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ABSTRACT: The synthesis and structural characterization of
four related heterometallic complexes of formulas
[DYIHzCOHIz(OMe)z(teaH)z(Ochh)4(MeOH)4] (NO3),:
MeOH-H,0 (la) and [Dy''!,Co',(OMe),-
(teaH),(0,CPh),(MeOH),(NO;),]-MeOH-H,0 (1b),
[DYHIZCOHIZ(OMe)z(dea)z(ochh)4(MeOH)4] (NO3), (2),
[DymzComz(OMe)z(mdea)z(OZCPh)4(NO3)2] (3), and
[DyHIZCoHIZ(OMe)2(bdea)z(OZCPh)4(MeOH)4] (NO3),:
0.5MeOH-H,0 (4a) and [Dy"™,Co"™,(OMe),(bdea),-
(0,CPh),(MeOH),(NO;),]-MeOH:1.5SH,O (4b) are re-
ported (teaH; = triethanolamine, deaH, = diethanolamine,
mdeaH, = N-methyldiethanolamine, and bdeaH, = N-n-butyldiethanolamine). Compounds 1 (= 1a and 1b) and 4 (= 4a and
4b) both display two unique molecules within the same crystal and all compounds display a butterfly type core, with the Dy
ions occupying the central body positions and the diamagnetic Co™ ions the outer wing-tip sites. Compounds 1—4 were
investigated via direct current and alternating current magnetic susceptibility measurements, and it was found that each complex
displayed single-molecule magnet (SMM) behavior. All four compounds display unique coordination and geometric
environments around the Dy ions and it was found that each displays a different anisotropy barrier. Ab initio calculations were
performed on 1—4 and these determined the low lying electronic structure of each Dy™ ion and the magnetic interactions for
each cluster. It was found that there was a strong correlation between the calculated energy gap between the ground and first
excited states of the single-ion ligand-field split Dy™ levels and the experimentally observed anisotropy barrier. Furthermore, the
transverse g factors found for the Dy ions, defining the tunnelling rates within the ground Kramers doublets, are largest for 1,
which agrees with the experimental observation of the shortest relaxation time in the high-temperature domain for this complex.
The magnetic exchange between the Dy ions revealed overall antiferromagnetic interactions for each compound, derived from
the dominant dipolar exchange resulting in nonmagnetic ground states for 1—4. The diamagnetic ground states coupled with
small tunneling gaps resulted in quantum tunneling time scales at zero field of between 0.1 and >1.5 s.

= {Co,Dy,tea) (1)
e {Co,Dy,dea} (2)
34 Thermally activated 4 {Co,Dy,-mdea} (3)

relaxation {Co,Dy, bdea) (4)

B INTRODUCTION discovery of single ion lanthanide complexes exhibiting this
effect, in particular a family of {Ln(pc),}~ (Pc = dianion of
phthalocyanine) compounds with extremely large energy
barriers to magnetization reversal, has revitalized the search
for high(er) temperature SMMs.* Several such mono- and
polynuclear lanthanide species have since been reported
displaying very large energy barriers to magnetic reorientation
compared to their transition metal counterparts;> however, a
poor understanding of the relaxation mechanism and the
problem of fast quantum tunnelling of magnetization (QTM)
are important challenges to overcome at the present time.

Since the discovery that a dodecanuclear manganese complex;
[Mn,0,,(0,CR);,(H,0),] displays slow magnetic relaxation,
numerous coordination complexes have since been isolated
which display so-called single-molecule magnet (SMM)
behavior." This property is brought about via an anisotropic
energy barrier (U,g) blocking the magnetization with a specific
orientation at low temperatures. Magnetic hysteresis of purely
molecular origin is therefore observable in the majority of such
cases, at low enough temperatures, and these molecules may
potentially be used in future high density data storage devices
and for quantum information processing.” Many of the early
reported SMMs were based on polynuclear 3d complexes, with Received: December 2, 2013
the majority containing manganese.3 In more recent years the Published: April 21, 2014
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Continued research into the understanding of the relaxation
mechanism is key to developing lanthanide-based SMMs with
longer relaxation times at higher temperatures. One key
pathway toward this goal lies in the use of ab initio calculations.
Such calculations have proven valuable towards understanding
the complicated nature of anisotropic magnetism in lanthanide
molecular complexes.® These calculations can accurately
determine the low lying electronic structure of the individual
ions, which are often difficult to access experimentally, and they
are also able to elucidate the Ln---Ln exchange interactions in
polynuclear systems.

Recently we reported the crystal structure of two near
identical 3d/4f complexes which consist of two dinuclear DylII
species that cocrystallize within the same crystal, each
encapsulated within two diamagnetic Co™ ions and several
organic bridging ligands.” The complexes
[Dy™,Co™,(OMe),(teaH),(0,CPh),(MeOH),](NO;),-
MeOH-H,0 (la) and [Dy'"'!,Co"'',(OMe),-
(teaH),(O,CPh),(MeOH),(NO;),]-MeOH-H,0 (1b) (teaH,
= triethanolamine) are thus heterometallic 3d/4f clusters, but
magnetically can be considered as dinuclear Dy™ units, due to
the low spin Co™ d°® ions. From alternating current (ac)
magnetic susceptibility experiments we observed SMM
behavior with a substantial energy barrier (~61 cm™) to
magnetic reversal and a relatively slow zero-field QTM time for
a lanthanide dimer (>1.5 s), which generally is found to be on
the millisecond time scale. It was found via ab initio
calculations, that the QTM in 1 (1 = 1a and 1b) is efficiently
suppressed due to the small tunnelling gap of the ground
exchange doublet which is of the order of 107 cm™. This is
due to the non-Kramers nature of the coupled system and the
weak antiferromagnetic interactions between the Dy" ions,
resulting in a nonmagnetic ground state. This results in a
vanishing local transverse field as the temperature tends to zero,
thus removing this contribution to the QTM. This was
confirmed experimentally via dilution experiments in which we
were able to isolate the “magnetically monomeric”
{Dy"™™Co™,} species, which resulted in the QTM being
“turned back on,” where fast tunnelling was observed at zero
field, with a characteristic time of 0.15 ms.”

To gain a better understanding of the relaxation mecha-
nism(s) in lanthanide systems we have continued to study this
particular system by careful variation of the reaction conditions
to isolate chemical/structural variants of compound 1. It was
found that the use of three amine-based diol ligands—
diethanolamine (deaH,), N-methyldiethanolamine (mdeaH,),
and N-n-butyldiethanolamine (bdeaH,)—substituted in place
of triethanolamine (teaH,), in conjunction with benzoic acid,
allowed us access to several related complexes. The molecular
structures of the proligands are shown in Scheme 1.

The use of deaH, resulted in the isolation of the cationic
form of compound 1, of formula [Dy™,Co™,(OMe),(dea),-
(O,CPh),(MeOH),](NO3), (2). The use of mdeaH, resulted
in a variation of both 1 and 2, with one unique structure found
in the asymmetric unit, as with 2, but with the coordination

Scheme 1. Proligands Used towards the Synthesis of
Complexes 1—4
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environment around the Dy"™ centers differing from those
previously seen. This neutral complex has the formula
[Dy™,Co™,(OMe),(mdea),(O,CPh),(NO;),] (3). The reac-
tion utilizing bdeaH, resulted in the isolation of two unique
complexes in the same crystal of formula [Dy™,Co™,(OMe),-
(bdea),(0,CPh),(MeOH),](NO;),-0.5MeOH-H,O (4a) and
[DyHIZCoIHZ(OMe)Z(bdea)Z(OZCPh)4(MeOH)2(NO3)2]-
MeOH-1.5H,0 (4b), (4 = 4a and 4b), which are structurally
similar to those in 1. Each dysprosium complex, 1—4, behaves
as a SMM with a large anisotropic energy barrier, and, although
similar in structure, they possess subtly different coordination
environments around the Dy"™ ions. The resulting dynamic
(ac) magnetic behavior for each complex is unique and thus
these systems are ideal for exploring the factors that affect the
anisotropy barrier and/or the relaxation mechanism in
lanthanide SMMs.

To understand the differences between the magnetization
dynamics of 1—4, accurate determination of the electronic
structure on the individual metal ions, alongside the magnetic
coupling between all metal sites, is required. Fragment ab initio
calculations of CASSCF/RASSI/SINGLE ANISO type have
proved useful and reliable in the determination of local
electronic and magnetic properties of individual lanthanide
centers.* '" In the second step of the theoretical analysis,
magnetic interaction, exchange spectrum and all magnetic
properties of each polynuclear system were computed on the
basis of fragment ab initio results, within the POLY_ ANISO
routine."""? This information can then be used to interpret the
magnetization dynamics of the compounds by employing the
concept of magnetic axiality.*~"

B EXPERIMENTAL SECTION

General Information. All reactions were carried out under aerobic
conditions. Chemicals and solvents were obtained from commercial
sources and used without further purification. Elemental analyses (C,
H, N) were carried out by Campbell Microanalytical Laboratory,
University of Otago, Dunedin, New Zealand. IR spectra were recorded
on a Bruker Equinox 55 spectrometer with an ATR sampler provided
by Specac Inc. and the samples were run neat. The synthesis of
compound 1 was as previously reported.”

Synthesis of [Dy",Co",(OMe),(dea),(O,CPh),(MeOH),J(NO), (2).
Co(NO3),-6H,0 (0.29 g, 1 mmol) and Dy(NO;);-6H,0 (0.45 g, 1
mmol) were dissolved in MeCN (20 mL), followed by the addition of
diethanolamine (0.10 mL, 1 mmol), benzoic acid (0.12 g, 1 mmol),
and triethylamine (0.55 mL, 4 mmol) to give a purple solution. This
was stirred for 6 h, after which the MeCN was removed and the
residue redissolved in MeOH (15 mL), which was allowed to
evaporate slowly. Within 2—3 d, purple crystals of 2 appear, in
approximate yield of 42%. Anal. Calculated (found) for 2:
Co,Dy,C,,HgyON,: C, 34.84 (34.60); H, 4.18 (4.32); N, 3.87
(3.74)%. Selected IR data ATR (cm™): 1595s, 1558s, 1475s, 1446w,
1391s, 1304s, 1175w, 1158w, 1097w, 1075w, 1027w, 926w, 828w,
758w, 720w, 687w.

Synthesis of [Dy",Co",(OMe),(mdea),(0,CPh),(NO;),] (3). As
with 2 but N-methydiethanolamine (0.12 mL, 1 mmol) was used in
place of diethanolamine. Within 2—3 d, purple crystals of 3 appear, in
approximate yield of 51%. Anal. Calculated (found) for 3:
Co,Dy,C4oH,505N,: C, 3565 (35.60); H, 3.59 (3.65); N, 4.16
(4.14)%. Selected IR data ATR (cm™): 1596s, 1558s, 1474s, 13895,
1294m, 1176w, 1156w, 1085w, 1068w, 1022w, 1008w, 940w, 911w,
845w, 828w, 815w, 760w, 738w, 714w, 687w.

Synthesis of [Dy’”2Co”’z(OMe)z(bdea)z(O%CPh)4(MeOH)4](NO3)2~
0.5MeOH-H,0 (4a) and [Dy'",Co"',(OMe),(bdea),-
(O,CPh),(MeOH),(NO3),]-MeOH-1.5H,0 (4b). As with 2 but N-n-
butyldiethanolamine (0.16 mL, 1 mmol) was used in place of
diethanolamine. Within 2—3 d, blue/purple crystals of 4 appear, in
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Table 1. Crystallographic Data for Compounds 1—4

1 2 3 4
formula®” C0,Dy,Cy6H700,7N, C0,Dy,C4rHg0O24N, C0,Dy;C40H50,50N, C0,Dy;Cy975H7725025Ny

M, g mol™ 1553.90 1447.8 1347.68 1574.25
crystal system tetragonal monoclinic monoclinic monoclinic
space group 4,/a P2,/n P2,/n P2,/n
a/A 40.986(6) 8.1910(16) 7.8200(16) 16.1436(6)
b/A 40.986(6) 17.672(4) 17.220(3) 23.2605(8)
c/A 15.985(3) 17.370(4) 17.270(4) 19.2339(6)
a/deg 90 90 90 90
p/deg 90 97.10(3) 92.00(3) 114.6050(10)
7/deg 90 90 90 90
V/A3 26852(9) 2495.1(10) 2324.2(8) 6566.7(4)
T/K 100(2) 100(2) 100(2) 123(2)
VA 16 2 2 4
Pee [g cm™] 1.535 1927 1.926 2.822
fVA 0.710 70 0.710 70 0.710 70 0.71073
data measured 174 458 29 963 37270 41472
ind. reflns 11791 4373 5311 14 438
Ry 0.0419 0.0291 0.0282 0.0465
reflns with I (I > 26(I)) 11562 4190 4921 10281
parameters 787 347 309 817
restraints 150 2 0 35
R,? (obs), wR,? (all) 0.0543, 0.1572 0.0909, 0.2041 0.0317, 0.0787 0.0477, 0.1319
goodness of fit 1.049 1.122 1.058 1.040
largest residuals/e 1&“3 2962, —2.021 5.060, —2.915 2.558, —0.932 5.093, —1.457

“Including solvate molecules. *The average formula of the two molecules for 1 and 4 is given, including solvate molecules. “Graphite
monochromator. “R, =Z||Fyl — IE||/ZIFy, wR, = {Z[w(F> — F2)*1/Z[w(F})*]}V2

Figure 1. The structure of 1a (left) and 1b (right) in the crystal.” Disordered and H atoms are omitted for clarity. Color scheme; Co'', green; Dy,

purple; O, red; N, blue; C, light gray.

approximate yield of 68%. Anal. Calculated (found) for 4:
Co,Dy,Cy975H,50,sN,: C, 38.13 (38.20); H, 4.80 (4.62); N, 3.56
(3.69)%. Selected IR data ATR (cm™): 1595s, 1557s, 1474s, 1447w,
1391s, 1304s, 1175w, 1159w, 1096w, 1075w, 1026w, 926w, 828w,
758w, 720w, 687w.

X-ray Crystallography. X-ray measurements for 1-3 were
performed at 100(2) K at the Australian synchrotron MX1 beamline.
The data collection and integration were performed within Blu-Ice'®
and XDS"7 software programs. Compound 4 was measured using a
Bruker Smart Apex X8 diffractometer with Mo Ko radiation. The data
collection and integration were performed within SMART and SAINT
+ software programs, and corrected for absorption using the Bruker
SADABS program. Compounds 1—4 were all solved by direct methods
(SHELXS-97), and refined (SHELXL-97) by full least matrix least-

4305

squares on all F* data.'® Crystallographic data and refinement
parameters for 1—4 are summarized in Table 1. Crystallographic
details are available in the Supporting Information in CIF format.

Magnetic Measurements. The magnetic susceptibility measure-
ments were carried out using a Quantum Design SQUID magneto-
meter MPMS-XL 7 operating between 1.8 and 300 K, with direct
current (dc)-applied fields ranging from 0—S T. Microcrystalline
samples were dispersed in Vaseline to avoid torquing of the crystallites.
The sample mulls were contained in a calibrated gelatin capsule held at
the center of a drinking straw that was fixed at the end of the sample
rod. Susceptibility measurements (ac) were carried out under an
oscillating ac field of 3.5 Oe and frequencies ranging from 0.1 to 1500
Hz.

dx.doi.org/10.1021/ic4029645 | Inorg. Chem. 2014, 53, 4303—4315
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B RESULTS AND DISCUSSION

Structural Descriptions. [Dy",Co",(OMe),(teaH),-
(0,CPh) ,(MeOH) J(NO;)-MeOH-H,0 (1a) and [Dy",Co"-
(OMe),(teaH),(0,CPh) ,(MeOH),(NO;),]-MeOH-H,0 (1b). The
structure of 1a and 1b (Figure 1) which are regarded overall as
compound 1 has been described previously.” As 1 is the parent
compound of which 2, 3, and 4 are family members, a brief
description of the salient points are given. Complex 1
crystallizes in the tetragonal space group I4;/a with the
asymmetric unit consisting of two similar but unique
heterometallic tetranuclear complexes (la and 1b). Overall
both clusters consist of two Co™ and two Dy ions, with the
metallic core best described as a planar butterfly motif, with the
Dy™ ions occupying the body positions and the Co™ ions the
outer wing-tips. The difference found between the two
compounds is minor, with slightly different coordination
environments found around the Dy™ ions, via the terminal
ligands. Complex 1a displays two terminal MeOH molecules,
while 1b has one MeOH and a NO;™ coordinated via one O
atom, thus la is cationic and 1b is neutral.

[Dy",Co",(OMe),(dea),(0,CPh) (MeOH) J(NO3), (2). Upon
replacement of the ligand teaH; by deaH, and otherwise
following the same synthetic procedure used to prepare 1, we
were able to synthesize complex 2. In this case only one unique
structure was found throughout the crystal. Compound 2
(Figure 2, top) crystallizes in the monoclinic space group P2,/
n, with the asymmetric unit containing half the cluster, which
lies upon an inversion center and a nitrate counterion. The
complex is exclusively cationic, as observed with 1a, with two
MeOH ligands terminally coordinating to each Dy" ion, with
two nitrate counterions found in the crystal lattice. The
isolation of a single complex from a mixture of two different

Figure 2. The molecular structure of 2 (top) and 3 (bottom). The H
atoms are omitted for clarity. The color scheme is as in Figure 1.
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molecules found within the same crystal upon changing the
reaction conditions has been observed previously. One such
example is that of two iron complexes; {Fe;;} and {Fe5}
cocrystallizing together within the same lattice, which was
resolved by modifying the bridging ligand used; Hzheidi = N-2-
hydroxyethyl-iminodiacetic acid to Hjmetheidi N-(1-
hydroxymethylethyl)iminodiacetic acid, resulting in the iso-
lation of the {Fe,o} cluster only.'” This was found to be the
case with 1 versus 2, namely, using the ligands teaH; and
deaH,, respectively. The metallic core arrangement in 2 is
identical to that of 1a, again displaying a butterfly type motif.
The only overall difference is the two doubly deprotonated
deaH*" ligands that are now present, both of which display the
uynta:n' bonding mode. The two Co™ ions are six-
coordinate with octahedral geometries, with an average Co—
Lyo bond length of 1.926 A. The two Dy ions are eight
coordinate with distorted square antiprismatic geometries, and
have an average Dy—O bond length of 2.370 A. The closest
intermolecular Dy---Dy distance is 7.99 A.

[Dy",Co™ ,(OMe),(mdea),(0,CPh) ,(NO5),] (3). Compound
3 (Figure 2, bottom) crystallizes in the monoclinic space group
P2,/n with the asymmetric unit containing half the cluster
which lies upon an inversion center. Again, upon changing the
amine polyalcohol ligand, in this case to mdeaH,, we were able
to isolate a further variant that differs from both 1 and 2. In 3,
we again form a planar-butterfly motif with two Co™ and two
Dy" ions, the difference being the two doubly deprotonated
mdea’” ligands which are now present, and more importantly,
the coordination environment around the Dy ions is different.
In the case of 1 and 2 we observed two terminal MeOH
molecules or one MeOH and one NO;~ coordinated to the
Dy" ion. For 3 we now observe only one chelating NO;™ ion
and the complex is neutral. The two Co™ ions are six-
coordinate with octahedral geometries, with an average Co-Ly o
bond length of 1.919 A. The two Dy ions are eight-coordinate
with distorted square antiprismatic geometries, with an average
Dy—O bond length of 2.358 A. The closest intermolecular
Dy--Dy distance is 7.820 A.

[Dy",Co'"',(OMe),(bdea),(0,CPh),(MeOH),](NO;),-
0.5MeOH-H,0 (4a) and [Dy",Co"",(OMe),(bdea),-
(O,CPh),(MeOH),(NO;),]-MeOH-1.5H,0 (4b). Increasing the
size of the alkyl group attached to the N atom of the amine diol
ligand by utilizing bdeaH, resulted in two complexes 4a and 4b
(4 = 4a and 4b), found within the same crystal (Figure 3).
Both compounds consist of two similar but unique tetranuclear
complexes and crystallize in the monoclinic space group P2,/n,
with the asymmetric unit consisting of one-half of both 4a and
4b, with each lying upon an inversion center. Again we observe
two unique structures cocrystallizing within the same crystal,
with the coordination environments around of the metal ions
being identical to that of compound 1. The only chemical
difference when comparing to 1 is the presence of the bdea*~
ligand which coordinates via the y3:7%:7%:1" bonding mode. The
two Co' ions are six-coordinate with octahedral geometries
with an average Co—Ly o bond length of 1.916 (4a) and 1.911
(4b) A. The two Dy" ions are eight coordinate with distorted
square antiprismatic geometries with an average Dy—O bond
length of 2.361 (4a) and 2.367 (4b) A. The closest
intermolecular Dy---Dy distance is 7.542 A.

Structural Comparisons. While complexes 1—4 display
subtle differences that distinguish each complex, the generic
core structure is the same for all. Selected bond lengths and
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Figure 3. The molecular structure of 4a (left) and 4b (right) in the crystal. Disordered and H atoms are omitted for clarity. The color scheme is as in

Figure 1.

Table 2. Selected Bond Distances (A) and Angles (deg) for Complexes 1—4

la 1b

Dyl-01 2.441(7) 2.480(7)
Dyl-02 2.422(8) 2.412(7)
Dyl1-03 2.324(7) 2.331(7)
Dyl-04 2.235(6) 2.235(6)
Dyl-0S 2.448(6) 2.435(6)
Dyl-05' 2.428(6)* 2.470(6)"*
Dyl-07' 2.281(6)" 2.270(6)"
Dyl1-08’ 2.341(6)" 2.322(7)"
Col-04 1.891(7) 1.896(7)
Col-05 1.929(6) 1.927(6)
Col-07 1.890(6) 1.876(6)
Col-09 1.924(7) 1.952(6)
Col-N1 1.964(8) 1.964(7)
Col-010 1.896(7) 1.905(6)
Dyl--Dyl’ 4.075(7) 4.088(6)
Dyl---Col 3.2994(14) 3.2796(14)
Dyl’--Col 3.2829(13) 3.2953(14)
Dyl—-05-Dyl’ 113.3(2) 112.9(2)

2 3 4a 4b
2.423(11) 2.433(3) 2.426(5) 2.384(5)
2.462(12) 2.435(3) 2.400(5) 2.461(5)
2.359(9) 2.339(3) 2.333(4) 2.346(4)
2.254(10) 2.251(3) 2.242(4) 2.259(4)
2.413(10) 2.401(3) 2.450(4) 2.456(4)
2.447(9)"Me 2.403(3)V* 2.437(4)"° 2.413(4)V¢
2.249(10)™ 2.24533)V 2.263(4)Y 2.261(4)V!
2.349(10)™ 2.340(3)V 2.340(7)" 2.356(4)""
1.889(10) 1.893(3) 1.879(4) 1.864(4)
1.940(10) 1.939(3) 1.934(4) 1.935(4)
1.881(10) 1.894(3) 1.873(4) 1.877(S)
1.937(10) 1.914(3) 1.918(4) 1.896(4)
1.945(11) 1.961(4) 1.983(5) 1.981(6)
1.964(10) 1.918(3) 1.914(4) 1.910(4)
4.026(10) 3.998(6) 4.103(6) 4.077(6)
3.253(2) 3.257(6) 3.2903(9) 3.2691(9)
3.271(2) 3.2684(8) 3.2813(9) 3.2916(9)
111.9(4) 112.24(10) 114.16(14) 113.72(15)

“Symmetry transformation: (I) —x, 1 —y,2 —z; (I1) 1/2 —x,1/2 = 9,3/2 —z; () 2 —x, =y, —z; (IV) 1 —=x, 1 =y, —z; (V) 1 —x, 1 —y, 1 — z;

(VD)2 —x1-y1—z

angles for 1—4 are given in Table 2, following the labeling
scheme shown in Figure 4.

Table 2 shows that the structural parameters vary little with
regards to the bond lengths. An important consideration,

Figure 4. Labeled core structure for compounds 1—4.

however, known to influence the magnetic properties of
lanthanide complexes at the single-ion level, is the coordination
environment found around the Dy ion. Varying the type of
ligand coordinated, as well as geometric distortions, all
influence the splitting of the spin—orbit multiplets and, thus,
the magnetic properties. Previously, we determined via dilution
experiments, using the {Y""Dy™Co™,} complex,” that the slow
relaxation of compound 1 was of single-ion origin, and thus
alterations of the ligand and any distortions around the Dy"
ion should affect the dynamic magnetic behavior. We have used
the SHAPE software to study the coordination polyhedra and
determined that all of the Dy"" ions in compounds 1—4 display
distorted square antiprismatic geometries, with Continuous
Shape Measures (CShMs) of 0.865, 0.923, 0.719, 1.686, 0.883,
and 0.890 for Dyl (1), Dy2 (1), 2, 3, Dyl(4), and Dy2(4),
respectively. All Dy ions show increased CShMs of between
2—4 for the next most closely related polyhedra, which are, in
order of ascending CShMs: biaugmented trigonal prism,
Johnson biaugmented trigonal prism, trigonal dodecahedron
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Figure S. Comparison of the crystal packing for compounds 1 (top left), 2 (top right), 3 (bottom left), and 4 (bottom right). For each complex 1-D
chains form perpendicular to the page, with compound 1 viewed along the c-axis, while 2, 3, and 4 viewed along the a-axis.

and snub disphenoid.”' It is clear that compound 3 is the most
distorted, with a CShM of almost double that of the others.
Comparing the crystal packing arrangements of 1—4 (Figure
S), we see that complex 1 (involving the teaH; ligand) packs in
such a way that two types of channel are observed running
along the crystallographic c-axis. These are formed via
intermolecular H-bond interactions between the terminal
MeOH and the coordinated/noncoordinated nitrate ions
(Supporting Information, Figure S1), and edge-to-face aromatic
C—H--x interactions between the benzoate ligands (Support-
ing Information, Figure S2). Of the two channels present, the
first contains the free, noncoordinating teaH?™ arms, as well as
disordered MeOH and H,O solvent molecules, while the
second channel consists of disordered MeOH solvent
molecules. Compound 2 (deaH,) differs from 1, overall

4308

While there are still intermolecular H-bonded one-dimensional
(1-D) chains running along the crystallographic a-axis via the
MeOH and NO;~ ions, a third intermolecular H-bond forms
between the N—H group of the dea’” ligand and the NO;~
counterion (Supporting Information, Figure S3, top), resulting
in 3-D H-bonded sheets (Supporting Information, Figure S3,
bottom). Further to this, the edge-to-face aromatic C—H-x
interactions between benzoate ligands are again present
(Supporting Information, Figure S3, bottom). This results in
the absence of any channels of the kind seen in 1. Compound 3
displays no intermolecular H-bonds but packs in a near
identical manner to that observed for 2. This is likely to be
driven by the aromatic interactions and the small methyl group
on the diol ligand which does not sterically hinder the
formation of this arrangement. For compound 4, which
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contains the longer alkyl chain on the amine-polyol ligand, the
packing motif is similar to that for 1, and clearly differs from 2
and 3 due to the butyl group directing the packing. The
arrangement seen in 4 still differs from 1, however, which
displays two types of channels; one channel has all four
nonbonding protonated teaH>~ arms all pointing toward each
other, while the second is larger with just the terminal ligating
groups on the Dy ions directed into the space. For 4, the
larger butyl groups are sterically unable to do this, and thus the
neighboring cluster rotates so that we now only observe one
type of channel, with two butyl groups directed toward the
center of the channel space.

Magnetic Susceptibility Measurements. The bulk
magnetic properties of 1—4 were probed via variable temper-
ature, dc and ac susceptibility measurements on polycrystalline
samples. The dc studies (Figure 6) measured in magnetic fields
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Figure 6. Plots of yT vs T for 1—4 measured at 1 T, the solid lines
just join the points.

of 0.1 and 1 T reveal room temperature y\T values at 1 T of
26.00, 28.79, 29.19, and 27.97 cm® K mol™}, in good agreement
with the expected value of 28.34 cm® K mol™' for two
uncoupled Dy™ ions. As the temperature is lowered, the yyT
values decrease very gradually (300—50 K) before a much
bigger decrease below 50 K, reaching values of 1347, 14.37,
and 15.43 and 1448 cm® K mol™ at 0.1 T and 2 K for 1—4,
respectively. There is no field dependence in the range 70—2 K.
It is noted that the decrease for compound 4 is more
pronounced than for 1—3. The decrease in yT in all cases is
due to the depopulation of the m; sublevels of the ground |
state, with the possibility of antiferromagnetic exchange/dipolar
interactions also contributing to the behavior. The isothermal
M versus H plots, shown in Supporting Information, Figure S4,
each show sharp increases with increasing H, at low fields and
low temperatures, with M then increasing linearly at larger
fields, reaching a value of 9.77, 10.86, 11.07, and 10.06 N at 2
K and S T, for 1, 2, 3, and 4, respectively. These values are
lower than expected for the saturation value of two Dy™ ions
due to crystal field effects, which remove the degeneracy of the
ground state.

Alternating Current Magnetic Susceptibility Measure-
ments. To probe the slow relaxation of the magnetization and
quantum tunneling effects within these systems, variable
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temperature and frequency ac magnetic measurements were
performed, utilizing a 3.5 Oe oscillating field and a zero-applied
dc magnetic field. Both the in-phase (yy') (Supporting
Information, Figure SS) and out-of-phase (yy") susceptibilities
display a frequency (Figure 7) and temperature (Supporting
Information, Figure S6) dependence below 20 K for 1—4,
signaling the blocking of the magnetization due to an
anisotropy barrier.

Previously we reported a significant anisotropy barrier (U.,g)
of 62 cm™ for compound 1, with a pre-exponential factor of
5.64 X 107% s (R* = 0.9974). It was also noted that 1 displayed
a slower than usual quantum tunneling time compared to other
lanthanide-based SMMs and was on the seconds time scale
(>1.5 s).7 Compounds 2, 3, and 4, which also reveal features
typical of SMM behavior, were no surprise, since each are
closely related to 1. The relaxation times at a given temperature
derived from the ac experiments are plotted as In(z) versus 1/T
(Figure 8). From the frequency-dependent out-of-phase
susceptibility behavior, it was found that the relaxation follows
a thermally activated mechanism above 8.5, 10.5, 8.5, and 11 K
for 1—4, respectively, and plots of In(z) versus 1/T are linear.
These data were fitted to the Arrhenius law [z = 7, exp(U.q/
kyT)], which allowed for the evaluation of the anisotropy
barrier and pre exponential factor. Each complex, as the
temperature was lowered displayed a crossover to a temper-
ature independent regime, as evidenced, first at intermediate
temperatures by a curvature in the In(z) versus 1/T plot, where
thermal and quantum tunnelling mechanisms are active
concurrently. The relaxation then becomes independent of
temperature, indicative of a purely quantum tunnelling
relaxation mechanism below <1.8, 2.2, 2.2, and 2 K, for 1—4,
respectively. The data points which are fitted to the regression
line in the higher temperature region are taken to the largest R-
squared value. At the point where this value drops off due to
the curvature of the plot, these data are omitted from the
Arrhenius analysis. Cole—Cole plots were also constructed
(rm” vs yu') and fitted to a generalized Debye model
(Supporting Information, Figure S7). It was generally found
that each complex displayed a single relaxation mechanism in
the thermally activated region, with a moderate distribution of
relaxation times (a). It must be noted however that compound
3 displayed the possibility of multiple relaxation modes, below
8 K, unfortunately there is not enough data to accurately model
the dynamics for the second relaxation process. The resultant
ac relaxation data are tabulated in Table 3.

The In(z) versus T~ plots show differences within the
dynamic magnetic behavior for 1—4. All display a thermally
activated relaxation mechanism above 8.5 K, with a range of
anisotropy barriers found, with values of 55 (3), 61 (1), 72 (2),
and 80 cm™' (4). At low enough temperatures the QTM
mechanism becomes faster than the thermally activated process
and the relaxation time becomes independent of temperature.
Differing characteristic 7qry times of 0.12 (2), 0.2 (3), 0.48
(4), and >1.5 s (1) are found, for each complex. Comparing the
tunnelling times of the newly synthesized clusters 2—4, to
compound 1, we see that pure quantum regimes occur at higher
frequencies and thus faster time-scales than for 1. More
interestingly, it appears from the Cole—Cole data that
compound 3 displays multiple relaxation pathways (Supporting
Information, Figure S7) and this may relate to the greater level
of distortion found around the Dy™ ion, as determined via the
SHAPE calculations (vide supra).
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Figure 7. Frequency dependence of the out-of-phase ac susceptibilities, y,,”, of 1 (top, left), 2 (top right), 3 (bottom left), and 4 (bottom right).

We subsequently performed in-field (Hy. = 1000 Oe) ac
measurements on complex 1 to determine what effect the field
has on the relaxation time. It was found that no shifts in the
' (T) maxima were observed, and therefore no significant
effect on the thermally activated relaxation time (Supporting
Information, Figure S8).

Magnetic hysteresis measurements were performed using a
conventional SQUID magnetometer on polycrystalline samples
of 1—4, to further study the relaxation dynamics. Unfortunately
no open loops could be observed above 1.8 K (Supporting
Information, Figure S9), with a large loss of magnetization at
zero field. To gain any further insight on the magnetic
relaxation and QTM then single crystal micro-Squid experi-
ments at lower temperatures are required.

Ab initio Calculations. All calculations on complexes 1—4
were performed with the MOLCAS 7.8 program package® and
were of the CASSCF/RASSI/SINGLE_ANISO type. To check
the stability of the obtained solutions, two structural models for
the mononuclear Dy" fragments have been employed:
fragment A (small) and B (large). The structure of model A
is shown in Supporting Information, Figure S10. Model B has
the same structure as the initial {Co™,Dy"™,} complex, in which
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the neighboring Dy ion was computationally substituted by a
diamagnetic Lu ion. The Co™ ions were unaltered in all
calculations. All atoms were described using standard basis sets
from the ANO-RCC library available in Molcas.>> The
employed structures were both computed within two basis
set approximations: a—small (DZP-quality) and p—Ilarge
(TZP-quality). Supporting Information, Table S1 shows the
contractions of the employed basis sets for all elements. To
save disk space, the Cholesky decomposition of bielectronic
integrals was employed with a threshold of 0.2 X 1077.>* The
spin-free wave functions and corresponding energies were
calculated within the complete active space self-consistent field
(CASSCF) method.*® The active space of the CASSCF method
included nine electrons in seven orbitals (4f orbitals of Dy**
ion). In view of the nonmagnetic ground state of both Co™
ions, the entire 3d® shells were kept in the inactive space
(doubly occupied). Twenty-one sextet, 128 quartet, and 130
doublet states were further mixed by spin—orbit coupling using
the RASSI program.>® On the basis of the resulting spin—orbital
multiplets, the SINGLE ANISO program computed local
magnetic properties (g-tensors, magnetic axes, magnetic
susceptibilities, and magnetizations etc.).>*’
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Figure 8. Plots of In(z) vs T~ for 1—4 under a zero applied dc field.
The solid lines represent fits to the Arrhenius law of the thermally
activated region; the dashed lines indicate the relaxation time of the
temperature-independent relaxation mechanism.

The calculated electronic and magnetic properties of the
individual Dy™ free-ions for 1—4 show that the local g-tensors
in the ground Kramers doublet are all strongly axial with a large
g value indicating a large magnetic moment, approaching that
expected for a pure m; = '/, state of g, = 20. This explains the
presence of slow magnetic relaxation in all cases. The g-values
of the first excited Kramers doublets for 1—4 are also strongly
axial with values close to that expected for a pure m; = '/, state
of g, = 17.33. Higher energy Kramers doublets begin to deviate
from axiality, signifying mixing of wave functions. The g-tensors
of the most energetic states corresponding to the ground °Hs),
multiplet are also strongly axial, with g, values also approaching
that expected for a pure m; = '*/, state, indicating the low
symmetry of the crystal field, a feature that has been previously
been examined."> The calculated energy gap between the
ground Kramers doublet and the first two excited states with
the associated g tensors are shown in Table 4. A complete list of
the energies and g tensors for compounds 1—4 are given in the
Supporting Information, Tables S2—S9. The orientations of the
main anisotropy axes in the ground Kramers doublet for 1—4
are shown in Figure 9 (dashed lines). It is found that the
direction of the main anisotropy axis does not lie along the
pseudo 4-fold axis of the square antiprismatic geometry of each
individual Dy ion. This has also been found to be the case in
other recent Dy examples.*®

It was shown previously, via dilution studies, that the slow
magnetic relaxation of 1 was of single-ion origin and, thus, the
electronic and magnetic properties of the individual Dy™ ions
are of great importance.” Interestingly, it is found that the
theoretically calculated lowest excitation energies of the
individual Dy" ions correlate with the heights of the

experimentally determined barriers in each complex. In this
series of compounds, the experimental barrier of 4 (80 cm™) is
largest followed by 2 (72 cm™) then 1 (61 cm™) and 3 (55
cm™'), with the theoretically determined ground to first excited
states found to be 112.2 (average of both sites), 108.3, 98.5
(average of both sites), and 87.5 cm™" for 4, 2, 1, and 3,
respectively. We observe that the experimental relaxation
barriers are systematically lower than the calculated energies
of the first excited Kramers doublet on the Dy sites in 1—4.
This could be in part due to insufficient data in the high
temperature (high frequency) domain (Figure 8), resulting in
an underestimation of the slope of In(z) vs T~'. Unfortunately
we were unable to obtain these data due to the high frequency
limit (1500 Hz) of our SQUID magnetometer. The observed
barrier heights for each, however, suggest a strong relationship
between the calculated ligand-field splitting and the exper-
imentally determined thermally activated relaxation barriers. It
should also be noted that the excitation energies of the Dy™
sites on both individual molecules are close in energy at about
94—102 cm™’, for 1, and 104—119 cm™, for 4, and this is
consistent with the observation of a single thermally activated
relaxation regime in the ac data.

The ab initio wave functions and energies for all Dy sites in
compounds 1—4 are employed in the computation of the
intramolecular magnetic interactions. The exchange interaction
is treated within the Lines model,”® which describes the
exchange coupling between the spin moments of magnetic sites
in the absence of spin—orbit coupling by one parameter. In the
case of spin orbit coupling, the projection of the Lines model
accounts for anisotropic exchange interactions between metal
sites. The Lines model is in fact exact in three limiting cases,
with interactions between: (i) two isotropic (spin-only)
magnetic centers (Heisenberg exchange); (ii) one isotropic
and one strongly anisotropic center (Ising + Heisenberg = Ising
exchange); (iii) two strongly anisotropic centers (Ising
exchange). Equation 1 gives the Ising exchange Hamiltonian,
where the anisotropic dipolar and exchange interactions are
treated within the Lines model.”

H= _(]dip + ]exch)gl;zgz;z (1)
where 3, = (1)/(2) is the projection of the pseudospin
corresponding to the lowest Kramers doublet of each ion onto
the main anisotropy axis z. The dipolar contribution is
considered exactly, while the exchange part is determined
from a fit to the magnetic data. All calculations were performed
using the POLY_ANISO routine.”® The calculations reproduce
the susceptibility and magnetization measurements well, with
fits of the magnetic data shown Figures S11—S18 (Supporting
Information). The exchange parameters obtained are summar-
ized in Table S.

The energies, corresponding tunnelling gaps and g, values of
the lowest four exchange doublet states of complexes 1—4 are
given in Supporting Information, Tables S10— S13. It was
found that the dipolar coupling is stronger than the exchange

Table 3. Parameters Extracted from the ac Susceptibility Data

complex U, (em™) tunnelling frequency (Hz)
1 61 +1 <0.1
2 72+ 2 1.29
3 S$5+1 0.79
4 80+ 1 0.34
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TQrm (s) To (s) a
>1.5 5.64 x 1078 0.29 (4 K)—0.24 (10.5 K)
0.12 6.05 x 1078 0.38 (1.8 K)—0.28 (12 K)
0.20 1.03 X 1077 0.42 (1.8 K)—0.30 (10.5 K)
0.48 3.38 x 1078 0.26 (1.8 K)-0.15 (14 K)
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Table 4. Calculated Energy Spectrum of the Ground and Low-Lying Kramers Doublets and g-Tensors for Compounds 1—4

doublet energy (cm™) s g

compound 1°
(molecule 1) 1 0 0.022 0.033
2 102.6 0.155 0.170
3 214.7 0.312 0.507
(molecule 2) 1 0 0.021 0.029
2 94.5 0.178 0.191
3 209.6 0.137 0.259

compound 2°
1 0 0.005 0.005
108.3 0.105 0.117
3 249.1 0.248 0.318

compound 3k
0 0.011 0.012
87.5 0.134 0.150
203.4 0.946 4.032

compound 4°
(molecule 1) 1 0 0.007 0.009
2 119.9 0.125 0.141
3 262.0 0.223 0.290
(molecule 2) 1 0 0.008 0.009
2 104.6 0.137 0.183
3 230.2 1.475 2.240

2 angle of g, axis with the Dy—Dy direction” (in degrees)
19.697
16.849
14.817
19.717
16.974
14.902

84.7

84.5

19.839
17.156
14.755

89.9

19.859
17.150
11.856

19.830
17.139
14.569
19.839
17.076
13.360

“The angle of the g, axis is given relative to the Dy—Dy direction. Given that the molecules are centrosymmetric, the main anisotropy axes of the
ground Kramers doublets of the Dy ions are parallel. Therefore, the intramolecular magnetic dipolar interaction is mainly defined by this angle. In
particular, the fact that this angle is close to 90° for all investigated compounds, the intramolecular magnetic dipolar interaction stabilizes in the
ground exchange state the antiferromagnetic arrangement of the magnetic moments on Dy ions. bUsing model B and basis set f§ (see Supporting

Information for models).

coupling, as generally expected for Dy—Dy interactions. The
dipolar interaction (]dip) is antiferromagnetic and dominant in
all cases, while the exchange interaction (J..,) is antiferro-
magnetic in case of 1 and 2, while it is found to be weakly
ferromagnetic for 3 and 4. The reason for the change in sign of
the exchange parameters is likely due to small structural
variations in the series. It is well-known that the exchange in
lanthanides is more sensitive to structural changes than in TM
complexes.1 This, in all cases, leads to a nonmagnetic exchange
ground state, with the first excited (magnetic) level lying ~1.4S,
~1.33, ~1.25, and ~1.21 cm™' above the ground, for 1—4,
respectively. The next closest doublets are nonmagnetic and lie
~83—103, ~110, ~86 and ~100—120 cm™" above these, for 1—
4, respectively. It is found that the splitting of the ground and
closest lying exchange doublets are all on the order of 107°—
1077 cm™, indicating that the QTM within each molecule will
be relatively weak. This intrinsic tunnelling gap arises because
of the non-Kramers nature of the coupled system. Another
contribution that allows for QTM usually comes from the
interaction with transverse magnetic fields that are induced by
the magnetic moments of surrounding complexes; however,
since the ground states are nonmagnetic due to the
antiferromagnetic intracluster exchange, the magnetic field
arising from surrounding complexes will diminish with lowering
temperature. There is however another source of internal
magnetic field, coming from the nuclear spins of constituent
atoms, and also contributions from spin-phonon coupling
which can be significantly different for the four complexes,
explaining why the experimental data show slower QTM for 1
compared to 2—4 in the low-temperature region. On the other
hand, for temperatures exceeding the exchange splitting in the
complexes (Supporting Information, Tables S$10—S13), that is,
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in the high temperature activated regime, when the thermal
energy is still greater than the magnetic interaction, but still
much lower than the first excited Kramers doublet on the Dy
sites (Table 4). If the Arrenhius relaxation on individual sites is
still not the dominant mechanism, then the relaxation via QTM
on individual sites gives an important contribution.'* The latter
is defined by transversal components of the g factors of the
ground Kramers doublets on Dy sites (g, and g, in Table 4),
which are largest for 1 among the four complexes. This nicely
agrees with the experimental observation of the shortest
relaxation time in the high-temperature domain being observed
for this complex (Figure 8).

B CONCLUSIONS

Building upon our original synthesis of a heterometallic
{Co"™,Dy",} butterfly type SMM, we have isolated three
closely related complexes by means of various chemical
modifications. We find that the three new derivatives all display
SMM behavior but with subtly different dynamic magnetic
properties. Each complex displayed a unique anisotropy barrier,
with values ranging from 55 to 80 cm™. Previous studies had
revealed that the slow relaxation of the magnetization was of
single ion in origin.” The variation in barrier height was thus
determined to be a consequence of the unique coordination
and geometric environments observed around the Dy ions of
each complex, which as determined from ab initio calculations
influences the crystal field split lowest excitation energies of the
individual Dy"™ ions. It was found that there was a strong
correlation formed between the heights of the theoretically
calculated energy gaps between the ground and first excited
states and the experimentally observed anisotropy barriers.
Each complex also displayed a unique characteristic tunnelling
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Figure 9. Orientations of the local magnetic moments in the ground doublet of complexes 1 (top), 2 (middle, left) 3 (middle, right), and 4
(bottom). Green arrows show the antiferromagnetic coupling of the local magnetic moments of the Dy ions in the ground state.

time, of between 0.1 and >1.5 s, relatively slow for lanthanide- revealed overall antiferromagnetic interactions for each
based SMMs.'* The magnetic exchange between the Dy™ ions compound, derived from the dominant dipolar exchange
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Table S. Exchange Interactions between the Dy Ions in 1—4
(em™)

model”  Jg," Jo oo =Jap * Josch

Compound 1
molecule 1 Aa —2.30178 —0.619 50 —2.92128
Ap —2.398 94 —0.536 25 —2.93519
Ba —2.300 06 —0.621 00 —2.921 06
Bj —2.397 14 —0.53975 —2.936 89
molecule 2 Aa —2.414 88 —0.518 50 —2.93338
Ap —2.418 17 —0.539 00 —2.957 17
Ba —2.416 85 —0.520 50 —2.937 35
Bp —2.419 68 —0.53925 —2.958 93

Compound 2
Ba —2.611 84 —0.039 50 —2.77075
Bj —2.61073 —0.042 75 —2.774 25

Compound 3
Ba —2.690 86 0.184 25 —2.626 25
BS —2.691 57 0.190 25 —2.620 50

Compound 4
molecule 1 Ba —2.468 31 0.042 25 —2.540 75
Bp —2.46478 0.053 00 —2.52975
molecule 2 Ba —2.508 51 0.056 75 —2.567 56
BS —2.509 71 0.071 50 —2.55575

“See Supporting Information, Table S1 for models and basis sets.
bContribution only from the Ising terms ~5 l‘zsQ 5.+ In the calculation of
the exchange spectrum (Supporting Information, Tables S10 and S13)
the dipolar interaction included all terms.

resulting in a nonmagnetic ground states for 1—4. The
diamagnetic ground states coupled with the small tunnelling
gaps are the reason for the slower than commonly observed
quantum tunnelling time scales, under zero applied magnetic dc
field. In a general sense, this study shows that the SMM
properties can be fine-tuned via simple substitution of ligands
around the magnetic centers, as well as tailoring the properties
via chemical modifications to peripheral ligands not directly
associated with the magnetic core.
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