s);
545 (m); 504 (m).

CusEr(L)(NO;);-MeOH-3H,0. Brown powder (0.035 g, 47%). Anal.
Calced for CuErCy,H,0NoOjo: C, 33.02; H, 3.26; N, 10.19. Found: C,
32.92; H, 2.97; N, 10.08. ESI-MS (m/z) = 1088.9 [Cu;Er(L™)-
(NO;),]%, 513.5 [Cu;Er(LP)(NO;)]*, 321.0 [CusEr(LP)]*. IR (FT-
ATR diamond anvil) 7/cm™ = 1615 (m); 1524 (w); 1461 (m); 1409
(w); 1322 (s); 1257 (m); 1233 (m); 1186 (m); 1095 (m); 1081
(m);1039 (m); 975 (w); 884 (w); 870 (w); 818 (w); 782 (m); 739
(s); 643 (m); 599 (s); 548 (m); 503 (m).

CusTm(LP)(NO3)3-6H,0. Prepared on a 0.05 g of 1 (instead of 0.03
g) scale. Brown powder (0.060 g, 48%). Anal. Calcd for
Cu;TmC33H,NgO, : C, 31.45; H, 3.36; N, 10.00. Found: C, 31.42;
H, 3.39; N, 10.38. IR (FT-ATR diamond anvil) 7/cm™ = 1618 (m);
1523 (w); 1458 (m); 1323 (s); 1258 (m); 1233 (m); 1189 (m); 1083
(m);1039 (m); 942 (w); 880 (w); 852 (w); 825 (w); 775 (m); 740
(s); 644 (m); 602 (s); 545 (m); 503 (m).

CusYb(LP)(NOs);-4H,0. Brown powder (0.030 g, 37%). Anal. Calcd
for Cu;YbCy3H;N,O,5-4H,0: C, 31.80; H, 3.23; N, 10.11. Found: C,
32.18; H, 3.04; N, 9.88. IR (FT-ATR diamond anvil) Z/cm™ = 1618
(m); 1523 (w); 1458 (m); 1323 (s); 1258 (m); 1233 (m); 1189 (m);
1083 (m); 1039 (m); 974 (w); 880 (w); 852 (w); 825 (w); 775 (m);
740 (s); 643 (m); 599 (s); 545 (m); 503 (m).

B RESULTS AND DISCUSSION

Synthesis of the Complexes. In a manner similar to that
reported for the Tb™ analogue,®® 3 equiv of Cu(OAc), H,0
suspended in a methanol solution of 1 equiv of Ln-
(NO;);:xH,0 (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho,
Er, Tm, or Yb) was added to a room-temperature solution of 3
equiv of 1 in methanol. After stirring for 2 h, all solids dissolved
and a brown solution resulted. Three equivalents of 1,3-
diaminopropane in methanol was added dropwise to this
solution, resulting in a color change to greenish brown. After
stirring for a further hour, diethyl ether was diffused into the
reaction solution, resulting in precipitation of a dark green-
brown solid. This solid was isolated by filtration, washed with
diethyl ether, and dried in vacuo, giving complexes of general
formula Cu3Ln(L™)(NO;);-solvents. Since we observe that the
charge-balancing nitrate anions can be involved in the structure
in different ways—coordinating to metal ions within the
captured coordination complex as well as acting as lattice
counterions—it is not possible to be certain of the exact
composition of the axial sites of the metal ions for the
complexes where single-crystal structure determinations have
not been performed. Thus, for all complexes except Ln = Ce,
Tb, or Dy, square brackets to indicate the composition of the
coordination complex have been omitted from the formulas.
With the exception of the crystal structure descriptions, for
compactness we will use the informative abbreviation [Cu;Ln-
(L™)] to refer to these complexes in the following discussion.

Formation of the desired macrocyclic complexes was
confirmed by elemental analysis, IR spectroscopy, and ESI-
MS. In the IR absorption spectra of the complexes, the C=N
stretch of the macrocycle could be seen at 1621 cm™" while no
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absorptions for unreacted H,L' (1660 c¢cm™') or 1,3-
diaminopropane (3360 cm™' and 1601 cm™") were observed.
Elemental analysis matched the calculated values expected for
complexes of formula CuyLn(L?)(NO,)y-solvents, and peaks
corresponding to [CuyLn(L")(NO;),]*, [CusLn(L™)-
(NO5)]*, and [CusLn(L™)]*" were seen in all of the ESI-
MS spectra. X-ray structure determinations conducted on single
crystals of [Cu;Ce(LP)(NO,;);(MeOH),], [Cu;Tb(LF")-
(NO3),(MeOH);](NO3),** and [Cu3Dy(L"")-
(NO;);(MeOH);] confirmed the success and generality of
the template method. IR spectra of the complexes for which a
structure determination was not performed were very similar to
that of the Tb"™ analogue.

If Ln(NO;);-xH,0 was not fully dissolved before addition of
the metal salts to the solution of 1 or the intermediate was left
to stir overnight before addition of the diamine, a brown
precipitate would form in the reaction vessel. However, this
precipitate gradually redissolves after addition of the amine, and
workup proceeds as normal.

Crystal Structures. Single crystals of [Cu;Ce(L")-
(NO;);(MeOH);] were grown by vapor diffusion of diethyl
ether into a solution of the complex in methanol. Structure
determination confirmed that the overall structure is similar to
the previously reported Tb™ analogue.”® The large Ce™ ion is
bound in the central Og cavity, and the three Cu" ions are
bound in the outer N,O, sites (Figure 2, Table 1).

However, there are quite significant differences in the
coordination sphere of the Ln'. In contrast to the 9-coordinate
Tb™ ion (ionic radius = 1.04 A),* the larger Ce™ ion (ionic
radius =1.14 A),>® is 11-coordinate and has a distorted face-
capped trigonal prismatic geometry. This coordination sphere is

Figure 2. Perspective view of the crystal structure of [CuyCe(L™)-
(NO;);(MeOH);]. For clarity, nonacidic hydrogen atoms have been
omitted. Selected bond lengths (A): Ce(1)—O(S) 2.487(3); Ce(1)—
02 2.500(3); Ce(1)—0(60) 2.567(3); Ce(1)—O(4) 2.581(3);
Ce(1)—0(3) 2.588(3); Ce(1)—0(6) 2.601(3); Ce(1)—0(1)
2.621(3); Ce(1)—0(40) 2.659(3); Ce(1)—0(31) 2.702(3); Ce(1)—
0(41) 2.734(4); Ce(1)—0(30) 2.781(4); Cu(1)—0O(3) 1.938(3);
Cu(1)—-0(2) 1.944(3); Cu(1)-N(3) 1.978(4); Cu(1)—-N(2)
1.987(4); Cu(1)—0(70) 2.326(3); Cu(2)—0(4) 1.901(3); Cu(2)—
0O(5) 1.928(3); Cu(2)-N(5) 1.940(4); Cu(2)—-N(4) 1.955(4);
Cu(3)—0(1) 1.954(3); Cu(3)—0(6) 1.967(3); Cu(3)—N(6)
1.983(4); Cu(3)—N(1) 1.999(4); Cu(3)—0O(80) 2.385(3).

comprised of two nitrate ligands bound in a bidentate fashion
on the same face of the macrocycle, one methanol molecule
bound on the opposite side of the macrocycle, and the six
catecholate donors provided by the macrocycle. The three Cu"
ions are all fairly regular square pyramids, slightly distorted
toward trigonal bypyramidal (7 for Cu(1) = 0.11, Cu(2) = 0.14,
and Cu(3) = 0.06).** Bonds to the Cu" ions in [Cu,Ce(L™)-
(NO,);(MeOH);] are similar to the corresponding bonds in
the Tb™ analogue, indicating that the type of Ln™" present does
not significantly affect the coordination sphere of the Cu" ions.
The apical position of one of the Cu" ions has a weakly
coordinated nitrate anion, and the apical positions of the
remaining two Cu" ions are occupied by coordinated methanol
molecules. The macrocycle adopts a relatively curved
conformation. The plane of the second catecholate ring
(C13—C18) is oriented 33.52° from the first (C1—C6), and
the third (C24—C29) is oriented 30.60° from the second.
The structure of the Dy™ analogue is of particular interest
given that this 4f ion can produce highly anisotropic effects
given the correct environment to optimize its inherent uniaxial
anisotropy” and because of the SMM behavior observed for the
[Zn;Dy(L™)] analogue in a dc field* Single crystals of
[Cu;Dy(LP")(NO;);(MeOH);] were grown by vapor diffusion
of diethyl ether into a solution of the complex in methanol. The
overall structure (Figure 3, Table 1) is similar to the Ce™" and
TbH! analogues, but, as outlined above, the differences in the
details are of paramount interest in performing this systematic
study. In contrast to the 11-coordinate Ce™ ion, but like the
similarly sized Tb™ ion,*® the Dy™ ion (ionic radius =1.03 A),*
is 9-coordinate and has a distorted tricapped trigonal prismatic
geometry. As with the other two complexes, the Cu" ions in the
Dy"™ complex all have regular square pyramidal geometries (7
for Cu(1) = 0.03, Cu(2) = 0.16, and Cu(3) = 0.06; for the
major occupancy NO; and MeOH positions). The Cu(1) ion
also forms a second axial interaction; however, it is very weak
(Cu(1)--0(40) = 3.129 A), so it is best considered to be 5
coordinate. Only one nitrate anion is coordinated to the Dy'";
the second is coordinated in the apical position of a Cu" ion,
and the third is very weakly interacting with the second axial
site of Cu(2), as already mentioned. One methanol molecule is
coordinated to the Dy ion, and the remaining two are each
coordinated to a Cu" ion. The curvature of the macrocycle is
similar to that of the Ce™ analogue, with comparable angles
between the planes formed by the successive catecholate rings
(33.52° and 30.60° for [Cu;Ce(LP)(NO,);(MeOH),] versus
34.97° and 27.41° for [Cu,Dy(LP)(NO,),(MeOH),]).
Magnetic Properties. The temperature dependence of yT
for the complexes gave, in each case, a room-temperature yT
value consistent with the expected value for three Cu" ions and
the relevant Ln" ion (Table 1 and Figure 4). The temperature
dependence of yT was measured down to 1.8 K. However, it is
not trivial to determine the relative contribution to these
thermal behaviors of either the 3d—3d/3d—4f magnetic
interactions or the spin—orbit coupling of the lanthanide ion.
We have previously shown for [CusLa(L™)] that the Cu"—
Cu" interaction is weakly ferromagnetic (J/ks = +0.5(1) K).*°
In the case of Ln = Ce™, Pr'™, Nd"™, and Yb", the yT value
decreases steadily from 300 K to a minimum at 1.8 K that is
lower than the value for the La™ analogue (1.51 cm® K mol™).
This result suggests antiferromagnetic interaction is present
between the Cu" and the Ln™ ions for those complexes. For
[CuySm(LP)] and [CusEu(L™)], the Ln™ ijon is quasi-
diamagnetic and as a result the yT value at 1.8 K is close to
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Table 1. Comparison of the Structural Parameters of the Cu;Ln(L"")(NO;);xsolvents Complexes (Ln = Ce, Tb, or Dy)

distance (A) or angle (deg)
Ln—Oyechole Tange (average)
Ln—-0O
Ln—Ojroce range (average)

‘methanol

Cu—Oytecholate TaNGE (aVerage)
Cu—Njp,e range (average)
Cu—Oprethanl Tange (average)
Cu-0O
Cu—O—Ln range (average)

nitrate

Cu-+Cu range (average)
Cu-Ln range (average)
shortest Ln---Ln in lattice

[Cu3Ce(LP') (N03)3 (MeOH)3]

2.487-2.621 (2.563)
2.567

2.659-2.781 (2.719)
1.901-1.967 (1.939)
1.940—1.999 (1.974)
2.326—2.385 (2.356)
2474

106.9—111.7 (109.9)

6.179—6.361 (6.280)
3.623—3.797 (3.703)
9.92

[Cu3Tb (Lpr) (N03)2 (MEOH)a] (NO3)20

2.407-2.464 (2.439)
2.300

2.484-2.513 (2.499)
1.915—1.944 (1.927)
1.951-1.985 (1.972)
2.324-2.534 (2.429)
2.494

109.7—112.2 (110.9)

6.108—6.331 (6.244)
3.585-3.636 (3.610)
8.59

{CuaDY(LPr) (NO3)3(MeOH)3]

2.402-2.464 (2.429)
2297

2.460—2.485 (2.473)
1.916-1.948 (1.931)
1.952—1.974 (1.967)
2.319-2.513 (2.416)
2.446

109.4—111.7 (110.7)
6.066—6.271 (6.220)
3.571-3.624 (3.599)
9.85

Figure 3. Perspective view of the crystal structure of [CusDy(L™)-
(NO;);(MeOH);]. For clarity, nonacidic hydrogen atoms and the
minor components of disordered atoms have been omitted. Weak
Cu(1)--O(40) interaction is indicated with a dotted line. Selected
bond lengths (A): Dy(1)—0(60) 2.297(4); Dy(1)—0O(3) 2.402(4);
Dy(1)-0(6) 2.413(4); Dy(1)—O(1) 2.425(4); Dy(1)—0(4)
2.430(4); Dy(1)—O(2) 2.440(4); Dy(1)—0(30) 2.460(4); Dy(1)—
O(5) 2.464(4); Dy(1)—0(31) 2.485(4); Dy(1)—N(30) 2.885(5);
Cu(1)—0(2) 1.931(4); Cu(1)-0(3) 1.948(4); Cu(1)—-N(3)
1.973(6); Cu(1)—N(2) 1.974(6); Cu(1)—0O(45) 2.441(17); Cu(l)—
0(80) 2.513(5); Cu(1)—0(40) 3.129(13); Cu(2)—0(6) 1.920(4);
Cu(2)—0(1) 1.938(4); Cu(2)-N(1) 1.952(6); Cu(2)—N(6)
1.974(6); Cu(2)—0(70B) 2.31(3); Cu(2)—O0(70A) 2.319(10);
Cu(3)—0(5) 1.916(4); Cu(3)—0(4) 1.935(4); Cu(3)—-N(5)
1.963(6); Cu(3)—N(4) 1.965(7); Cu(3)—O(51) 2.446(8); Cu(3)—
0(57) 2.664(15).

the value for the La™ analogue. In the case of [Cu;Gd(L"™)],
which contains an isotropic Gd™ jon, the contribution of spin—
orbit coupling can be excluded and so the steady increase to a
maximum at 1.8 K unambiguously shows that the Cu"—Gd™
interaction is ferromagnetic (vide infra). For [Cu;Tb(L")] and
[CusDy(LP)] it can also be demonstrated that the Cu"'—Ln™
interaction is ferromagnetic (ab initio calculations, see below).

Complexes were checked for SMM behavior by investigation
of their magnetic properties using dc and ac fields, Table 2. The
field dependence of the magnetization showed a complete
absence of hysteresis effect even at the lowest temperature limit
of the measurement (1.8 K, Figure S1, Supporting
Information). The field dependence of the reduced magnet-

= [+2] W
T T

T flem?® K mol?
w
(+3]

X
[ e
2 @

1.6 §

1.2
0.8

08 Lo L
0 100
TIK

200 300

Figure 4. Temperature dependence of yT product (with y defined as
the molar magnetic susceptibility at 1000 Oe and equal to M/H per
mole of complex) for complexes CusLn(L")(NOj;);-xsolvents, where
Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, or Yb.

ization (Figure S2, Supporting Information) for the complexes
showed that in the case of Ln = Gd" and Eu"" the curves could
be superposed on a single master curve as expected for an
isotropic system with a well-defined ground state. This is not
the case for any of the other complexes, indicating the presence
of magnetic anisotropy or low-lying excited states. The lack of
SMM behavior was further underscored by measuring the ac
susceptibility; none of the new Cu3Ln(LP")(NOj;);-solvents
complexes (Ln = Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, or
Yb) exhibited an out-of-phase component. Only frequency-
independent in-phase components were observed, indicating
that there is no significant barrier (in comparison to the
thermal energy) to spin reversal present in any of the
complexes. As we reported previously, the Tb™ complex,
[CusTb(L™)], shows SMM properties.”® Although this
complex exhibited a frequency-dependent out-of-phase compo-
nent to ac susceptibility, the position of the maximum y’’ could
not be determined within the experimental limit of the
measurement. This precluded determination of the thermal
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Table 2. Magnetic Properties of the Cu;Ln(L"")(NO;);-xsolvents Complexes with Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,

Er, Tm, or Yb
ground s 1n state  measured/expected (mth gou = 2) xT at 1.8 K M at 1.8 K and
complex of Ln™ T at 300 K (cm® K mol™) (em? K mol™) 70 kOe (u5) SMM

Cu;La(L™)(NO,);:3MeOH-H,0 1S, 1.20/1.13 1.51 297 no
[Cu;Ce (L") (NO;);(MeOH),(H,0)]-H,0 ’Fs), 2.03/1.93 112 3.50 no
Cu,Pr(L™)(NO;);-MeOH-4H,0 °H, 2.76/2.73 1.3 3.35 no
Cu;Nd(LP7)(NO;);-5H,0 Ios 2.82/2.77 0.54 2.05 no
Cu,;Sm(LP*)(NO3);-MeOH-2H,0 °H;), 1.32/1.22 1.26 2.59 no
Cu;Eu(L™)(NO,);-MeOH-3H,0 Fy 2.46/2.53 1.90 3.26 no
Cu;Gd(L™)(NO;);-MeOH-3H,0 8, 9.63/9.00 13.88 10.15 no
[Cu;Th(LP")(NO;),(MeOH)(H,0),](NO;)-3H,0 7Fs 12.93/12.94 14.78 7.97 yes®®
[Cu,Dy(L**)(NO,);(MeOH),]-3H,0 SHig) 15.97/15.29 17.13 8.58 no
Cu;3Ho(L™)(NO;);-MeOH-3H,0 5T 15.24/15.19 11.80 9.17 no
Cu;Er(L™)(NO,);:MeOH-3H,0 *Tis) 12.82/12.60 10.59 8.89 no
Cu, Tm(L™)(NO;),-6H,0 H 8.12/8.28 3.55 5.85 no
Cu;Yb(L™)(NO;);-4H,0 F,) 3.71/3.70 1.49 3.69 no

dependence of the relaxation time and thus an estimation of the 15 ¢

SMM energy barrier.
In most of these complexes, it is difficult to quantify the &

magnetic interactions between the S = 1/2 Cu" spins and the CE> 10

magnetic L™ centers due to the intrinsic magnetism of the ¥ 5

Ln™ ions. However, the [Cu;Gd(L"")] complex contains only E

isotropic metal ions, so it was possible to model the o

temperature dependence of the magnetic susceptibility and l‘;e 5

thus to extract the Cu’—Gd™ and Cu"—Cu" interactions. As a 2

first approximation, a simple symmetrical triangular model was .

used (Figure S3, Supporting Information). In keeping with the 0 2 riiad o

structural motif, the Heisenberg spin Hamiltonian can be 1 10 100

written as follows TK

H=-2 {88+ 88 +8,8} -2, S

S, + 8+ S,} (1)

where Jc,_c, represents the average exchange interaction
between adjacent Cu" centers, Jo, i, represents the Cu'—
Gd™ exchange interaction, and S, are the spin operators with S,
=8,=8,=1/2for Cu" and S, = 7/2 for Gd".

Full diagonalization of the spin Hamiltonian and calculation
of the magnetic susceptlblhty were performed using the
Magpack program.”® In order to reproduce the decrease of
the ¥T product below 3.9 K, intercomplex interactions were
included in the frame of the mean field approximation so that
the magnetic susceptibility expression becomes

_ ){[Cu3Ln]
X = 2z]'

- NgVﬂZX[CusLn] (2)

Here ]’ is the intercomplex interaction and z the number of
neighboring complexes. As shown in Figure S, an excellent
simulation of the experimental yT vs T and M vs H/T data
down to 1.8 K is obtained using this model, with J¢,_c,/kg =
+0.51(2) K, Jeu_ga’ks = +2.5(1) K, g, = 2.03(5), and zJ'/kg =
—0.011(1) K. This result confirms the presence of
ferromagnetic coupling between the S = 1/2 Cu" spins (similar
to those observed in [CuyLa(L™)]; Jeu_co/ks= +0.5(1) K)*°
and between the S = 1/2 Cu" and S = 7/2 Gd" spins, leading
to an Sp = § spin ground state for [CuyGd(L™)].

Ab Initio Calculations. Having previously reported”® the
magnetic properties of [CuyTh(L™)(NO,),(MeOH)(H,0),]-
(NO;)-3H,0 and Cu;La(LP)(NO,);-3MeOH-H,0, we now

10608

Figure 5. Comparison between measured (empty dots) and
theoretical (red line, see text) temperature dependence of yT for
[CusGA(L™)] (shown in the semilogarithmic plot, with y defined as
molar magnetic susceptibility at 1000 Oe and equal to M/H per mole
of complex). (Inset) Experimental (open dots) and theoretical (solid
lines; see text) field dependence of the magnetization for [Cu;Gd-
(LP)] at different temperatures.

present a detailed computational analysis of these complexes as
well as the newly synthesized [Cu;Dy(L)(NO,),(MeOH),]
complex. High-level ab initio calculations using MOLCAS 7. 62
were performed on individual metal fragments, while the
exchange interaction between magnetic centers was simulated
within the Lines model*” using POLY ANISO.*® The exchange
interaction between magnetic ions was computed on the basis
of the lowest states obtained from the ab initio calculation for
each magnetic site. As a result, the total exchange basis for
[CusLa(LP)], [CuyTh(LP)], and [CusDy(LP)] contains 2° =
8, 13 x 2° = 104, and 16 X 2° = 128 functions, respectively.
One La™ ion has 2] + 1 functions; three Cu" ions have (2S +
1)? functions; hence, each complex has a total of (2] + 1) X (2S
+ 1)* functions. The magnetic contribution of the higher
excited states was added via second-order perturbation theory.
Due to the fact that the structure of the [Cu;La(L"™)] complex
was not available, its magnetic properties were computed using
the data of the structurally characterized [Cu;Tb(L"")]
complex, substituting Tb" with La™ (Figure S4, Supporting
Information).
Results of the ab initio calculations reveal a strong axial
anisotropy on the Tb" ion (Figure 6 and Tables 3 and 4) and
Dy" ion (Figure 7 and Table 4). Cu" ions show typical minor
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Figure 6. Orientation of the local magnetic moments in the ground
state of [CuyTh(L™)(NO;),(MeOH),;](NO;) (green arrows) and
orientation of the anisotropic axis of the Tb™ ion (red dotted line; at
46.08° to Cu, plane).

Table 3. Calculated Energies (cm™) of Local Spin—Orbit
Singlets on Tb™ in [Cu;Tb(L™)(NO;),(MeOH);](NO;)
and Kramers Doublets on Dy and Cu" Fragments in
[Cu3DY(LPr) (NO;);(MeOH);]

Tb Dy Cu(1) Cu(2) Cu(3)
0 0 0 0 0
42 47 21077 18 893 23 684
59 82 24372 19776 25930
91 219 25821 22 841 27751
102 228 28 466 23978 28491
153 286 29452 40 036 29858
164 320 36519 40 476 34803
211 435 38 565 44961 42487
220 39951 46 591 43 58S
264 41 054 57 589 46 601
267 45936 62201 47797
472 50552 63 165 49 330
472
2143

Table 4. Local g Tensors of the Ground Ising Doublet of the
Tb™ Ion in [Cu,Tb(L)(NO,),(MeOH),](NO;) and
Ground Kramers Doublet of the Dy and Cu" Ions in
[Cu3Dy(LPr) (N03)3(MeOH) 3]

Tb Dy Cu(1) Cu(2) Cu(3)

& 0 0.033 2.041 2.045 2.040
& 0 0.055 2.044 2.056 2.044
g 16.451 18.571 2.184 2.229 2.176
(gz +g; + gzl) 9.49 10.72 2.091 2.112 2.088

3

anisotropy for a square-pyramidal geometry (see Supporting
Information for computational details). Simulations of the
magnetic properties of [Cu;La(L™)] were best reproduced by
exchange parameter Jc,_c,/kg= +0.57 K, which is quite close to
the purely isotropic fit reported in ref 20 (Jou_cuo/kg= 0.5(1) K),
confirming the fact that the magnetic anisotropy on Cu" ions is
not important. The averaged g values for the Cu' sites in

Figure 7. Orientation of local magnetic moments in the ground state
of [CusDy(L?)(NO;);(MeOH),] (green arrows) and orientation of
the anisotropic axis of the Dy™ ion (red dotted line; at 2.22° to Cu,
plane).

[Cu,Tb(L™)] (Table 4) are close to the isotropic value
(2.08(2)) obtained for [Cu,La(LP)],** which means that the
magnetic properties of the Cu" ions are not influenced strongly
by the nature of the lanthanide ion.

The magnetic properties of [CuyTb(L")] are best described
by the Lines exchange parameters Jp,_c,/kz = +4.14 K and
Jou_co/ks = +1.41 K, while the magnetic properties of
[CusDy(LP")] are best described by Joy-co/ks = +3.74 K and
Jeu—co/ks = +0.86 K (Figure 8). The small difference in the
magnitude of Jc, ¢, is due to subtle geometric differences in
the Cu"—catecholate—Cu"" moiety.

20
- Cu,Dr
If) 15 BN [ u; Y]
£ [Cu,Tb]
x
o 10
£
o
~
= sl
HT'/0e K"
U I L I L Il ]
0 50 100 150 200 250 300

TIK

Figure 8. Comparison between measured (empty symbols) and ab
initio calculated (solid lines) temperature dependence of yT for
[Cu3Dy(LP')(NO3)3(MeOH)3] and [Cu3Tb(L™)(NO;),(MeOH);]-
(NO;) (with y defined as molar magnetic susceptibility at 1000 Oe
and equal to M/H per mole of complex). (Inset) Experimental (open
symbols) and ab initio calculated (solid lines) field dependence of the
magnetization for [Cu;Dy(L™)(NO;);(MeOH);] and [CuyTh(L™)-
(NO,),(MeOH);](NO;) at different temperatures.

It is difficult to speculate on why the Cu'’—Cu" interaction in
these compounds is ferromagnetic and not antiferromagnetic,
but it is weak as expected given that (a) it involves a four-atom
bridge and (b) in related studies the magnetic properties of
complexes with a similar Cu"—catecholate—Cu"" moiety have
been successfully simulated by assuming the Cu'—Cu"
interaction across the four-atom catecholate bridge is
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Inorganic Chemistry

negligible.”” In order to gain insight into the Cu"—Cu"
exchange interaction, broken-symmetry density functional
theory (BS-DFT) calculations® were performed on [Cu;Tb-
(L*7)], with the experimentally observed geometry and the
Tb(III) ion substituted by the nonmagnetic La(IIl) ion.
Calculations were carried out within ORCA* using the
B3LYP functional and SVP basis set. Four calculations were
done, one for projection of the total spin M = 3/2,
corresponding to spin-up projections of the local S = 1/2 on
three Cu(Il) sites, and three calculations for the total spin
projection M = 1/2, corresponding to flipping of one spin
down on each of the three copper sites, respectively. Then the
exchange coupling constants were calculated using the
generalized spin projection method,® giving the following
values: Jou_cuo/ks = +2.8 X 107 K, Jouw_cus/ks = +4.4 K, and
Jeui—cus/ks = +0.64 K. Although all are ferromagnetic (as also
derived from the fitting of the magnetic data), the three
exchange parameters differ drastically in magnitude. The reason
is small deviations of the geometry of the macrocycle from an
ideal trigonal symmetry (Figure 3). However, the average value
of these parameters, J,yeqge/ks = +1.7 K, is close to the value
Jcu—co/kg = +1.41 K obtained from the fitting of magnetic data
for [CuyTb(L™")] (Figure 8).

Further insight is obtained from analysis of magnetic orbitals
on the Cu(II) sites. Making a localization transformation of the
three singly occupied molecular orbitals obtained in the high-
spin (M = 3/2) calculation, the localized magnetic (Ander-
son’s) orbitals on the copper sites are obtained (Figure 9). This
shows that the orbitals localized at sites Cu2 and Cu3 do not
show delocalization on the mutual jon and its closest
environment, which explains why the strongest ferromagnetic
coupling is obtained for this pair. In the Cul—Cu3 pair there is
a non-negligible delocalization on the mutual copper ion
(Figure 9a and 9c), which however does not lead to
antiferromagnetic coupling due to a compensating effect of
(ferromagnetic) potential exchange contribution.’* On the
other hand, the exchange contribution from the spin polar-
ization of the ligand (here the entire macrocycle), which is
generally expected to be strong for a conjugated ligand,®” seems
to be of less importance in the present case. Indeed, the
conjugated path O—C—C—O connecting two Cu(Il) ions
(Figure 9) favors antiferromagnetic coupling via a spin
polarization mechanism, while the overall ferromagnetic
coupling obtained for all copper pairs suggests that this
mechanism is, at least, not stronger than the direct
ferromagnetic exchange interaction. The latter is already weak
due to the relatively large Cu—Cu distances. We may conclude
that the small values of exchange parameters obtained are the
result of strong compensation of ferro- and antiferromagnetic
interactions for Cu—Cu pairs. In support of this picture, the
calculated exchange parameters for [CuyCe(L™)], using the
same approach and replacing Ce(III) by La(IIl) while keeping
the experimental geometry intact, gave Jou_cuno/ks = +3.2 X
107 K, Jeucus/ks = +0.38 K, and Joy_cu/ks = —3.8 K (the
localized magnetic orbitals are shown in Figure SS, Supporting
Information). The preponderant antiferromagnetic exchange in
this compound results from small structural changes of the
macrocycle compared to [Cu;Tb(L"")] which push the balance
of the three exchange contributions from ferro- to anti-
ferromagnetic.

It is worth noting that the axis of anisotropy for the Dy"" ion
is at 2.22° (similar to the 5.05° found in the [Zn;Dy(L"™)]

Figure 9. Localized magnetic orbitals on Cul (a), Cu2 (b), and Cu3
(c) in compound [Cu;Tb(L?)(NO,),(MeOH);](NO;). See text for
details.

analogue),* and for the Tb™ ion it is at 46.08°, from the plane
formed by the three Cu" ions (Figures 6 and 7).

The reason for relatively fast relaxation of magnetization in
[CusTb(LP)] is the deviation from axiality of the ground
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exchange Kramers doublet. The relatively large perpendicular
components (gy = 0.070 and g, = 0.085, Table S) are the

Table 5. Energies of the Lowest Four Exchange Doublets
(cm™) and Molecular g Tensors for the Ground Exchange
Doublets for Complexes

[Cu3Tb(LPr)(NO3)2(MeOH)3] (NO3), [Cu3La(Lpr)]» and
[Cu3DY(LPr) (NO;);(MeOH);]

[CusTh(L™)(NO,),(MeOH);]  CusLa(L™) [Cu,Dy(L™)
(N 3) NO;); (NO3)3(M30H)3J
0.0000000 0.0000000 0.0000000
0.0000000 0.0000000 0.0000163
7.1058319 0.0012663 5.9538112
7.1058320 0.0012663 5.9603006
9.0643506 0.8823092 7.017724S
9.0643507 0.8823092 7.0215063
9.0685331 0.8828293 7.0234860
9.0685332 0.8828293 7.0272403
g tensor of the ground exchange doublet

& = 0.070 g = 0213 & = 0.000
gy = 0.085 gy = 0222 gy = 0.000
g = 22.580 g = 6.508 g = 24917

reason for quantum tunneling induced by magnetic fields
perpendicular to the main anisotropy axis (which coincides
with the anisotropy axis on Tb", see Figure 6) of the ground
Kramers doublet.

A similar situation has been found in the recently
investigated [Zn;Dy(L™)] complex,* where the perpendicular
components of the g tensor were found to be of the same order
of magnitude as in [CuyTh(L"")], although a maximum in the
frequency dependence of y'’ was not observed until a dc
magnetic field of 1000 Oe was applied. We note that similar
magnetic behavior was also reported recently for a [Co";Co™,]
complex,®® where the ground exchange Kramers doublet also
showed marked departure from a perfect axiality. The SMM
properties of [ Cu; Tb(L™")] could potentially be enhanced if the
splitting between the lowest two levels of Tb™ ion (4.2 cm™/
6.04 K) could be diminished by varying the nearest
environment of the ion. A recent example of this kind is the
family of [Tb;] SMMs for which ab initio calculations
determined the splitting of the lowest levels of the Tb™ ions
at 0.03—0.13 cm™! (0.04—0.19 K).*!

Having prepared the [ZniDy(L™)] SMM,** we investigated
why the analogous Cu" complex, [CuyDy(L")], did not display
any slow relaxation of its magnetization. In contrast to the
Kramers system [Zn,Dy(L™)], the complex [Cu;Dy(LPr)] is
an Ising system with the transverse molecular g factors (gx and
gy) inherently equal to zero. In this case, the tunnelling splitting
is obtained from the energy difference between the two
components of the ground exchange doublet. For Kramers
systems, however, the tunnelling splitting is proportional to the
transverse components of the g tensor of the ground Kramers
doublet and appears mainly as a result of the presence of
perpendicular magnetic fields. For [Cu,Dy(L™)], the tunnel
splitting is ~1.6 X 107> cm™" (2.3 X 107> K; Table §), which is
quite large compared to other well-known SMMs. This large
tunnel splitting results in a rapid quantum tunnelling relaxation
time induced by magnetic fields and the absence of an out-of-
phase component in zero dc field. The deviation from axiality
of the central Dy™ ion in [Cu;Dy(L™)] is similar to but
presumably somewhat less than that of the Dy" ion in
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[Zn;Dy(L"")], where gy = 0.10 and gy = 0.2S. Thus, observation
of a weak out-of-phase component in the absence of a dc field is
possible for [Zn;Dy(L™)], while this is not the case for
[Cu;Dy(L™)]. The deviation from axiality in [Zn;Dy(L"*)] and
[CusDy(L™)] and the relatively large splitting on the Tb"™ ion
in [CuyTh(LP")] are due to the low-symmetry components of
the ligand field of comparable strength. Once again, our
investigations suggest that perfect magnetic axiality (i.e., gx = gy
= 0 for the Kramers complexes; zero tunnel splitting for the
Ising complexes) is the key for obtaining SMMs with higher
energy barriers to blocking of magnetization.

B CONCLUSIONS

We prepared a family of 13 tetranuclear Cu''—Ln"™ complexes
of the macrocycle (L*)®". The use of a carefully designed,
large, multiple-binding-pocket, organic macrocycle provides the
desired control of nuclearity and structure, generating this large
family of complexes with very similar overall structures. One
complex, [Cu;Tb(L™)], displayed magnetic properties indica-
tive of SMM behavior. However, none of the other complexes
displayed such behavior. This was surprising in the case of
[CusDy(LP")], as the Zn" analogue was earlier shown to display
slow relaxation of magnetization under a dc field, so
simplistically one might anticipate that replacement of the S
=0 Zn" ions by S = 1/2 Cu" ions might “improve” the SMM
behavior. However, the ab initio calculations show that the
reason the Cu" analogue is not a SMM is a result of deviation
from perfect magnetic axiality, which in turn results from the
low symmetry of the ligand field. In order to better understand
and improve SMM behavior, further effort must go into
establishing under what conditions high magnetic axiality can
be achieved. A remarkable feature of lanthanide complexes is
that comparably high axiality can be achieved in low-symmetry
and slightly distorted high-symmetry complexes.>> We are now
looking to replace the Cu'" ions with other paramagnetic
centers in order to explore which blends of 3d and 4f ions
provide stronger magnetic anisotropy and hence optimize
SMM behavior. Furthermore, we intend to devise modified
macrocyclic systems in order to control the magnetic axiality of
these Zn;Ln and CusLn complexes. In summary, we are now
extending this systematic approach, offered by the combination
of large, carefully tailored macrocyclic ligands and selected
blends of 3d—4f ions, to target production of enclosed, stable,
and soluble [M;Ln] coordination complexes with improved
SMM properties.
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