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ABSTRACT: Terbium(III) and dysprosium(III) complexes with a tripodal N, ligand containing three imidazoles (H;L) and a
bidentate acetate ion (OAc™), [Ln"(H,L)(OAc)](ClO,),-MeOH-H,0 (Ln = Tb, 1; Ln = Dy, 2), were synthesized and studied,
where HyL = tris[2-(((imidazol-4-yl)methylidene)amino )ethyl]amine. The Tb™ and Dy"' complexes have an isomorphous
structure, and each Tb™ or Dy" ion is coordinated by the tripodal N, and the bidentate acetate ligands, resulting in a
nonacoordinated capped-square-antiprismatic geometry. The magnetic data, including temperature dependence of the magnetic
susceptibilities and field dependence of the magnetization, were analyzed by a spin Hamiltonian, including the crystal field effect
on the Tb™ ion (4f%,] = 6, S = 3, L = 3, gy = 3/2, "F,) and the Dy" ion (4f, ] = 15/2, S=5/2,L = S, g; = 4/3, °H,;,). The Stark
splittings of the ground states "F¢ of the Tb™ ion and °H;;,, of the Dy ion were evaluated from the magnetic analyses, and the
energy diagram patterns indicated an easy axis (Ising type) anisotropy for both complexes, which is more pronounced for 2. The
solid-state emission spectra of both complexes displayed sharp bands corresponding to the f—f transitions, and the fine structures
assignable to the *D, — "Fj transition for 1 and the °Fy,, — H,;), transition for 2 were related to the energy diagram patterns
from the magnetic analyses. 1 and 2 showed an out-of-phase signal with frequency dependence in alternating current (ac)
susceptibility under a dc bias field of 1000 Oe, indicative of a field-induced SIM.

B INTRODUCTION candidates for SMMs. In fact, it has been reported that a
Since the discovery of single-molecule magnets (SMMs) from a number of }Santhanide complexes, including m(.)nonuclear5 and
Mn,, cluster,’” SMMs consisting of transition-metal clusters,” pOIYnude_ar_ com_plexes, s}'lowed SMM properties, and some of
lanthanide complexes,® and lanthanide—transition-metal com- then_1 exhibited high l.aloc-kmg temperatures and large r.elaxatlon
plexes* have been extensively studied during the last two barriers. SMM behavior is determined by an energy diagram of
decades. Since the easy-axis magnetic anisotropy required for

SMM behavior can be easily generated for some lanthanide ions Received: June 18, 2014

by the crystal field (CF) effect, lanthanide complexes are good Published: September 9, 2014
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Scheme 1. Structures of (a) [Ln™(H,L)(OAc)]** with a Tripodal N, Ligand and an Acetate Ion and (b) Capped Square
Antiprism of [Ln"(H;L)(OAc)]*" Viewed along the Direction from a Central Amine Nitrogen to the Ln™ Ion®
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ion, respectively.

the ground state in which the splitting of the ground multiplet
stabilizes the sublevels with the largest I],| value and assumes a
significant energy gap from the first excited sublevel. The f—f
transition of the emission spectrum gives a direct picture of the
ground-state splitting, and if the f—f transition is observed and
the fine structure is well-resolved, the splitting of the ground J
multiplet can be determined by spectral analysis. However, the
emission spectrum of the f—f transition associated with well-
resolved fine structure has been rarely observed, especially for
the magnetically relevant Dy™ complex.”®

From the viewpoint of determining the energy diagram by
the analysis of the magnetic behavior and of the emission
spectrum, we have synthesized a series of lanthanide complexes
which exhibit strong and well-resolved f—f transitions.” For
polynuclear lanthanide complexes,® such an analysis is
prevented by the entangling of the CF effect of the single
lanthanide ions and of the interion f—f exchange coupling. For
mononuclear lanthanide complexes,’® single ion magnet (SIM)
behavior is due only to the CF splitting of the lowest |
multiplet, and therefore a study of mononuclear lanthanide
complexes with varying coordination geometries allows the
establishment of a correlation among the CF effect, the ground-
state splitting, and their SIM behavior.

In previous studies, mononuclear Tb™ complexes with
different coordination geometries of similar hgands and the
resolved f—f emission spectra were synthesized.” The study of
the Tb™ complexes “fac’-[Tb(HL™),]-7H,0 and “mer’-
[Tb™(HL"?"*),]-7H,0, where HL™* = N-[(imidazol-4-
yl)methylidene]-pi-alanine and HL"P* = N-[(imidazol-4-
yl)methylidene]-pL-phenylalanine, showed a good correlation
between the energy diagram pattern obtained from the analysis
of the magnetic and luminescence properties and the observed
SIM behavior.

In this study, Tb™ and Dy™ complexes with a tripodal N,
ligand containing three imidazoles (H,L = tris[2-(((imidazol-4-
yl)methylidene)amino)ethyl]Jamine) and a bidentate acetate
ion (OAc¢™), [Tb™(H,L)(OAc)](ClO,),-MeOH-H,O (1) and
[Dy"™(H;L)(0Ac)](ClO,),-MeOH-H,0 (2), have been syn-
thesized and their structures and magnetic and luminescent
properties have been investigated with the support of DFT
calculations (Scheme 1). The use of this tripodal ligand by our
group has led to many advantages in the design of functional
inorganic complexes and materials exhibiting novel architec-
tures and electronic, optical, and magnetic phenomena. We
have reported a series of transition-metal Cull, Ni, Fel!, Fe,
and Co™ complexes, which showed spin crossover, pH-
dependent chromism, various assembly structures made by
imidazole—imidazolate and imidazole—chloride hydrogen
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bonds, and chiral discrimination leading to spontaneous
resolution.'®'" Lanthanide complexes with the same ligand
also showed interesting properties such as high stability in
dilute acetonitrile, methanol, and aqueous solutions due to the
encapsulation of the lanthanide ion which also leads to strong
luminescence in solution, spontaneous resolution in the solid
state, and the synthesis of simple model compounds whose
ground-state splitting can be studied by the magnetic
susceptibility and luminescence spectra.”'” Previously, we
reported the syntheses, crystal structures, and luminescence
spectra of several Eu', Sm", and Tb™ complexes of the same
and analogous tripodal N, ligands and one of them,
[EIgHI(H3L)(OAc)](CIO4)2~H20, is isostructural with 1 and
2.7

The magnetic data, including temperature dependence of the
magnetic susceptibilities and field dependence of the magnet-
ization, were analyzed by a spin Hamiltonian including the
crystal field effect on the Tb™ ion for 1 and the Dy" ion for 2.
The ground state of the Tb™ ion (4%, J=6,S=3,L =3, g =3/
2) is Fg, and the crystal field effect on the TbIII ion removes the
degeneracy of the 13 components of ], J,) =16, ]} (J, = %6,
+S, +4, +3, 2, +1, 0) (known as the Stark splitting). The
ground state of the DYHI ion (4f,]=15/2,8=5/2,L =5, g =
4/3, °Hys,) is °H,s), and analogously, the CF effect removes
the degeneracy of the 16 components of I],) = 115/2, J,) (J, =
+15/2, £13/2, £11/2, #£9/2, £7/2, £5/2, +£3/2, +£1/2). The
Stark splittings of the ground states "F4 of the Tb™ ion and
H,s/, of the Dy™ ion were evaluated from the magnetic
analyses, and the energy diagram patterns indicate an easy-axis
(Ising type) anisotropy. The solid-state emission spectra of
both complexes display sharp bands corresponding to the f—f
transitions, and the fine structures assigned to the D, — Fy4
transition for 1 and the °F,/, — °Hj;,, transition for 2 were
related to the energy diagram patterns from the magnetic
analyses of crystal field calculations. Complexes 1 and 2 showed
an out-of-phase signal with frequency dependence in alternating
current (ac) susceptibility under a dc bias field of 1000 Oe,
indicative of a field-induced SIM. We report here the synthesis,
structures, luminescent and magnetic properties, and DFT
calculations of 1 and 2.

B EXPERIMENTAL SECTION

Caution! The perchlorate salts of metal complexes with organic ligands
are potentially explosive. Only small quantities of the compound
should be prepared, and they should be handled with much care.
Materials. All reagents and solvents in the syntheses were of
reagent grade, available from Tokyo Kasei Co., Ltd. and Wako Pure
Chemical Industries, Ltd. These were used without further
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purification. All reactions were carried out under an ambient
atmosg)here.

[Tb"(H,L)(0AC)1(CIO,),MeOH-H,0 (1). Complex 1 was prepared
by a method adopted for the corresponding Eu™ complex.”* A
solution of tris(2-aminoethyl)amine (0.073 g, 0.5 mmol) in 10 mL of
methanol and a solution of 4-formylimidazole (0.144 g, 1.5 mmol) in
10 mL of methanol were mixed, and the mixture was stirred at 50 °C
for 1 h and then cooled to room temperature. To the resultant ligand
solution (H;L) was added a solution of Tb™(OAc);-4H,0 (0.204 g,
0.5 mmol) in 10 mL of water, and the mixture was stirred for 30 min at
room temperature. A solution of NaClO, (0.122 g, 1 mmol) in 10 mL
of water was added, and the resultant mixture was stirred for 30 min
and then filtered. The filtrate was left to stand for a few days to form
colorless crystals. The crystals exhibit efflorescence, and the elemental
analysis agreed with the chemical formula with [Tb™(H;L)(OAc)]-
(Cl0,),;MeOH-H,0. Yield: 0.222 g (53%). Anal. Calcd for
[Tb™(H,L)(0ACc)](Cl0,),-MeOH-H,0, C,,H,,N,,0,,Cl,Tb-
MeOH-H,0: C, 29.77; H, 3.93; N, 16.53. Found: C, 29.63; H, 3.91;
N, 16.64. IR (KBr, cm™): v(C=N) 1645, v,(COO~) 1540,
v (COO™) 1459, v (ClO,”) 1087. Single-crystal X-ray analysis
revealed that the crystal contains one methanol and one water
molecule per complex. TGA was carried out between room
temperature and 115 °C by the use of a small amount of a freshly
prepared crystalline sample: two-step weight loss (1.5% and 3.5%) was
observed in the heating mode. In the cooling mode, the sample
absorbs the vapor to increase the weight from —3.5% to —1.2%.

[Dy'"(H3L)(OAC)](C|O4)2'MeOH'HZO (2). Complex 2 was prepared
in a way similar to that for 1, using Dy"(OAc);-4H,0, instead of
Tb™(OAC);-4H,0. Yield: 0.153 g (36%) as colorless crystals. Anal.
Calcd for [Dy'(H;L)(OAc)](ClO,),-MeOH-H,0,
CyoH,7N10041,CLDy-MeOH-H,0: C, 29.64; H, 3.91; N, 16.46.
Found: C, 29.43; H, 4.04; N, 16.36. IR (KBr, cm'): v(C=N) 1645,
1,(CO07) 1542, 1,(COO") 1461, v (ClO,”) 1089. TGA of freshly
prepared sample: 4.5% two-step weight loss was observed in the
heating mode from room temperature to 115 °C. In the cooling mode,
the sample absorbs the vapor to increase the weight from —4.5% to
—2.5%.

Physical Measurements. Elemental C, H, and N analyses were
carried out at the Center for Instrumental Analysis of Kumamoto
University. Infrared spectra recorded at room temperature were
obtained using a JEOL JIR-6500W spectrometer with samples in KBr
disks. Thermogravimetric analyses (TGA) were performed on a TG/
DTA6200 (Seiko Instrument Inc.). Due to the potential explosion of
the perchlorate salt, a small amount of the sample (ca. 3 mg) was used.
The samples were heated from room temperature to 115 °C in the
heating mode at a heating rate of $ °C min~", kept at that temperature
for 30 min, and then cooled to room temperature. High-resolution
luminescence spectra were measured with a Horiba Fluoromax-4P
spectrometer at 77 K. A quartz tube (0.d. 8 mm) was used as a powder
cell fixed in a quartz Dewar sample holder filled with liquid nitrogen.
Excitation slits of 1 and 2 nm and emission slits of 1 and 0.5 nm were
used for 1 and 2, respectively. Temperature-dependent magnetic
susceptibilities in the temperature range 1.9—300 K at an external
magnetic field of 0.1 T and field-dependent magnetization measure-
ments in an applied magnetic field from 0 to 5 T at 1.9 K were
measured with an MPMS XLS SQUID susceptometer (Quantum
Design, Inc.). All samples were fixed with a small amount of liquid
paraffin to avoid orientation in the field. The calibrations were
performed with palladium. Corrections for diamagnetism were applied
using Pascal’s constants.'* ac magnetic susceptibility was measured on
a PPMS ac/dc magnetometer (Quantum Design, Inc.) in a
temperature range down to 1.9 K at 0 and 1000 Oe dc fields.

X-ray Crystal Structure Analysis. The single-crystal X-ray
diffraction data of 1 and 2 were collected by a Rigaku RAXIS
RAPID imaging plate diffractometer using graphite-monochromated
Mo Ka radiation (4 = 0.71073 A) at 150 K. The temperature of the
crystal was maintained within an accuracy of +2 K by a Rigaku N,
cryostat. The structures were solved by direct methods and expanded
using the Fourier technique.'” Hydrogen atoms were located at
calculated positions and refined using a riding model. All calculations
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were performed using the CrystalStructure crystallographic software
package.'® The crystallographic data and the relevant coordination
bond distances with the hydrogen bond distances are given in Tables 1
and 2, respectively.

Table 1. X-ray Crystallographic Data for 1 and 2 at 150 K

1 2
formula C,H330,,N,,CLTh C,,H;;0,,N,,CLDy
formula wt 847.38 850.95
cryst syst monoclinic monoclinic
space group P2,/c (No. 14) P2,/c (No. 14)
a, A 17.1674(5) 17.1562(4)

b, A 10.5558(4) 10.5875(2)

¢ A 17.4175(6) 17.3802(4)

B, deg 92.9486(8) 93.2036(7)

v, A3 3152.16(17) 3152.01(11)
V4 4 4

Deay g cm™ 1.785 1.793

u, cm™! 24.83 26.18

R R, 0.0526, 0.1618 0.0352, 0.1197

“R = YIE| — IF)/YIF[. °R, = [T (w(F,> — F2)?)/ Xw(E>)]2

Table 2. Coordination Bond Distances (A) and Bond Angles
(deg) for 1 and 2 at 150 K

1 2
Bond Lengths
Ln—N(1) 2.671(5) 2.649(4)
Ln—N(2) 2.493(5) 2.475(4)
Ln—N(3) 2.520(5) 2.515(4)
Ln—N(5) 2.500(5) 2.492(3)
Ln—N(6) 2.542(5) 2.524(3)
Ln—N(8) 2.507(5) 2.503(3)
Ln—N(9) 2.494(5) 2.483(4)
Ln—0(9) 2.447(4) 2.430(3)
Ln—0(10) 2.441(4) 2.426(3)
Bond Angles
N(2)-Ln—-N(S) 89.1(1) 88.7(1)
N(2)—Ln—N(8) 130.7(1) 131.5(1)
N(3)-Ln—N(6) 70.5(1) 70.4(1)
N(3)-Ln—N(9) 106.3(1) 105.2(1)
N(5)—Ln—N(8) 77.0(1) 77.0(1)
N(6)—Ln—N(9) 73.0(1) 72.4(1)

DFT Calculations. DFT (density functional theory) unrestricted
calculations were performed with the Jaguar 7.9 quantum chemistry
package'” using B3LYP-D3: i.e., the B3LYP functional with Grimme’s
ab initio long-range dispersion corrections.'® This functional is known
to give a good performance at a reasonable computational cost for the
description of large systems, where noncovalent interactions may play
an important role, generally dealt with heavy highly correlated
techniques. The Cundari—Stevens ECP basis set,'® also called csdz,
was employed for the terbium(III) and dysprosium(III) ions. This set
provides a good description for lanthanides, using an effective core
potential for the inner core electrons and treating outer core and
valence electrons with a 4s/4p/2d/2f basis set. Main-group atoms
were described by a 6-31G(p) basis set.

B RESULTS AND DISCUSSION

Synthesis and Characterization of [Tb"(H;L)(OAc)]-
(Cl0,),"MeOH-H,0 (1) and [Dy"(H,L)(0Ac)](ClO,),-MeOH-
H,O (2). Previously, we reported the syntheses, crystal
structures, and luminescence spectra of a Eu'" complex of the
same tripodal Ny, ligand possessing three imidazole groups (see
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Scheme 1a) and demonstrated that the Eu'™ complex

encapsulated by the tripodal ligand is actively luminescent
even in a dilute acetonitrile solution (1.0 X 107° M).'*
Complexes 1 and 2 were prepared by a method reported for
the Eu™ and Sm™ complexes with the same or analogous
tripodal ligands."® The tripodal Schiff-base ligands H,L were
prepared by the 1:3 condensation reaction of tris(2-
aminoethyl)amine and 4-formylimidazole. A solution of
Ln"™(0Ac);4H,0 (Ln™ = Tb"™, Dy™) was added to the
ligand solution, followed by the addition of a solution of
NaClO, in a mixed solution of methanol and water. Colorless
crystals precipitated from the reaction mixture. The elemental
analyses agreed with the formula of [Ln™(H,L)(OAc)]-
(ClO,),;MeOH-H,0 (Ln = Tb, Dy). Single-crystal X-ray
analyses revealed that the Tb™ and Dy™ complexes have
structures isomorphous with that of the corresponding Eu™
complex."* TGA of a freshly prepared crystalline sample shows
weight loss corresponding to the crystal solvent. For 1, a total
3.5% weight loss was observed in the heating mode from room
temperature to 115 °C. In the cooling mode, the sample
absorbs the vapor to increase the weight from —3.5% to —1.2%.
The 3.5% weight loss is due to the methanol (calculated value
3.7%) and the 2.3% weight increase in the cooling mode is due
to the vapor absorption of one water molecule per complex
(calculated value 2.1%). For 2, 4.6% weight loss was observed
in the heating mode from room temperature to 115 °C. In the
cooling mode, the sample absorbs the vapor to increase the
weight from —4.6% to —2.4%. The 4.6% weight loss is due to
the elimination of one methanol and a half-molecule of water
(calculated value 4.8%) and the 2.2% weight increase in the
cooling mode is due to the vapor absorption of one water
molecule per complex (calculated value 2.1%). The IR spectra
showed a sharp band at ca. 1645 cm™ assignable to the C=N
stretching vibration of a Schiff base ligand. The strong
absorptions at ca. 1540 and 1459 cm™' are assigned to
1,(CO07) and v,(COO™) of the bidentate acetate moiety,
respectively. The broad and strong absorptions around 1100
cm ™! are characteristic of perchlorate ion.

Crystal Structures of 1 and 2. Compounds 1 and 2
crystallized in the centrosymmetric monoclinic space group
P2,/c (No. 14), and has a structure isomorphous to that of the
corresponding Eu™ complex of formula [Eu"™(H,L)(OAc)]-
(Cl0,),H,0, differing only for a crystallization solvent
molecule."** Crystallographic data are given in Table 1. The
relevant coordination bond distances and angles are given in
Table 2. As the two compounds are isomorphous with each
other and have the same structural features, the crystal structure
of 2 is exemplified and described in detail. The structure
consists of the complex cation [Dy™(H,L)(OAc)]*, two
ClO,~ counteranions, and one methanol and one water
molecule as the crystallization solvents. The molecular structure
of [Dy"™(H,L)(OAc)]*" with the selected atom-numbering
scheme is shown in Figure 1. The Dy" ion is coordinated by
nine donor atoms consisting of seven nitrogen atoms of the
tripodal heptadentate ligand (H;L; three imidazole, three imine,
and one central amine nitrogen) and two oxygen atoms of an
acetate ion. The Dy—N(1) distance of 2.649(4) A (where N(1)
is the central amine nitrogen) is longer than the other six Dy—
N distances, which are in the ranges 2.475(4)—2.503(3) A for
Dy—N(imine) and 2.483(4)—2.524(3) A for the Dy—N-
(imidazole) bonds. An acetate ion coordinates to the Dy
ion in a bidentate mode (with Dy—O distances of 2.430(3) and
2.426(3) A). The tripodal ligand encapsulates one Dy ion by

Figure 1. (a) Molecular structure of [Dy™(H,L)(OAc)]* of 2 with
the selected atom-numbering scheme. Hydrogen atoms, except for the
imidazole hydrogen atoms, are omitted for clarity. (b) Molecular
structure of [Dy™(H,L)(OAc)]** projected along the direction from
the central amine nitrogen N(1) to the Dy™ ion, showing a capped
square antiprism and the hydrogen bonds between the cation
[Dy™(H;L)(0Ac)]** and ClO,~, H,0, and MeOH.

the seven nitrogen atoms, but the geometry is significantly
distorted from C; symmetry due to the insertion of a bidentate
OAc™ ligand between N(3) and N(9) of imidazole nitrogen
atoms and between N(2) and N(8) of imine nitrogen atoms, as
shown in Figure 1b. As evidenced by the three N(imidazole)—
Dy—N(imidazole) angles N(3)—Dy—N(6) = 70.4(1)°, N(3)—
Dy—N(9) = 105.2(1)°, and N(6)—Dy—N(9) = 72.4(1)°, the
N(3)—Dy—N(9) angle is much larger than the other two
angles, because of the inserted coordination of an acetate ion
between N(3)—Dy—N(9). The d-transition-metal complexes
such as those of Fel', Fe' and Co™ with the same tripodal
ligand have a six-coordinated octahedral coordination geometry
by Ny donor atoms with nearly C; symmetry, where the central
amine N is not bound, and the N(imidazole)—M—N-
(imidazole) angles are nearly equivalent.'®

The coordination polyhedra of the Ln™N,O, were
approximately assigned by using the continuous shape-measure
theory and SHAPE software® for Ln = Tb"™, Dy, together
with the previously reported analogue, Ln™ = Eu™."** The
calculation indicated that the Ln"™N,O, coordination polyhedra
were intermediate between a spherical capped square antiprism
(CSA) and a spherical tricapped trigonal prism (TCTP) (shape
measures were 1.759 and 1.728, respectively, for Ln™ = Tb™
1.678 and 1.621, respectively, for Ln™" = Dy", and 1.818 and
1.924 for Ln = Eu™) (see Scheme 2).

In the CSA structure, the central amine nitrogen N(1)
occupies the capped position, the upper square consists of one

Scheme 2. Sketches of (a) Capped-Square-Antiprismatic
(CSA) and (b) Tricapped-Trigonal-Prismatic (TCTP)
Coordination Geometries
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acetate oxygen O(10) and the three imine nitrogen atoms
N(2), N(S), and N(8), and the bottom square consists of one
acetate oxygen O(9) and the three imidazole nitrogen atoms
N(3), N(6), and N(9). In the spherical tricapped trigonal
prism, the top and bottom trigonal faces consist of the three
atoms N(1), N(8), and O(10) and the three atoms N(6),
N(9), and N(3), respectively. The three tricapped positions are
occupied by N(2), N(S), and O(9). The differences between
the two polyhedra seem to be slight.*"

As shown in Figure 1b, the three imidazole groups (N(4),
N(7), N(10)) of the [Dy™(H,L)(OAc)]*" cation are hydrogen
bonded to a water molecule O(12) with N(4)---O(12) =
2.676(S) A, to an oxygen atom of a perchlorate anion with
N(7)-0(3) = 2.984(5) A, and to one of the acetate oxygen
atoms of the adjacent cation with N(10)---O(10)* = 2.841(5)
A, respectively. The intermolecular imidazole--acetate hydro-
gen bond N(10)--O(10)* is repeated to produce a one-
dimensional chain structure running along the ¢ axis. Owing to
the screw coordination arrangement of the tripodal ligand with
respect to the Dy™ ion, there are two possible optical isomers,
ie, A and A enantiomorphs. Two adjacent molecules in a
chain are related by a symmetry operation of the ¢ glide plane,
and the A and A isomers are alternately arrayed in the chain to
form a heterochiral chain. These adjacent chains thus generated
are running along opposite directions and are linked by a water
molecule O(12) through two hydrogen bonds of O(9) -
0(12) =2.735(5) A and N(4)--0(12) = 2.676(5) A to form a
ladder structure (see Figure 2).

Figure 2. Ladder structure of 2 along the ¢ axis, where ClO,” and
MeOH are omitted for clarity and these species are not involved in the
formation of the dimensional structure. Adjacent chains are linked by a
water molecule O(12) through two hydrogen bonds of O(9)---O(12)
and N(4)---O(12) to form a ladder-type structure with the heterochiral
dimer structure unit {[Dy™(H;L)(OAc)]**--0(12)}.

Magnetic Properties of 1 and 2. The temperature
dependences of dc magnetic susceptibilities in the temperature
range of 1.9—300 K and the field dependences of the
magnetization at 1.9 K in the range 0—5 T were measured
for 1 and 2, and the results are shown in Figure 3 as y\T vs T
and M vs H plots.

The yyT values of 12.25 and 14.48 cm® K mol™ at room
temperature for Tb"™ and Dy" complexes are close to the
values of 11.82 and 14.17 cm® K mol™! in the free ion
approximation, expected for a Tb" ion (4%, ] = 6,5 =3, L = 3,
g =3/2,7F¢) and Dy" ion (4f, ] = 15/2,8=5/2,L =5, g =
4/3, °H,s.,), respectively, according to the formula'*

Ng]ZﬂZ
3k

The decrease in the low-temperature region is due to the crystal
field effect on the Ln"" ion that removes the degeneracy of the
2] + 1 components of the 2S”L] ground state, I J,) =16,],) (J, =
+6, +5, +4, +3, +2, +1, 0) for the 7F6 ground state of Tb™ for
1and IJ.) = 115/2,],) (J. = £15/2, +13/2, +11/2, +9/2, +7/
2, +5/2, £3/2, £1/2) for the 5H15/2 ground state of Dy for 2,
into a series of sublevels (known as Stark splitting) whose
width is of the order of 100 cm™. Therefore, while at room
temperature most sublevels are populated and the free ion value
is approached, when the temperature is lowered the highest
levels are depopulated and yyT decreases.'*

In order to quantify the magnetic anisotropy of these
complexes, the temperature dependence of yyT and the field
dependence of M were analyzed using a spin Hamiltonian
approach and taking into account the crystal field. A detailed
analysis of the crystal field effect on the Ln™ would require the
diagonalization of the spin Hamiltonian

H = ﬂ(LLn + 2’SLn)I_I + Hcf(Ln)

T = JU + 1)

(1)

in which the crystal field interaction contribution is represented
by the equation using the Stevens operators H; =
Zk:2,4,625:03kq0kq.22’23 Although several excited states should
in principle be included in magnetic analysis of lanthanide
compounds, the magnetic behavior in the temperature range
where only the Stark sublevels of the ground state are
populated could be well reproduced considering solely the
ground-state components and employing the spin equivalent
operator approach. Moreover, to avoid overparameterization,
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Figure 3. Plots of (a) the temperature dependence of yT and (b) the field dependence of M/NJ at 1.9 K for complexes 1 (red) and 2 (blue). The
solid lines represent the theoretical curves with the best-fit parameters given in the text.
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we considered only the axial anisotropy terms, corresponding
to the Stevens operators O,°, 0,°, and O, which can be
expressed as polynomials of the total angular momentum
operators J* and J,. This choice reduces the anisotropy
parameters from 15 to 3 and is justified by the distorted C,
crystal field symmetry around the lanthanide ion (approx-
imately D, taking into account the much longer Ln—N(1)
bond). Moreover, such a choice has often been employed to
reproduce the magnetic behavior of Tb™ and Dy" complex-
es.’*™%%2* The magnetic behavior of 1 and 2 was therefore
analyzed with the Hamiltonian

H = fHgJ,, + B,°0,° + B,0,° + B,’0,° @)

where H denotes the applied magnetic field, § is the Bohr
magneton, and B,’, B,°, and By’ are the axial anisotropy
parameters of the Ln™ ion. According to the Abragam and
Bleaney notation, the anisotropy parameters B, are related to
the LF parameters, also employed in the molecular magnetism
literature, by the equation B, = A, %(r*),, where 6, values are
the Stevens coeflicients.

The temperature dependence of yyT for 1 in the whole
temperature range was analyzed with the Hamiltonian (2);
although several fits corresponding to a minimum of the
agreement factor R = Z(XMTobsd - XMTcach)Z/Z(XMTcaICd)Z
were actually found, all with almost the same values of g; and
B," and differing mainly in the B,° and B’ values, the best fit
compatible with the M vs H behavior and the luminescence
spectra (see below) was obtained with the fitting parameters g;
=152, B,°/ky = =124 K, B,°/ky = 0.032 K, and B’/ky = +5.8
X 107° K, shown as solid line in Figure 3a.

The field dependence of the magnetization at 1.9 K from 0 to
S T for 1 (see Figure 3b) shows that, upon an increase in the
applied external magnetic field, the magnetization increases to
4.66Np at S T without reaching the expected saturation value of
9Np. This is again due to the crystal field effect on the Tb™ ion
that removes the 13-fold degeneracy of the "F¢ ground state. A
reasonable agreement is observed between the curves obtained
with the Hamiltonian of eq 2 and the same parameters obtained
from fit of magnetic susceptibilities (see solid lines in Figure
3b), although an accurate fit requires an adjustment of the B,’,
B,°, and B’ parameters leading to B,/ks = —1.19 K, B,°/kg =
0.041 K, and B’/ky = +4.6 X 107° K.

The temperature dependence of yyT for 2 in the whole
temperature range was analyzed with Hamiltonian (2);
although several fits corresponding to a minimum of the
agreement factor R = Z(XMTobsd - ){MTcach)z/Z(){MTcalcd)z
were actually found, all with almost the same values of g; and
B," and differing mainly in the B,° and B® values, the best fit
compatible with the M vs H behavior and the luminescence
spectra (see below) was obtained with the fitting parameters g;
=1.35, B,°/ky = —0.63 K, B,%/ky = 0.017 K, and B/ky = —1.6
X 1075 K, and the theoretical curve is shown as a solid line in
Figure 3 ().

The field dependence of the magnetization from 0 to 5 T for
2 was measured at 1.9 K; the M/Np vs H plot is reported in
Figure 3b and shows that, upon an increase in the applied
external magnetic field, the magnetization increases to 6.04Nf
at 5 T without reaching the expected saturation value of 10NJ.
This is again due to the crystal field effect on the Dy ion that
removes the 16-fold degeneracy of the ®Hjs/, ground state. A
reasonable agreement is observed between the curves obtained
with the Hamiltonian of eq 2 and the same parameters obtained

from fit of magnetic susceptibilities (see solid lines in Figure
3b), although an accurate fit requires an adjustment of the B,’,
B,’, and B’ parameters leading to B,/ks = —0.81 K, B,°/ks =
0.012 K, and B’/ky = —2.1 X 10° K.

The calculated B,? parameters are resumed in Table 3
together with the corresponding CF parameters ALY, and

Table 3. Magnetic Anisotropy Parameters Obtained for
Complexes 1 and 27

anisotropy param 1 2)
g 1.52 1.35
B,%/ky —1.24 —0.63
AP [k +120 +100
Bk +0.032 —0.017
AL [k +260 —290
B /kg +5.8 X 107° -15x 107°
ALY Ky —-50 -10

“All values are in K except for g;.

their values are of the same orders of magnitude as those
reported for other Tb™ and Dy™ complexes with N and O
donor atoms, 352 including a few complexes with similar
square-antiprismatic coordination.*****

The diagram of the multiplet energy levels of the ground
state "F of Tb"" ion for 1 and that of the ground state °H, , of
Dy ion for 2 are represented in parts a and b of Figure 4,
respectively. First of all we notice that, owing to the use of a
simplified spin Hamiltonian containing only axial terms, all
components with the same |M| values are degenerate so that
the sublevels originating from the splitting of both ground
states under the CF effect are made up of |+M;)
pseudodoublets, except the 10) sublevel for Tb™.

The diagram of 1 shows the I+5) doublet as the ground state,
with the first excited state, |+4), almost degenerate, at only 2
cm™, while the remaining sublevels are well above, from |+3)
at 90 cm™! to the highest level, 10), at 268 cm™}, which defines
the total Stark splitting. Such an energy level pattern indicates
an easy axis anisotropy of the Tb'™ ion and is compatible with a
SIM behavior, although the splitting of the first excited state is
very low. For 2, the ground state corresponds to the |+11/2)
doublet with the first excited state, 1+9/2), at only 8 cm™,
while the remaining components are above 100 cm ™" with the
highest multiplet level, I+1/2), significantly mixed with 1+3/2)
at 338 cm™’, which therefore defines the total Stark splitting.
Such an energy level pattern indicates an essentially easy axis
anisotropy of the Dy ion and is compatible with a SIM
behavior, although the splitting of the first excited state is quite
low.

Luminescent Properties of 1 and 2. The photographs of
the solid samples of 1 and 2 at room temperature under the
irradiation of UV light (365 nm) are shown in parts a and b of
Figure 5, respectively. Efficient f—f emissions were observed
even for the Dy complex 2, while generally the emission of
the Dy™ complex is not observed or is very weak.”® Parts a and
b of Figure 5 show the f—f emission spectra of 1 and 2 recorded
in the solid state at 77 K upon irradiation of UV light at 312
and 308 nm, respectively.

For the Tb™ complex 1, the emission bands were found at
ca. 490 (20.4 x 10%), 545 (18.3 X 10°), 590 (16.9 x 10%), 630
(15.9 x 10%), 650 (15.3 x 10°%), 670 (14.9 X 10%), and 680
(14.7 x 10*) nm (cm™), which were attributed to the f—f
transitions *D, — F,, with ] = 6—0, respectively. Each band
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under the irradiation of 365 nm UV light and the emission spectrum of
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assignments. The fine structure of the °Fy/, = °H,;, band is shown in
the inset.

exhibited a fine structure with several peaks. The emission band
at 490 nm is assigned to the D, — Fy transition, and its fine
structure is due to the Stark splitting of the ground state "Fy.
Indeed, the emission spectrum is a direct picture of the ground-
state Stark multiplet originating from the "Fj state: the highest
energy peak of the band corresponds to the transition to the
lowest sublevel, while the lowest energy peak corresponds to
the transition to the highest sublevel. For the D, — "Fq
transition, two wide peaks were observed at ca. 487 (20.5 X
10*) and 490 (204 X 10°) nm (cm™), with several weak
shoulders on the low energy side, and the deconvolution of the
spectrum indicates six components at 20.540 X 10% 20.422 X

10365

103, 20.388 X 10% 20.356 X 10°, 20.316 X 10% and 20.261 X
10* cm™’, which should be correlated with the splitting of the
ground "Fg multiplet.

For the Dy complex 2, the emission bands were found at
ca. 480 (20.8 x 10°%), 575 (17.4 x 10%), and 670 (14.9 x 10%)
nm (cm™), which were attributed to the f—f transitions °Fy,
- 6H], with J = 15/2, 13/2, 11/2, respectively. Each band
exhibited a fine structure with several peaks. The emission band
at 480 nm is assigned to the °F,/, — °Hj;), transition, and its
fine structure is due to the Stark splitting of the ground state
SH,5/,. Again, the emission spectrum is a direct picture of the
ground-state Stark multiplet originating from the SH,, /, state.
For the °Fy/, — °Hj;), transition, five peaks were observed at
475.0 (sh), 477.0, 479.8, 481.7, and 485.0 nm, and the
deconvolution of the spectrum indicates five components at
21.066 X 10% 20.960 X 10° 20.833 x 10 20.751 X 10°, and
20.619 X 10° cm™, which should be correlated with the
splitting of the ground °Hj/, multiplet.

A consistent assignment of the components observed in the
highest energy band of the emission spectra can be carried out
from the comparison with the energy diagram obtained from
the fitting of the magnetic susceptibility measurements. The
comparison for 1 is illustrated in Figure 6a and allows us to
assign the two wide emission peaks of the *D, — "F¢ band to
two groups of sublevels close in energy, namely |+5) and |+4)
for the peak at 487 nm, and |+6), [+3), |+2), I+1), and 10) for
the peak at 490 nm. In particular, the six components obtained
from the deconvolution (vide supra) can be assigned, in order
of decreasing energy, to transitions from the excited *D, state
to a superposition of |+5> and |+4> and to the isolated |+3), |
+2), |+6), |+1) and 10) components. This assignment is
supported by a fairly good agreement of the energy differences
between proposed transitions and observed peaks (with
deviation below 40 cm™"), in particular for the total splitting:
268 cm™! vs 279 cm™.

The comparison for 2 requires, first of all, to take into
account the presence of “hot” bands, involving excited
components of the *F,/, manifold as the starting level, which
are quite common for Dy complexes.® Although the observed
components of the *Fy,, — Hj/, transition are less than the
maximum expected number of eight peaks, the shape of the
emission and the analogy with previous assignments of the
emission spectra of other Dy mononuclear complexes®
suggest assignment of the weak peak at the highest energy of
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and the splitting observed from the emission f—f spectrum.

2, at 21.066 X 10° cm™', to a hot band. The final comparison is
illustrated in Figure 6b and allows us to assign the remaining
four emission lines of the *Fy, — °Hs;, band for 2 to
transitions from the excited *Fy, state to (i) a superposition of |
+11/2) and 1+9/2), (ii) a superposition of |+13/2) and 1+7/
2), (iii) the isolated [+5/2), and (iv) a superposition of [+3/2),
|+15/2), and |+:1/2) components. Beyond a good agreement of
the energy differences between proposed transitions and
observed peaks (with deviations below 30 cm™), we also
notice a good agreement between the number of components
involved in the proposed transitions and the intensity of the
corresponding peaks.

The agreement between magnetic and fluorescence proper-
ties is reasonably good for both 1 and 2 and supports the Stark
splitting of the J, sublevels of the Tb™ and Dy ions and the
nature of their magnetic anisotropy.

ac Magnetic Properties of 1 and 2. The dynamic
magnetic properties of 1 and 2 were investigated by using ac
magnetic susceptibility measurements. The in-phase (yy,') and
out-of-phase (yy") components exhibit no frequency depend-
ence in a zero bias field (Figure S3, Supporting Information)
but become significantly more intense with the application of
an external bias field of 1000 Oe, indicative of field-induced
SIM. The temperature dependences of the ac magnetic
susceptibilities under 1000 Oe dc field for 1 and 2 are shown
in parts a and b of Figure 7, respectively.

No peak was found in y," down to 2 K for 1 or 2, and
accordingly the conventional Arrhenius plot could not be
applied here. A modified Arrhenius analysis is available to
estimate the activation energy (A) for the magnetization
reorientation, by using the In(yy"/xy’) vs T~ plots (Figure
8a,b). The A value and pre-exponential factor 7, are defined as
In(yn”/xnt’) = In(w7,) + A/kgT.>® The optimized parameters
are A/ky = 3.2(8) Kand 7, = [1.0(6)] X 107 s for 1 and A/kg
= 8.5(2) K and 7, = [1.6(11)] X 1077 s for 2. The energy
barrier A is significantly larger for the Dy™ complex 2 than for
the Tb™ complex 1 (8.5(2) vs 3.2(8) K). The magnitude of 7,
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Figure 7. Temperature dependence of the in-phase (y,/) and out-of
phase (yy") ac susceptibility signals of 1 (a) and 2 (b) measured
under various frequencies and under a 1000 Oe external dc field.

is reasonable for SMM for each complex, and the 7, value of 2
is smaller than that of 1 by 1 order of magnitude.

Figure 8¢,d shows the Cole—Cole plots under 1000 Oe for 1
and 2, respectively. There seem to be two independent
relaxation processes in the magnetization relaxation in 1. The
origin of this anomaly can hardly be explained in terms of a
typical SIM behavior with a simple double-well potential
pattern (Figure 4a). One possible explanation is as follows. It
may be related to the coexistence of pseudopolymorphs on the
basis of the degree of solvation after storage, giving a
superposition of two semicircle contributions. The coexistence
of pseudopolymorphs also accounts for too many resolved lines
in the emission spectra of 1 (Figure 6a). The Arrhenius
parameters derived from Figure 8a can be regarded
approximately as an average from two unresolved values. On
the other hand, the plot for 2 shows a monotonous curve at any
temperature, suggesting the presence of a unique relaxation
process. The @ parameter in the Debye model”* could not be
given because of the only partial semicircles obtained for 2.

From the discussion above, we see that the prediction from
the energy diagrams based on the CF calculation (Figure 4) is
realized in the ac magnetic susceptibility measurements. Indeed,
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a magnetic easy-axis anisotropy is suggested by approximate
double-well potential curves for both 1 and 2 and both
compounds actually exhibit an indication of SIM behavior
around 2 K. Moreover, the small activation energies observed
from the relaxation dynamics (8.5(2) vs 3.2(8) K), significantly
higher for 2, would be consistent with the estimated energy
level patterns, provided the relaxation mechanism consists of a
phonon-assisted tunneling process with a dominant contribu-
tion from the first excited doublet, at 2 cm™! for 1 and 8 ecm™!
for 2.

DFT Calculations on 1 and 2. In order to point out the
reasons behind the magnetic behavior and Stark splitting
pattern of 1 and 2, showing an easy-axis character for both
compounds, we performed DFT calculations on the ligand
environment aiming to estimate the electrostatic potential
acting on the Tb™ and Dy™ ions, which is responsible for the
CF acting on them. Indeed, the CF acting on a lanthanide ion
determines the kind and the strength of its magnetic
anisotropy; in particular, a strong easy-axis anisotropy is
achieved when the CF stabilizes the ground sublevels with
the highest +M; value. For both the ’F¢ ground state of Tb™
and the °H,;, ground state of Dy", the components with the
highest M; values are known to have oblate spheroidal
electronic distribution (that is, they have a larger electron
distribution on the equatorial plane than on the principal axis)
and are therefore expected to be stabilized by CFs originating
from a ligand negative charge distribution with a dipolar
character, i.e. with large negative charges from donor atoms
located around the principal axis, leading to an easy-axis
anisotropy.26

DFT calculations with the BALYP-D3 functional were carried
out on the ligand’s environment, excluding the Tb™ or Dy™
ion, using the geometry from the X-ray analysis, and the
resulting Mulliken analysis clearly shows that the negative
charges on the acetate oxygen (—0.58/—0.59 e) are significantly
larger than those on the amine (—0.53 e), imine (—0.51/—0.50

e), and imidazole (—0.47/—0.48 e) nitrogen atoms. Their
position determines the anisotropy of the negative charge
distribution and therefore of the electrostatic potential acting
on the lanthanide ion. As shown in Figure 9 (geometries are

Figure 9. Ligand electrostatic potential projected on a sphere of radius
2 A centered at the lanthanide ion position. Red and blue correspond
to a more negative and a less negative electrostatic potential,
respectively.

almost indistinguishable for the two complexes), the corre-
sponding molecular electrostatic potential acting on the
lanthanide ions has a feeble uniaxial distribution, indicating a
weak stabilization of the components with the highest +M;
values and therefore a magnetic easy-axis character.

Figure 9 shows the consequence of this charge arrangement
on the electrostatic potential on a sphere centered in the
lanthanide position. Indeed, there is a less negative electrostatic
region originating from the imidazole nitrogen atoms, a slightly
more negative region corresponding to the amine nitrogen, and
a significantly more negative region originating from the
negative carboxylate oxygen atoms. The region of high (red)
electrostatic potential is therefore partially located on two
almost separate sides. Thus, the electrostatic potential has a
significant dipolar character, indicating a stabilization of the
sublevels with the highest +M; value and therefore a magnetic
easy-axis character. The high electrostatic potential regions are,
however, quite spread on the sphere and are not well separated
on opposite sides, so that the stabilization of the highest +M;
sublevel is expected to be small and the anisotropy is weak,
consistent with the low activation barriers observed for the
magnetization reorientation. These results indicate that a
careful analysis of the negative charge distribution around the
lanthanide ion from DFT calculations allows us to give a
rationale for the behavior of mononuclear complexes, opening
the way to a rational design of anisotropic properties of
lanthanide complexes and ultimately of their SIM behavior.

B CONCLUSION

In this study, the Tb"™ and Dy" complexes with a tripodal N,
ligand containing three imidazoles (H,L = tris[2-(((imidazol-4-
yl)methylidene)amino)ethyl]amine) and a bidentate acetate
ion (OAc™), have been synthesized and their structures and
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magnetic and luminescent properties have been investigated.
The analysis of magnetic data with a spin Hamiltonian
including the crystal field effect on the Tb™ and Dy™ ions
allowed us to evaluate the Stark splitting of their ground states,
Fg and ®Hjs/, and the resulting energy diagram patterns
indicate a significant stabilization of the sublevels with large I],|
values and therefore an easy-axis (Ising type) anisotropy. The
double-well potential pattern of the energy levels was supported
by DFT calculations. The energy diagrams from the magnetic
analysis were compared with the low-temperature emission
spectra of the f—f transition of 1 and 2, which showed the fine
structures of the highest energy °D, — "Fg and °E, 2 = °H,, 1
transitions, giving a direct picture of the ground-state splitting,
and a good accord was observed. Both complexes showed a
frequency-dependent out-of-phase signal in alternating current
(ac) susceptibility under a dc bias field of 1000 Oe, indicative of
field-induced SIM with small activation barriers. The combined
analysis of the fast relaxation dynamics of the ac behavior and
the detailed pattern of the energy diagrams evaluated from
magnetic and luminescent properties suggests that the
relaxation mechanism consists of a phonon-assisted tunneling
process with a dominant contribution from the first excited
doublet. This report shows that mononuclear lanthanide
complexes exhibiting well-resolved fine structure in the f—f
transition provide a suitable compound to establish a
correlation between the CF splitting of the ground state and
its magnetic properties.
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