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l Single-Molecule Magnets

Analysis of the Role of Peripheral Ligands Coordinated to Zn" in
Enhancing the Energy Barrier in Luminescent Linear Trinuclear
Zn-Dy-Zn Single-Molecule Magnets

Jean Pierre Costes,*™ Silvia Titos-Padilla,”’ Itziar Oyarzabal,"” Tulika Gupta,
Carine Duhayon,” Gopalan Rajaraman,*' and Enrique Colacio*™

/Abstract: Three new Dy complexes have been prepared ac-
cording to a complex-as-ligand strategy. Structural determi-
nations indicate that the central Dy ion is surrounded by
two LZn units (L~ is the di-deprotonated form of the N,O,
compartmental N,N’-2,2-dimethylpropylenedi(3-methoxysali-
cylideneiminato) Schiff base. The Dy ions are nonacoordinate
to eight oxygen atoms from the two L ligands and to
a water molecule. The Zn ions are pentacoordinate in all
cases, linked to the N,O, atoms from L, and the apical posi-
tion of the Zn coordination sphere is occupied by a water
molecule or bromide or chloride ions. These resulting com-
plexes, formulated (LZnX)-Dy-(LZnX), are tricationic with X=
H,O and monocationic with X=Br or Cl. They behave as
field-free single-molecule magnets (SMMs) with effective
energy barriers (Uy) for the reversal of the magnetization of
96.9(6) K with 7,=24x107"s, 146.8(5) K with 7,=9.2x
107%s, and 146.1(10) K with 7,=9.9x107% s for compounds
with Zn—OH,, Zn—Br, and Zn—Cl motifs, respectively. The
Cole-Cole plots exhibit semicircular shapes with a parame-
ters in the range of 0.19 to 0.29, which suggests multiple re-
laxation processes. Under a dc applied magnetic field of
1000 Oe, the quantum tunneling of magnetization (QTM) is
partly or fully suppressed and the energy barriers increase to
Uss=128.6(5 K and 7,=1.8x10%s for 1, U=214.7 K and

-

7,=9.8x10"7s for 2, and U=2024K and 7,=15x10"% s\
for 3. The two pairs of largely negatively charged phenoxido
oxygen atoms with short Dy—O bonds are positioned at op-
posite sides of the Dy*" ion, which thus creates a strong
crystal field that stabilizes the axial M,= +15/2 doublet as
the ground Kramers doublet. Although the compound with
the Zn—OH, motifs possesses the larger negative charges on
the phenolate oxygen atoms, as confirmed by using DFT cal-
culations, it exhibits the larger distortions of the DyO, coor-
dination polyhedron from ideal geometries and a smaller U
value. Ab initio calculations support the easy-axis anisotropy
of the ground Kramers doublet and predict zero-field SMM
behavior through Orbach and TA-QTM relaxations via the
first excited Kramers doublet, which leads to large energy
barriers. In accordance with the experimental results, ab
initio calculations have also shown that, compared with
water, the peripheral halide ligands coordinated to the Zn®*
ions increase the barrier height when the distortions of the
DyO, have a negative effect. All the complexes exhibit
metal-centered luminescence after excitation into the UV m—
7* absorption band of ligand L*>~ at A=335 nm, which re-
sults in the appearance of the characteristic Dy" (*Fy,—°H,,;
J=15/2, 13/2) emission bands in the visible region.

/

Introduction

Lanthanide coordination compounds have been studied exten-
sively in recent years because of their exciting magnetic™” and

photophysical properties.? Specifically, they have fuelled re-
search activity in the field of molecular magnetism due to
their ability to behave as single-molecule magnets (SMMs)!'*™*
and low-temperature molecular magnetic coolers (MCCs).'"*™
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SMMs are molecular coordination compounds that exhibit
slow relaxation of magnetization and magnetic hysteresis
below a blocking temperature (Tz) and, therefore, they behave
as superparamagnetic single-domain nanoparticles. These
nanomagnets have outstanding potential applications in fields
such as molecular spintronics,”’ ultrahigh density magnetic in-
formation storage,”* and quantum computing at the molecu-
lar level.” The SMM behavior is tied to the existence of an
energy barrier (U) that prevents reversal of the molecular mag-
netization when the polarizing field is removed and leads to
magnetic bistability at low temperatures (parallel/antiparallel
orientation of the magnetization along the applied field). To
enlarge the energy barrier and, therefore, improve the SMM
properties, systems with large magnetic anisotropy are re-
quired. Lanthanide complexes meet these requirements be-
cause they exhibit strong magnetic anisotropy, which arises
from a combination of large magnetic moments, strong spin-
orbit coupling, and crystal-field effects."™ The suitability of lan-
thanide ions (and actinides) for constructing SMMs has been
demonstrated by the large number 3d/4f clusters® and low-
nuclearity 4f metal complexes®™® that exhibit slow relaxation
of the magnetization, most of which contain Dy*" ions. Be-
cause heteronuclear 3d/4f clusters generally show modest U
values, mainly due to the weakness of the 3d-Ln magnetic ex-
change couplings, research efforts in this area have been fo-
cused on homonuclear Ln and Zn/Ln complexes, which have
been reported to exhibit slow relaxation of the magnetization
with U and T values as high as 652 cm™ and 14 K, respective-
ly.”# With regard to the Zn/Ln complexes, recent experimental
results and theoretical calculations have shown that reported
ZnDy complexes have, in general, higher U values than their
MDy (M=Co and Ni) and homonuclear Dy counterparts.”’ This
could be due to two factors: 1) the attenuation of the intermo-
lecular magnetic interactions provoked by the presence of dia-
magnetic Zn" ions (some kind of magnetic dilution) and 2) an
increase in electron density on the oxygen donor atoms that
connect the Zn" and Dy" ions, provoked by coordination to
Zn". This second factor in turn induces a large electrostatic in-
teraction on the lanthanide ion, which gives rise to a destabili-
zation of the excited states and, as a result, an increase in U.
This hypothesis was recently supported by some of us by
using theoretical calculations.” In connection with this, it
should be remarked that the electron density of donor atoms

0/
N 74 i) Dy(CF3S03)3 in acetone
N /0 ii) DyCls +2 NBu,Br + NaClO,
2 7n in methanol
N/ iy iii) DyCl; + NaClO,4 in methanol
N, L o
~N

Scheme 1. Synthesis of complexes 1-3.
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coordinated to the Dy" plays a crucial role in determining the

SMM behavior of Dy-containing complexes. This is because
axial crystal fields, in which the donor atoms with the largest
electron densities are located above and below the equatorial
plane, favor the adoption of a M,= +15/2 Kramers doublet
ground state (the repulsive interactions between the ligands
and the oblate f electrons charge cloud are minimized), lead-
ing to easy-axis anisotropy and the SMM behavior."™™ There-
fore, the replacement of a ligand in the Zn" coordination
sphere by another ligand with different donor capabilities
could affect the electron density on the oxygen bridging
atoms and thus the U value.

Herein, we describe the syntheses, crystal structures,
and detailed ac and dc magnetic properties of three cationic
Zn-Dy-Zn  complexes,  [(LZn(H,0)),Dy(H,0)I(CF;SO5); (1),
[(LZnBr),Dy(H,0)](ClO0,) (2), and [(LZnCl),Dy(H,0)](CIO,)(MeOH)
(3; H,L is the N,O, compartmental ligand N,N'-2,2-dimethylpro-
pylenedi(3-methoxysalicylideneiminato), see Scheme 1), which
mainly differ in the co-ligands coordinated to the Zn’" ions
(CI7, Br~, H,0) and counterions (perchlorate or triflate). More-
over, the new Zn-Dy-Zn complexes, in a similar manner to
other Schiff-base Zn/Dy complexes!” in which the L*~ ligand is
able to act as an antenna group and sensitize the Ln"-based
luminescence, should exhibit interesting luminescent proper-
ties. Therefore, these Zn-Dy-Zn complexes could behave as bi-
functional materials and combine SMM and luminescent prop-
erties.

Experimental Section
Materials

The starting Schiff-base zinc complex LZn-2H,0," (L*~ =N,N’-2,2-di-
methylpropylenedi(3-methoxysalicylideneiminato)) was prepared as
previously described. DyCl;:5H,0 and Dy(CF;SO;); (Aldrich) were
used as purchased. High-grade solvents, acetone (Normapur, VWR),
methanol (Normapur, VWR), and dichloromethane (Lab reagent
grade, Fisher) were used.

Caution! Perchlorate salts of organic or coordination cations are
potentially explosive and should be prepared only in small
amounts and handled with care.

n+

i) X = Hy0, Y = CF53SO05"
iy X = Br, Y = ClOg"
iy X = CI, Y = ClOg

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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[(LZn(H,0)),Dy(H,0)](CF;505); (1)

A mixture of LZn-2H,0 (0.24g, 5x10 “mol) and Dy(CF,S0,);
(0.15g, 2.5x 10" mol) in acetone (15 mL) was stirred for 30 min
and then filtered. The solution was concentrated to 5 mL. Slow dif-
fusion of dichloromethane into the acetone solution gave crystals
suitable for X-ray analysis, which were filtered off and dried (yield:
0.30 g, 78%). IR (ATR): 7=3304 m, 2956 w, 1708 w, 1642 m, 1627 s,
1609 w, 1563 w, 1473 s, 1437 m, 1395 w, 1282 s, 1240 s, 1219 s,
1166 s, 1078 w, 1064 m, 1027 s, 967 w, 928 w, 848 w, 736 m,
636 cm™' m; elemental analysis calcd (%) for C,sHs,DyFoN,05,5;Zn,
(1531.40): C 35.29, H 3.55, N 3.66; found: C 35.02, H 3.39, N 3.61.

[(LZnBr),Dy(H,0)1(CIO,) (2)

A mixture of LZn-2H,0 (0.47 g, 1x10* mol), DyCl;-5H,0 (0.18 g,
5x10*mol), Bu,NBr (0.32 g, 1x10 > mol) and NaClO, (0.07 g, 5x
10~* mol) in methanol (30 mL) was stirred and heated for 30 min
and then filtered off. The solution was left to stand and the crystals
that appeared after 5d were filtered off and dried (yield: 0.5 g,
76%). IR (ATR): 7=3524 w, 3371 m, 2965 w, 2944 w, 1639 m, 1627
s, 1608 w, 1566 w, 1469 s, 1435 m, 1416 m, 1393 w, 1292 m, 1282
m, 1244 m, 1223 5, 1170 w, 1078 m, 1062 s, 1019 m, 967 m, 928 w,
847 w, 735 m, 641 cm™' w; elemental analysis calcd (%) for
C.,HsBr,CIDYN,O,5Zn, (1307.40): C 38.58, H 3.85, N 4.29; found: C
38.35, H 3.81, N 4.23.

[(LZnCl),Dy(H,0)1(Cl0,):1.25 MeOH (3)

The experimental process used for complex 2 was repeated with-
out addition of Bu,NBr. The resulting filtered solution was left to
stand and the crystals that appeared after 5 d were filtered off and
dried (yield: 0.45 g, 70%). IR (ATR): 7=3534 w, 3365 m, 2966 w,
2944 w, 1639 m, 1626 s, 1608 w, 1566 w, 1469 s, 1435 m, 1416 m,
1392 w, 1293 m, 1282 m, 1244 m, 1223 s, 1170 w, 1078 m, 1063 s,
1020 m, 967 m, 929 w, 847 w, 736 m, 641 cm~" w; elemental analy-
sis calcd (%) for Cy3,5H5,ClsDyN,O44,5Zn, (1250.56): C 41.27, H 4.4, N
4.45; found: C 40.95, H 4.32, N 4.28.

Physical measurements

Elemental analyses were carried out at the Laboratoire de Chimie
de Coordination Microanalytical Laboratory in Toulouse, France, for
C, H, and N. IR spectra were recorded by using a Perkin-Elmer
Spectrum 100FTIR in the ATR mode. Magnetic data were obtained
by using a Quantum Design MPMS SQUID XL-5 susceptometer and
Physical Properties Measurement System PPMS 6000. All samples
were pellets (3 mm diameter) molded from ground crystalline sam-
ples. Magnetic susceptibility measurements were performed in
a 2-300 K temperature range in a 0.1 T applied magnetic field, and
diamagnetic corrections were applied by using Pascal's con-
stants."? Isothermal magnetization measurements were performed
up to 5T at 2 K. ac susceptibility measurements under different ap-
plied static fields were performed by using an oscillating ac field of
3.5 Oe and ac frequencies that ranged from 10 to 10000 Hz.

Crystallographic data collection and structure determination
for1,2,and 3

Crystals of 1, 2, and 3 were kept in the mother liquor until they
were dipped into oil. The chosen crystals were mounted on a Mite-
gen micromount and quickly cooled to 180 (1) or 100 K (2, 3). The
selected crystals of 1 (colorless, 0.20x0.20x0.15 mm?), 2 (yellow,
0.30%x0.20%0.20 mm?), and 3 (pale yellow, 0.25x0.25x0.10 mm?)
were mounted on an Oxford-Diffraction Gemini (1, 2) or a Bruker
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Kappa Apex Il (3) with a graphite monochromator (1=0.71073 A)
and equipped with an Oxford Cryosystems cooler device. The unit
cell determination and data integration were carried out by using
CrysAlis RED or SAINT packages.*'™ The structures were solved by
using SUPERFLIP"® and refined by using least-squares procedures
in the software package CRYSTALS."? Atomic scattering factors
were taken from the international tables for X-ray crystallogra-
phy."® Hydrogen atoms were refined by using a riding model. All
nonhydrogen atoms were anisotropically refined, excluding coun-
terions and solvent in compound 3. Treatment with the SQUEEZE
facility from PLATON" for 1 and 2 resulted in a smooth refine-
ment. Because a few low-order reflections are missing from the
data set, the electron count is underestimated. Thus, for complexes
1 and 2, the values given for p. F(000), and the molecular
weight are only valid for the ordered part of the structure. Draw-
ings of molecules are performed with the program CAMERONZ"
with 30% probability displacement ellipsoids for nonhydrogen
atoms.

Crystal data for 1

CusHagDYFgN,0,05:Zn,; M,=1525.34; triclinic; PT (No.2); Z=4; a=
16.2920(2), b=17.0861(2), c=24.3926(3) A; 0 =103.4874(12), B=
90.1308(11), y =91.2840(11)°; V=6600.95(16) A*; 147103 collected
reflections, 32701 unique reflections (R,,,=0.048); 1507 parame-
ters, R=0.060, R,=0.057 for 24504 contributing reflections [/>
3o(N].

Crystal data for 2

CyoHsoBr,CIDYN,O,5Zn,; M,=1307.40; monoclinic; C2; Z=8; a=
37.6050(9), b=16.6758(2), c=18.3719(4) A; B=114.937(3)°; V=
10446.8(4) A*; 134774 collected reflections, 29359 unique reflec-
tions (R,;=0.046), 1160 parameters, R=0.064, R,,=0.072 for 25372
contributing reflections [/ > 30(/)].

Crystal data for 3

Cy325H5sClsDYN,O,405Z0,; M, =1258.55; monoclinic; C2; Z=8; a=
37.5577(13), b=16.6216(5), c=18.2100(6) A; 3 =114.838(2)°; V=
10316.4(6) A*; 123848 collected reflections, 36971 unique reflec-
tions (R,,,=0.024), 1152 parameters, R=0.035, R,,=0.037 for 31902
contributing reflections [/ > 30(/)].

CCDC 1059377 (1), 1059378 (2), and 1059379 (3) contain the sup-
plementary crystallographic data for this paper. These data are pro-
vided free of charge by The Cambridge Crystallographic Data
Centre.

Computational methodology

The MOLCAS 7.8 program package was used to perform post-Har-
tree-Fock ab initio calculations.?” By using multiconfigurational
approach, relativistic effects were treated in two steps based on
the Douglas-Kroll Hamiltonian. For the generation of basis sets,
scalar terms were included that have been used to determine spin-
free wavefunctions and also energies through the use of the com-
plete active space self-consistent field (CASSCF) method.”? Thus,
spin-orbit free states were obtained by employing the RASSCF
method whereas spin-orbit coupling has been taken into account
by using the RASSI-SO method,” which uses CASSCF wavefunc-
tions as the basis sets and multiconfigurational wavefunctions as
input states. The resulting wavefunctions and the energies of the
molecular multiplets were used for the calculation of the magnetic
properties and g tensors of the lowest state by using a specially
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designed routine SINGLE-ANISO.?? As a consequence, the magnet-
ic properties of a single magnetic ion are calculated by a fully ab
initio approach in which the spin-orbit coupling is considered non-
perturbatively. We have employed an [ANO-RCC™...7s6p4d2f]
basis set for Dy", an [ANO-RCC...3s2p] basis set for N, an [ANO-
RCC...3s2p] basis set for O, an [ANO-RCC...5s4p2d] basis set for
Zn, and an [ANO-RCC...2s] basis set for H throughout our calcula-
tions. These ANO-RCC-VDZ basis sets used for all the atoms are
taken from the ANO-RCC basis library included in the MOLCAS 7.8
program package. Density functional calculations have been per-
formed by using the Gaussian 09%° code to analyze the Mulliken
charge on complexes(1-3). We employed the UB3LYP functional
along with a double-zeta quality basis set that used the Cundari-
Stevens (CS)®” relativistic effective core potential on the Dy atom
and the TZV?® basis set on the other atoms. A tight SCF (1x
1078 E,) has been employed throughout the calculations.

Results and Discussion

Complexes 1-3 were prepared by using the ZnL-2H,0 complex
as a ligand for the Dy" ion (see Scheme 1). Thus the reaction
between ZnL-2H,0 and Dy(CF;SOs); with a 2:1 Zn"/Dy" molar
ratio and acetone as the solvent led to complex 1. By using
DyCl;-5H,0, Bu,NBr, and NaClO, as sources of Dy" ions, bro-
mide ligands, and perchlorate counterions, respectively, in
a Zn"/Dy"/Br/ClO,” molar ratio of 2:1:2:1 and methanol as the
solvent, complex 2 was obtained. Complex 3 was prepared by
following the same method as for 2 but without using Bu,NBr.
All the complexes were obtained in good yield.

The three Zn"-Dy"-Zn" complexes crystallize in triclinic (1, P1,
Z=4) or monoclinic (2 and 3, C2, Z=8) space groups. The crys-
tallographic data of the three complexes appear in the experi-
mental part and selected bond lengths and angles are collated
in the Figure legends. Because complexes 2 and 3 have very
similar structures, they present analogous X-ray and magnetic
properties. Therefore, hereafter only figures for compound 2
are presented in the main text, whereas figures for 3 are given
in the Supporting Information. The structural determination of
complex [(LZn(H,0)),Dy(H,0)1(CF;S0O5); (1) shows the existence
of two trinuclear cationic [(LZnH,0),DyH,01*" complexes in
the asymmetric unit (one being shown in Figure 1 and Fig-
ure S1), the charge of which is balanced by three triflate
anions that act as counterions.

The [(LZnH,0),DyH,01** is formed by the coordination of
two molecules of the LZn complex ligand to the central Dy"
ion through the phenoxide oxygen atoms, which bridge Zn"
and Dy" ions. In each case, the dysprosium center is nine-coor-
dinate to the four phenoxide bridging groups and the four
methoxy oxygen atoms of the two L*~ ligands and to a water
molecule. The zinc ions are five-coordinate to the N,O, coordi-
nation site of the ligand and to a water molecule in the axial
position. The three water molecules point in the same direc-
tion, with O-Zn-Dy-O torsion angles equal to 17.0(1) and
15.9(1)° in the Dy1 molecule and —19.9(2) and —12.3(2)° in the
Dy2 molecule. The six-membered diamino rings appear in
a chair conformation after lanthanide complexation, as in the
equivalent trinuclear Ni-Ln-Ni complexes.”? The LZn moieties
are not planar, they take an umbrella form with the water mol-
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Figure 1. Selected bond lengths [A] in the Dy1 enantiomer of complex 1:

Dy1-01: 2.520(3), Dy1-02: 2.329(3), Dy1-03: 2.372(3), Dy1-04: 2.603(3),

Dy1—05: 2.519(3), Dy1—06: 2.322(3), Dy1—07: 2.395(3), Dy1—08: 2.598(3),

Dy1-09: 2.305(3), Zn1—-N1: 2.046(4), Zn1—N2: 2.042(5), Zn1-02: 2.059(3),

Zn1-03: 2.040(3), Zn1—010: 2.032(4), Zn2—N3: 2.024(4), Zn2—N4: 2.043(4),
Zn2—06: 2.102(3), Zn2—07: 2.023(3), Zn2—011: 2.029(3).

3
3
ecule pointing above. The related Zn--Dy separations are equal
to 3.5445(6) and 3.5756(6) A in the Dyl molecule and to
3.5535(6) and 3.5669(6) A in the Dy2 molecule. The angle be-
tween the two O-Dy-O planes that contain the phenoxo
oxygen atoms is similar in the two enantiomers (62.6(1)° for
Dy1 and 62.5(1)° for Dy2) and the hinge angles, defined as
angles between the planes that involve the bridging phenox-
ide atoms and each metal ion, are slightly different. Thus in
the Dyl molecule the hinge angles between the Zn1-02-03,
Dy1-02-03, and Zn2-06-07, Dy1-06-07 planes are respectively
equal to 23.1(1) and 21.8(1)°, compared with 22.5(1) and
20.3(1)° for the Dy2 molecule. Nevertheless, the Zn--Dy--Zn
centers are practically aligned, with Zn--Dy--Zn angles of
175.2(1) and 175.6(1)°. Hydrogen bonds involving the three
water molecules linked to the three metal ions and two non-
coordinated triflate anions assemble the equivalent trinuclear
molecules by pairs, whereas there is no hydrogen bond be-
tween different Dyl and Dy2 molecules. The Dy--Dy separa-
tions in the Dy1--Dy1 and Dy2:--Dy2 pairs are equal to 9.879(3)
and 10.069(4) A, so the Dy ions are well isolated from each
other. Note that the Dy1--Dy2 separation is greater than 12 A.
The asymmetric unit of complex 2 is again made of two tri-
nuclear Zn-Dy-Zn complexes. The main difference between
complexes 1 and 2 is that water molecules linked to the
Zn ions have been replaced by bromide ions, so that the
trinuclear entities are monocationic, with the formula
[(LZnBr),Dy(H,0)1* (Figure 2 and Figure S2) and a perchlorate
anion to ensure electroneutrality. The zinc centers are again
pentacoordinate and the Dy ions nonacoordinate. The Br-Zn-
Dy-O torsion angles are now equal to —19.4(2) and 127.8(2)° in
the Dy1 molecule and 10.2(2), —130.4(2)° in the Dy2 molecule,
so a large change is observed in one torsion angle. There is no
intermolecular hydrogen bond and only an intramolecular
Br--H,O hydrogen bond that involves the Br ion that points in
the same direction as the water molecule linked to the central
Dy ion. The net result is that the trinuclear units are well sepa-
rated from each other, with Dy1--Dy1, Dy2--Dy2, and Dy1--Dy2
separations of 11.434(4), 12.789(4), 11.464(4) A, respectively.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Selected bond lengths [A] in the Dy1 enantiomer of complex 2:
Dy1-01: 2.515(5), Dy1-02: 2.322(5), Dy1—03: 2.311(5), Dy1—-05: 2.498(5),
Dy1-06: 2.353(5), Dy1-07: 2.304(5), Dy1—08: 2.700(5), Dy1—09: 2.393(6),
Dy1-040: 2.531(6), Dy1-04: 2.447(6), Zn1-Br1: 2.3352(16), Zn1-N1:
2.066(6), Zn1—N2: 2.058(7), Zn1—02: 2.065(6), Zn1—03: 2.113(5), Zn2—Br2:
2.3718(14), Zn2—N3: 2.063(6), Zn2—N4: 2.078(6), Zn2—06: 2.077(5), Zn2—0:
7.2.111(5).

Complex 3 (Figure S3 in the Supporting Information) is very
similar to complex 2, with chloride ions replacing bromide
ions. The CI-Zn-Dy-O torsion angles are equal to —19.8(1) and
128.8(1)° in the Dy1 molecule and 12.3(1), —130.2(1)° in the
Dy2 molecule, identical to those found in complex 2. There are
again intramolecular Cl-+H,O hydrogen bonds in each trinu-
clear unit, but the presence of an uncoordinated MeOH mole-
cule induces an intermolecular Dy(H,0)--MeOH--Cl hydrogen
bond, which implies the chloride ion not involved in the intra-
molecular hydrogen bond and connecting the Dy1 and Dy2
molecules. Nevertheless, these Dyl and Dy2 units are quite
well separated by 11.408(3) A.

Zn polyhedra can be considered as slightly deformed square
pyramids, whereas the analysis of the Dy coordination spheres
with the “SHAPE” program®” indicates that in complexes 2
and 3 the spherical tricapped trigonal prism appears to be
slightly preferred in comparison to the spherical capped
square antiprism, whereas the muffin environment can be re-
tained in complex 1 (see Table S1 in the Supporting Informa-
tion).

Magnetic properties

The dc magnetic susceptibility measurements of complexes 1-
3 were performed in the 2 to 300 K temperature range and
under an applied magnetic field of 0.1 T (see Figure 3 for
1 and Figure S4 for 2 and 3). The room-temperature yuT
values (14.20, 13.91, and 13.88 cm®’Kmol™' for 1, 2, and 3, re-
spectively) are close to the calculated value of
14.17 cm®*Kmol " for the ground state of the Dy" ion (4f°, J=
15/2, S=5/2, L=5, g=4/3°H,s),) in the free-ion approximation.
The thermal variation in T for 1-3 is very similar; y,T de-
clines smoothly on cooling until approximately 20 K and then
sharply reaching a value of approximately 10.80 cm®*Kmol ™" at
2 K. The decrease in y,T for 1-3 when the temperature is low-
ered is mainly due to the depopulation of the CF M, states and
possibly very weak intermolecular interactions between the
Dy" ions, which could be responsible for the sharp decreases
in ywT at very low temperatures. The fact that the y,T value for
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Figure 3. Temperature dependence of y,Tand molar magnetization vs. field
(inset) for 1. Solid lines represent the curves calculated by using the ab initio
results and taking into account intermolecular interactions.

2 and 3 starts to decline at higher temperatures than 1 sug-
gests a larger splitting of the °H,s/, ground multiplet.

The field dependence of the magnetization at 2 K for com-
plexes 1-3 is very similar and shows a relatively rapid increase
at low field without reaching saturation at 5 T, which indicates
strong magnetic anisotropy. The magnetization value at the
maximum applied field of 5T (in the 5.1-5.8 Nug range) is
lower than that expected for a Dy" ion (Ms/Npg =gy =10 Ny),
which is due to the crystal-field effects that lead to a significant
magnetic anisotropy. The y'y,T value (y'y being the in-phase ac
susceptibility) at its low-temperature plateau (at 0 and
1000 Oe) is approximately 12.5 cm®*mol™"K for the three com-
pounds, which agrees well with that expected for randomly
oriented crystals with a M,= £ 15/2 Ising ground Kramers dou-
blet (12.5 cm®mol~"K).

The dynamic magnetic behavior of compounds 1-3 was
studied by using ac magnetic susceptibility measurements as
a function of the temperature and frequency under 0 and
1000 Oe applied dc magnetic fields. In the absence of an exter-
nal magnetic field (Figure 4, insets, and Figures S5-S8), all the
compounds exhibit frequency dependence of the out-of-phase
signal (y"w, cf. ¥'v) below 25 K for 1 and below 35.5 K for 2 and
3, with peaks to 16.5 K and 25 K, respectively, at the maximum
frequency of 10000 Hz. This can be attributed to the presence
of slow relaxation of the magnetization, indicating that 1-3 are
SMMs. Both ¥’y and "y components do not go to zero below
the maxima at low temperature, which is mainly due to the
presence of fast relaxation of the magnetization by a QTM
mechanism through the thermal energy barrier between de-
generate energy levels. The Cole-Cole plots (Figure S7 in the
Supporting Information) in the temperature ranges of 7 to
15 K for 1 and 7 to 27 K for 2 and 3 exhibit semicircular shapes
with a parameters in the range of 0.25 to 0.38, 0.21 to 0.27,
and 0.19 to 0.29, respectively, which suggests multiple relaxa-
tion processes.

The relaxation times (r) for compounds were extracted from
the fitting of the frequency dependence of y”, at each tem-
perature to the generalized Debye model (Figure S8 in the
Supporting Information). The fit of the high-temperature data
to the Arrhenius equation afforded an effective energy barrier
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Figure 4. Temperature dependence of out-of-phase y",, component of the
ac susceptibility for complexes 1 (top) and 2 (bottom) measured under zero
(insets) and 1000 Oe applied dc field.

for the reversal of the magnetization of 96.9(6) K with 7,=2.4x
107s for 1, 146.8(5)K with 7,=92x10%s for 2, and
146.1(10) K with 7,=9.9x 107 s for 3. The Arrhenius plots, con-
structed from the temperatures and frequencies of the
maxima observed for the y”,, signals in Figure 4 and Figure S6,
lead to the same results as expected. Because the data deviate
from linearity in the low-temperature region mainly due to the
existence of the QTM relaxation process, we have fitted the
temperature dependence of the relaxation time to the follow-
ing equation, which includes contributions from quantum tun-
neling and Orbach thermal processes:

T = Tam '+ To eXP(—Uer /ksT)

in which 74r, ' corresponds to the relaxation frequency of the
quantum tunneling relaxation process. The fit of the data af-
forded an effective energy barrier for the reversal of magneti-
zation U.;=188.4 K with 7,=2.1x10"%s and To=29%x10""s
for 2 and U= 173 K with 7,=3.7x10 s and 7oy =2.6x10"*
for 3. In the case of 1, the relaxation time data could not be
fitted to the above simple equation, which may be due to the
existence of several relaxation processes, including QTM,
Raman, and probably various activated processes, in the stud-
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ied temperature range. The QTM can be partly or fully sup-
pressed by application of a small external dc field, which often
results in an increase in the U Thus, when the ac measure-
ments on complexes 1-3 were performed in the presence of
a small external dc field of 1000 Oe (Figures S9-S12 in the Sup-
porting Information; this field was chosen because the relaxa-
tion process was shown to be the slowest under its applica-
tion), the tails at low temperature almost disappear and the
high temperature peaks remain roughly at the same tempera-
tures as those observed under zero dc applied field, that is, in
the 6.5 to 16.2 K (10-10000 Hz), 9 to 27 K (10-10000 Hz), and
8.5 to 27.5 K (10-10000 Hz) ranges, respectively (Figure 4 and
Figure S10).

The fit of the high-temperature relaxation times to the Ar-
rhenius law (see Figure 5) leads, as expected, to an increase in
the thermal energy barrier and a decrease in 7, (Ugk=
128.6(5) K and 7,=1.8x1078s for 1, Us=214.7 K and 7,=9.8x
107 s for 2, and U,=202.4 K and 7,=1.5x107%s for 3).

e ,
L]
.
6
»
3 .o
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-10+ o = 00e
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_12 L] L] L] n L]
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Figure 5. Arrhenius plots (solid grey lines) for the relaxation times (z) extract-
ed from the y"', vs. f data in 0 and 1000 Oe dc fields for compounds 1 (solid
symbols) and 2 (open symbols). The black lines correspond to the best fits
to QTM plus Orbach (o) and to Raman plus Orbach (o).

Nevertheless, in the case of 2 and 3, the fact that the experi-
mental relaxation times deviate significantly from the linear Ar-
rhenius model in the 10 to 19 K temperature region under an
applied magnetic field of 1 kOe, at which the QTM is almost
suppressed, suggests the presence of competing Raman and
Orbach processes. The Cole-Cole plots for both compounds
(Figure S11 in the Supporting Information) show in the 10 to
27 K temperature regions semicircular shapes with a values in
the range of 0.16 to 0.25 for 2 and 0.12 to 0.29 for 3, which
thus confirms the presence of a distribution of relaxation pro-
cesses in that region. In view of this, we have fitted the experi-
mental data to the following equation, which considers that
the spin-lattice relaxation takes place through Raman and
Orbach processes:

T =BT+ 1, " exp(—Ues/ksT)

The first and second terms correspond to the Raman and
Orbach processes, respectively. In general, n=9 for Kramers
ions,”" but depending on the structure of the levels, n values
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between 1 and 6 can be considered as reasonable.”? The best
fit of the experimental data in the above temperature range af-
fords n=3.7(1), B=0.02(1), 7,=1.5%10""s, and U= 267.4(6) K
for 2 and n=2.8(0.6), B=0.2(04), 7,=33x10"% and U=
245(4) K for 3 (Figure S10, inset, Supporting Information).
These results seem to indicate that the Raman relaxation pro-
cess significantly affects the Orbach relaxation process, which
reduces the thermal energy barrier U for the magnetization
reversal. Data for compound 1 could not be fitted to the
above equation, probably due to the existence of Raman and
various activated processes, as indicated above.

Ab initio calculations

We have performed ab initio electronic calculations based on
the CASSCF+RASSI-SO/SINGLE_ANISO method®**! on the X-
ray structures by using the MOLCAS 7.8 code®" with the aim
of supporting the presence of axial anisotropy and to gain in-
sight into the mechanism of the slow magnetic relaxation
properties of complexes 1-3. In doing so, we also expect to
elucidate the role played by the co-ligand coordinated to the
Zn" ions (CI7, Br~, H,0) in determining the magnitude of the
energy barrier in these compounds. The Dy" ion has a ®H;s,
spin-orbit ground atomic term, which is split by the CF to give
eight Kramers doublets (KDs). The calculated g tensors for
compounds 1-3 are given in Tables S2-54, whereas their com-
puted orientations are given in Figures S14-516 in the Sup-
porting Information. The calculated energy spectra of the eight
KDs for 1-3 span up to 458, 754, and 792 cm™', respectively
(Tables S2-S4 in the Supporting Information). In all three com-
pounds, the subsequent excited states lie at approximately
3100 cm™. The gap between the ground and adjacent higher
excited Kramers doublets (KD1 and KD2) for 2 and 3 (218 and
238 cm™', respectively) is notably larger than that for com-
pound 1 (92 cm™). The observed differences in the energy gap
could be attributed to the various structural distortions in-
duced by the substitutions in all three complexes, as reflected
in the SHAPE analysis. In the three complexes, the ground
Kramers doublet (KD1) is calculated to be fundamentally pure
M,= £15/2 with g tensors values of g,=0.02, g,=0.04, and
g,=19.57 for 1; g,=0.00, g,=0.00, and g,=19.94 for 2; and
9,=0.00, g,=0.00, and g,=19.91 for 3. The g, values approach
towards the ideally pure M,= £1/2 state (g,=20) and, there-
fore, are almost pure axial (Ising type), which favors the slow
relaxation of the magnetization and the SMM behavior.®¥ Ax-
iality of the excited states is found to decrease up to the fifth,
sixth, and seventh KD for 1, 2, and 3, respectively, with propor-
tional increase in the magnetic moment along the xy plane.
Beyond these KDs, the energy states increase in axiality to
reach almost pure Ising-type characteristics at the highest KD,
which reproduces the ground-state observation. This mirror
symmetry explicitly represents systems that possess low sym-
metry around the metal ions. The ground state is found to
possess zero magnetic moment (L) in the xy plane and it is en-
tirely oriented along the z axis. The calculated magnetic mo-
ments of the ground state for 1 and 2 (Figure 6, that for 3 is
given in Figure S13 in the Supporting Information) lie close to
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Figure 6. Ab initio computed principal g,, anisotropy orientation for 1 (top)
and 2 (bottom).

the two shortest Dy—O bonds, as qualitatively predicted by the
oblate—prolate model."™%"®! In this regard, the electrostatic
model® has been adopted to calculate the deviation of ab
initio computed ground-state g,, orientation with respect to
the electrostatic anisotropy axis (see Figures S17-19 in the
Supporting Information).

Because all three compounds possess more than one mole-
cule in the unit cell, we have also performed calculations on
the second molecule present in the asymmetric unit (denoted
as 1, 2/, and 3'). The barrier height computed for these mole-
cules are 144, 238, and 218 cm™' for 1/, 2, and 3/, respectively
(see Tables S5-S7 and Figures S20-S23 in the Supporting Infor-
mation). A large difference is noted for complex 1, whereas for
complexes 2 and 3 the results are very similar. Although the
distortion parameters for 1 and 1" are same, the large change
in the computed U, Vvalues could be attributed to minor
structural alterations around the Dy" ions and also to the ori-
entation of the hydrogen atoms of the water molecule coordi-
nated to the Dy" site, as noted earlier™ (see Figures $S20-S23
in the Supporting Information for orientation of the g,, axis).
Because other computed properties (anisotropic axis, electro-
static repulsion, etc.) are same, we have restricted our discus-
sion from here onwards to complexes 1, 2, and 3.

The deviation is found to be extremely small (1.04, 0.73, and
3.19° for 1, 2, and 3, respectively), which implies the tendency
of the anisotropy axis to point to the donor atoms with greater
electron density and shorter Dy—O bonds (phenoxide bridging
groups of the ligands) and forces the oblate electron density
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of the Dy" to be perpendicular to them, which thus diminishes
electrostatic repulsions (the oblate electron density would lie
in the plane of the neutral and more distant methoxy groups
and water molecule).™ Therefore, the presence of two pairs of
large negatively charged phenoxide groups with short Dy—O
bonds arranged on opposite sides of the Dy" ion, with the re-
maining positions occupied by neutral donor oxygen atoms,
provide the appropriate crystal field to generate a large energy
barrier. The susceptibility and magnetization data calculated by
using the anisotropy and CF parameters derived from the ab
initio calculations and including weak intermolecular interac-
tions through the mean-field approach with zJ'=-0.0024,
—0.0025, and —0.0031cm™" for 1, 2, and 3, respectively
(Figure 3 and Figure S4), agree rather well with the experimen-
tal ones, which thus supports the calculated energy spectrum
for the eight KDs of these compounds.

To investigate the effect of the Zn" ion, we have performed
DFT calculations that reveal larger negative charges on the p,-
oxo bridged ligand compared with the coordinated neutral
oxygen donor atoms (see Tables S8-510 and Figures $24-S26
in the Supporting Information). Incorporated Zn" ions in all the
three complexes induce large polarization on the oxygen
atoms, which eventually results in strong electrostatic interac-
tions on the lanthanide ions and reiterates our previous state-
ment.® In our earlier studies on the {ZnDy} complex, the Uy
was determined to be 83 cm™', whereas the barrier heights are
much larger in the present set of complexes. This is attributed
to the fact that in this set of complexes there are two Zn" ions
on both sides of the Dy" ions, which leads to stronger polariza-
tion on the phenoxide oxygen atoms and, as indicated above,
to large negatively charged phenoxide groups with short Dy—
O bonds arranged on opposite sides of the Dy" ion. Stronger
polarization and charge distribution on the DyOg coordination
sphere both induce larger barrier heights. Moreover, the pres-
ence of two diamagnetic Zn" ions leads to some internal dilu-
tion effects that diminish intermolecular interactions, quench
the QTM fast relaxation, and increase the effective energy bar-
rier. All these considerations suggest that incorporation of ad-
ditional Zn" ions may increase the barrier even further.

It is worth mentioning that the magnetic relaxation in lan-
thanides is found to occur essentially through the following
pathways in the absence of intermolecular interactions:®"*%
1) through QTM between the ground-state doublet, which
occurs due to the large transverse anisotropy of this KD;
2) through the Orbach process, which accounts for relaxation
by the excited KDs and occurs essentially due to the non-coin-
cidence of the principal anisotropic axes; 3) through thermally
assisted QTM (TA-QTM), which accounts for relaxation through
the excited KDs due to their non-Ising nature. The magnitude
of these spin-phonon relaxations depend on the square of the
transversal magnetic moment. In view of this, and with the
aim of disclosing the magnetic pathways in complexes 1-3,
we have calculated the mean absolute values of the transverse
magnetic moments between connecting pairs of opposite
magnetization. As a result of these calculations, the qualitative
mechanism of relaxation obtained from ab initio calculations
for 1 and 2 are shown in Figure 7 (that of 3 is given in Fig-
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Figure 7. Ab initio computed relaxation mechanism in 1 (top) and

2 (bottom). The thick black lines imply KDs as a function of their magnetic
moment along the main anisotropy axis. The dotted lines correspond to
ground-state QTM and excited-state TA-QM, solid and dashed dotted lines
signify Orbach (Raman) relaxation processes together.

ure S27 in the Supporting Information), in which the states are
arranged according to the values of their magnetic moments.
The number at each arrow connecting any two states is the
mean absolute value of the matrix elements of the transition
magnetic moments between the corresponding states. Due to
the almost pure Ising nature of the ground state, QTM is ex-
pected to be very weak in all the three complexes. Our com-
puted predictions are supported by the low magnitude of the
transversal magnetic moments between the ground-state KDs
(1072, 1072 g for 1 and 1073 g for 2 and 3) and this exempli-
fies the experimental observation of zero-field SMM character-
istics. The g,, axis of first excited state (KD2) deviates by 36, 12,
and 20° with respect to that of the ground state for 1, 2, and
3, respectively. This significant non-coincidence of the aniso-
tropic axis for KD1 and KD2 enhances the Orbach relaxation,””
which is more important for compound 1. For all the com-
pounds, the first excited doublet possesses a very small
amount of transverse anisotropy. In view of this, both Orbach
and TA-QTM relaxations through the first excited KD are opera-
tive, but the former would be favored in 1 and the latter in 2
and 3. The magnetic moment matrix elements for these pro-
cesses support this prediction. Thus for 1 the computed
number for the Orbach relaxation is very similar but slightly
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larger than that for TA-QTM relaxation (0.05 pg and 0.046 pg, re-
spectively), whereas the computed numbers for compounds 2
and 3 are inverted with respect to those of 1 (0.0055 and
0.04 g for Orbach and TA-QTM, respectively, in 2 and 0.0086
and 0.033 g for the same relaxations in 3).

The calculations find that the ground state Kramers doublet
in 1 is predominantly | +15/2> (0.98 | +15/2>), whereas the
first excited state is strongly mixed | £13/2> (037 | £13/2>
+0.25|+£11/2> +0.35| £9/2>; note that +M, notations in
the relaxation mechanism plot are given based on the pre-
dominant contribution from +M, energy states). For com-
plexes 2 and 3, the ground-state KD is predominantly | +15/
2> (0.99 | £15/2>). The first excited state is found to be pre-
dominantly | +13/2> (0.95 | £13/2>; for complex 3 the coef-
ficient is 0.90). The first excited state of complexes 2 and 3 are
found have lesser mixing of other M, levels compared with
that of complex 1. The mixing of the states is generally corre-
lated to the structural distortion present in the Dy" site. To
quantify the distortion, we have performed SHAPE analysis.?”
If tricapped trigonal prism is considered to be the ideal struc-
ture, the deviations are noted to be 2.9, 2.1, and 2.0 for com-
plexes 1, 2, and 3, respectively. This clearly reveals that 2 and 3
are more symmetric than complex 1.

To better understand the relaxation mechanism, we have at-
tempted to use computed crystal-field parameters (Table S11
in the Supporting Information). The corresponding crystal-field
Hamiltonian is given as He=BJO}, in which B} is the crystal-
field parameter and Oj is the Steven’s operator. The QTM con-
tributions are negligible if the non-axial B} (q#0 and k=2, 4,
6) terms are smaller than the axial B} (g=0 and k=2, 4, 6)
terms, which agrees well with the magnitude of the QTM ob-
served in the relaxation mechanism of all three complexes.

Within complexes 1-3, the axial BS term is computed to be
larger for complexes 2 and 3 than for complex 1, whereas the
non-axial B," term is much larger for complex 1 than for com-
plexes 2 and 3 (see Table S11 in the Supporting Information).
This leads to a greater extent of mixing of &M, wavefunctions
in complex 1 compared with 2 and 3. All these cumulative ex-
planations lead to the observation of a larger energy barrier
for magnetization reorientation for complexes 2 and 3 as com-
pared with 1.

The computed energies of the first excited KD for 1 is in
close agreement with the experimental results under an ap-
plied field of 1000 Oe (when the QTM is almost fully sup-
pressed), whereas those for 2 and 3 are somewhat underesti-
mated. This can be the result of neglected correlation energies
and possible small structural changes at low temperatures.*®3”
Nevertheless, the reasonably good correspondence between
experimental and calculated values supports the proposed
mechanism for the relaxation of the magnetization in com-
pounds 1-3. It is notable that we have successfully reproduced
the experimental trend of observed energy barriers for mag-
netization reorientation in these complexes (Ugx(2) > Ugg(3) >
Ueff(1))~

With the aim of understanding the effect of the metal-coor-
dinated ligand donation ability, we have performed detailed
ab initio calculations by cross comparing the ligands of the
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three complexes by using a substitution method. To estimate
purely the effect of halogen atoms on the calculated barrier
height, the structures are not optimized and the Zn—X (X=F,
Cl, Br, 1) bonds were fixed to known lengths from the literature.
Substitution of two coordinated water molecules (coordinated
with two Zn" ions) of 1 by F, Cl, Br, | (models 1a, 1b, 1¢, and
1d; see Table 1 and Tables S13-S16 and Figure S28 in the Sup-

Table 1. Ab initio computed ground-state g tensor orientation for all the
studied complexes and respective models, along with the associated cal-
culated energy barrier for the reorientation of magnetization.

Complex Structure g, 9y [« Ugsieq [em™]
[{LZn(H,0)},Dy(H,0)1*" 1 002 004 1957 9243
[{LZn(F)},Dy(H,0)1'* 1a 001 001 1979 11133
[{LZn(Ch},Dy(H,0)]"* 1b 001 001 1978 105.32
[{LZn(Br)},Dy(H,0)]' * 1c 001 001 1978 104.11
[{LZn(1)},Dy(H,0)]' " 1d 0.01  0.01 19.79 101.49
[{LZn(Br)},Dy(H,0)]' * 2 000 000 1991 21806
[{LZn(C1)},Dy(H,0)]" 3 000 000 19.94 23849

porting Information) results pure Ising-type ground-state ani-
sotropy in four models that possess g,~20 expected for the
pure |J=15/2M,=|=+15/2>| state. This characteristics
quenches the QTM completely and, owing to the large devia-
tion of principal magnetization axis (g,) with respect to the
ground state, relaxation is expected to occur through the first
excited state and the computed U4 lies in the range of 101
to 111 cm™ for the four models. Although the difference in
U.icq is small, the calculated energy barriers are found to de-
crease sequentially with a reduction in electronegativity: 1a (F,
Mecm ) >1b (Cl, 105cm )>1c (Br, 104cm )>1d (,
101 cm™"), which corroborates previous observations.*® Al-
though halogen substitution increases the barrier height, the
computed barrier height for models 1b and 1c are far away
from the U4 estimate obtained for complexes 2 and 3. This
clearly suggests that structural distortion accompanied by the
substitution plays a vital role in enhancing the barrier height
rather than the peripheral substitution.

We have performed magnetization hysteresis loop measure-
ments on powdered samples of 1-3 at 2 K at a sweeping rate
of 0.25 Tmin' to confirm the SMM properties of these com-
pounds (Figure 8). All of them exhibit a very similar butterfly-
shaped hysteresis loops, but with almost negligible magnetiza-
tion at zero field (see Figure 8 and Figure S30 for 3), which is
consistent with the QTM generally found for 4f-containing
complexes and with the tail that these compounds exhibit at
low temperature in the y",, versus T plot at zero applied field.

As indicated above, the calculated and experimentally ex-
tracted effective energy barriers for complexes 1-3 follow the
order Uy (1)< Uy (2)x= Uy (3), which can be mainly due to
two factors. First is the deviation of the DyO, coordination
polyhedron from the ideal geometries. In this regard, it was re-
cently suggested, based on experimental and calculated U
values for ZnDy complexes, that the structural distortions from
ideal geometries decrease the energy barriers.®@ The results
for 1-3 agree with this correlation because continued shape
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Figure 8. Magnetic hysteresis loops for 1 (solid line) and 2 (dashed line) at
2K

measurements indicate that Dy atoms for 1 present a larger
deviation from the ideal geometries TCTPR-9 (spherical tricap-
ped trigonal prism), CASAPRP (spherical capped square anti-
prism), and MFF-9 (muffin) than complexes 2 and 3 (see
Table S1 in the Supporting Information). Second, the electronic
effects of the halide co-ligands coordinated to the Zn" ions,
which, as supported by DFT calculations on model compounds
derived from complex 1 (see Table 1), increase the energy bar-
rier with respect to the coordinated water co-ligand. Neverthe-
less, the fact that complex 1 exhibits the larger negative
charge on phenolate oxygen bridging atoms (see Tables S8-
S10 in the Supporting Information) and the smaller Uy value
seems to indicate that the first factor has a greater influence in
determining the differences in U observed for 1-3.

Lanthanide complexes with compartmental Salen-type
Schiff-base ligands have been reported to exhibit interesting
photophysical properties.*"'® These ligands act as antenna
groups that sensitize Ln"-based luminescence through an in-
tramolecular energy transfer process. In view of this, the pho-
tophysical properties of complexes 1-3 have been studied to
determine the ability of ligand L*~ to act as a sensitizer. In all
cases, the photophysical properties of the complexes were
studied on microcrystalline powders due to their poor solubili-
ty. The reflectance spectrum of the ligand H,L (Figure S31 in
the Supporting Information) shows intense absorption bands
in the UV/Vis region located at 1 =214, 266, 335, and 410 nm.
The two former bands are typical of spin-allowed singlet mt—m*
electronic transitions in the aromatic groups, the third band is
assigned to spin-allowed singlet m—m* electronic transitions
within the C=N groups, and the last is more likely due to an in-
tramolecular ligand charge transfer transition. The absorption
spectra of complexes 1-3 (Figure S31 in the Supporting Infor-
mation) show that the latter band disappears upon metal coor-
dination, whereas the other three remain virtually at the same
positions as in the ligand. Upon excitation at the ligand energy
level (A,,=335nm), a broad emission appeared (Figure S32 in
the Supporting Information) with maxima located at A,,=
530 nm.

All the complexes exhibit metal-centered luminescence after
excitation into the UV m—m* absorption band of ligand L*~ at
A=335 nm, which results in the appearance of the characteris-

Chem. Eur. J. 2015, 21, 15785 - 15796 www.chemeurj.org

15794

CHEMISTRY

A European Journal

Full Paper

]

Figure 9. Sensitized emission spectra of complexes 1-3 in the solid state at
room temperature.

tic Dy" (*Fo;,—°H,,5; J=15/2, 13/2) emission bands in the visi-
ble region (Figure 9). This sensitized Ln"-based emission can
only occur through a L—Ln photoinduced energy transfer pro-
cess, which probes the ability of ligand L*>~ to act as an anten-
na group. However, a significant remaining ligand-centered
emission is still observed, which indicates that the energy-
transfer process is not complete. It is known that the lumines-
cence observed for the Gd** complexes is due to the ligand
because the lowest excited state for Gd*" is so high in energy
that transfer from the ligand is forbidden. The emission spectra
for Gd*" complexes that are analogous to 1-3 are virtually
identical (Figure S32 in the Supporting Information) and show
an intense band at A =430 nm, at the same energy as the rem-
nant luminescence of the ligand in the emission spectra of 1--
3. The fact that the ligand emits at higher energy upon metal
coordination could be attributed to the destabilization of the
triplet energy (Crr*) level.

Conclusion

Following the complex-as-ligand strategy, we have succeeded
in preparing three new Zn"-Dy"-Zn" complexes from the mono-
nuclear complex ZnL (H,L=N,N-2,2-dimethylpropylenedi(3-
methoxysalicylideneiminato) and Dy**. The new complexes
have double phenoxido bridging groups connecting Zn’"and
Dy?* ions. The Dy** ion in each compound exhibits a DyO, co-
ordination sphere, in which two pairs of largely negatively
charged phenoxido groups with short Dy—O bonds are dis-
posed on opposed sides of the Dy*" ion, which thus creates
a strong crystal field that could stabilize the axial M,= £15/2
as the ground-state Kramers doublet. Ab initio calculations
support the easy-axis anisotropy of the ground-state Kramers
doublet and predict zero-field SMM behavior through Orbach
and TA-QTM relaxations via the first excited Kramers doublet,
which leads to large energy barriers. According to these con-
siderations, the three compounds exhibit zero-field SMM be-
havior with high thermal energy barriers for the reversal of the
magnetization in the 96.9 to 146.8 K range. Under a dc applied
magnetic field of 1000 Oe, the QTM is partly or fully sup-
pressed and the energy barriers increase to the 128.6 to
214.7 K range. The large U, value observed for these Zn"-Dy"-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Zn" complexes is a consequence of the enhancement promot-
ed by the presence of Zn?" ions that induce large charge po-
larization on the phenoxido oxygen atoms and some dilution
effects that diminish intermolecular interactions and quench
the QTM fast relaxation. Therefore, the ongoing results suggest
that the incorporation of additional Zn** ions could be a good
strategy to additionally increase the barrier. In accordance with
the experimental results, ab initio calculations have shown
that, compared with water, the peripheral halide ligands coor-
dinated to the Zn** ions increase the barrier height. The fact
that the compound with water as the peripheral ligand coordi-
nated to Zn*>* exhibits the larger negative charge on the phe-
nolate oxygen atoms and the smaller Uy value seems to indi-
cate that both the peripheral ligand and the distortion of DyO,
coordination polyhedron from the ideal geometries (this distor-
tion is larger for the compound with water as the peripheral
ligand) play a role in determining the magnitude of U
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