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Isomeric ligands enhance the anisotropy barrier
within nine-coordinated {Dy2} compounds†

Lin Sun,‡a Shilong Wei,‡a Jun Zhang,b Wenyuan Wang, a Sanping Chen, *a

Yiquan Zhang,*c Qing Wei,a Gang Xiea and Shengli Gaoa

Based on isomeric ligands, (2,40-Hpcad = N3-(2-pyridoyl)-4-pyridinecarboxamidrazone and 2,30-Hpcad =

N3-(2-pyridoyl)-3-pyridinecarboxamidrazone), two carboxylate-bridged centrosymmetric DyIII dimers,

[Dy2(2,40-pcad)2(C2H3O2)4(H2O)2]�4H2O (1) and [Dy2(2,30-pcad)2(C2H3O2)4(H2O)2] (2), were obtained,

where DyIII ions adopted a monocapped square antiprism coordination geometry, but exhibiting different

distortions. Fine-tuning the structure on using isomeric ligands had a significant impact on the magnetic

properties of compounds 1 and 2. Magnetic studies revealed that 1 and 2 exhibit slow magnetic

relaxation behaviours under a zero direct-current field exhibiting effective energy barriers (Ueff) of 53.5 K

and 132.6 K, respectively, wherein compound 2 possesses the highest Ueff in nine-coordinated Dy2

compounds. Ab initio calculations of compound 2 for magnetic interactions, magnetic axes inclination

and charge distribution around DyIII ions revealed simultaneous optimization of f–f interactions between

the DyIII ions and the stronger ligand field axis of individual DyIII ion, which realizes excellent performance

of 2. These findings demonstrate an efficient approach to enhancing the magnetic anisotropy barrier on

using isomeric ligands.

1 Introduction

Single-molecule magnets (SMMs) provide the fascinating possibility
of creating switchable, molecular scale devices that store or
manipulate information on orientating their molecular spin.1–3

Their quantum coherent properties have sparked further inter-
est in their potential applications, such as high-density data
storage devices, spintronics and quantum computing.4–8 In fact,
lanthanides SMMs (Ln-SMMs) have been responsible for achieving
the goal of high-performance SMMs due to the intrinsic large spin
state and large magnetic anisotropy of some lanthanide ions (DyIII,
TbIII, HoIII and ErIII), pushing the frontiers to larger thermal energy
barriers of magnetization reversal (Ueff) and higher blocking
temperatures (TB).9–17

Ln-Based monometallic SMMs or single-ion magnets (SIMs)
have been widely investigated and reported in literature. Experi-
mentally, a series of DyIII-based SIMs displaying pentagonal
bipyramidal coordination geometry (near D5h local symmetry)
have been synthesized,14–17 which exhibit remarkable properties,
such as higher effective energy barrier (Ueff) and blocking
temperature (TB) (1815 K16 and 20 K,17 respectively). Theoretically,
ab initio calculations have provided a deeper interpretation of the
relaxation dynamics of DyIII-based SIMs.18–22 In addition to the
above-mentioned fascinating Ln-based SIMs, a few dinuclear
lanthanide compounds also exhibit SMM properties,23–37 repre-
senting the simplest molecular units which allow the study of
magnetic interactions between two spin carriers. It has been
reported that the SMM behaviours of lanthanide-based systems
are extremely sensitive to the coordination geometry and ligand
field effect coupled with the strength of magnetic interactions
among the adjacent lanthanide sites. In dinuclear systems, the
coordination environment could be modulated through a
subtle change of the ligand field, including the effects of lattice
solvents,38,39 the coordinated solvents,30 the pH values of
the solution systems40a and the electrostatic environment.27

On investigating such systems, one could expect to understand
the nature and strength of interactions between lanthanide ions
as well as possible alignment of spin vectors and anisotropy
axes.40b Clearly, it remains a significant challenge to establish
rational and effective guidelines for synthesizing Ln2-SMMs,
exploring the effect of f–f interactions and uniaxial anisotropy

a Key Laboratory of Synthetic and Natural Functional Molecule Chemistry of

Ministry of Education, College of Chemistry and Materials Science, Northwest

University, Xi’an, Shaanxi 710069, P. R. China. E-mail: sanpingchen@126.com
b School of Materials and Chemical Engineering, Anhui Jianzhu University, Hefei,

230601, China
c Jiangsu Key Laboratory for NSLSCS, School of Physical Science and Technology,

Nanjing Normal University, Nanjing 210023, China.

E-mail: zhangyiquan@njnu.edu.cn

† Electronic supplementary information (ESI) available: General experimental,
synthesis and characterization of the compound mentioned in the manuscript,
details of the single crystal diffraction experiments, XRPD, TG and additional
figures. CCDC 1523394 (1) and 1469449 (2). For ESI and crystallographic data in
CIF or other electronic format see DOI: 10.1039/c7tc02786a
‡ These authors have equal contribution to this study.

Received 22nd June 2017,
Accepted 22nd August 2017

DOI: 10.1039/c7tc02786a

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 2
3 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 N

O
R

T
H

W
E

ST
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
2/

12
/2

01
9 

11
:2

0:
31

 A
M

. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0003-0898-3278
http://orcid.org/0000-0002-6851-7386
http://crossmark.crossref.org/dialog/?doi=10.1039/c7tc02786a&domain=pdf&date_stamp=2017-09-07
http://rsc.li/materials-c
http://dx.doi.org/10.1039/c7tc02786a
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC005036


This journal is©The Royal Society of Chemistry 2017 J. Mater. Chem. C, 2017, 5, 9488--9495 | 9489

on magnetic behaviour, and thereby obtaining magneto-structural
correlations.

It is desirable to choose suitable organic ligands to achieve
Ln2-SMMs displaying defined geometry. In the present study,
we select two isomeric tridentate Schiff-base ligands on the basis
of Density Function Theory (DFT) calculations, N3-(2-pyridoyl)-3-
pyridinecarboxamidrazone (2,30-Hpcad) and N3-(2-pyridoyl)-4-
pyridinecarboxamidrazone (2,40-Hpcad). Herein, we successfully
synthesized two symmetric dimer compounds displaying similar
coordination geometry, [Dy2(2,40-pcad)2(C2H3O2)4(H2O)2]�4H2O
(1) and [Dy2(2,30-pcad)2(C2H3O2)4(H2O)2] (2) (Scheme 1). This
study provides an example of fine-tuning coordination geometry
through the use of isomeric ligands, then enhancing the aniso-
tropy barrier in a Dy2 system. Meanwhile, ab initio calculations
were also performed to allow the determination of the principal
magnetic axes, the strength of the magnetic interactions and the
interpretation of the magnetic behaviour of the labelled compounds.

2 Experimental
2.1 Materials and instruments

All the materials and reagents were obtained commercially
without further purification. The FT-IR spectra were recorded
in the range of 400–4000 cm�1 using KBr pellets on an EQUINOX55
FT/IR spectrophotometer. Elemental analyses (C, H, N) were
conducted on a Perkin-Elmer 2400 CHN elemental analyzer. The
phase purity of polycrystalline samples was confirmed using
powder X-ray diffraction (PXRD) measurements executed on a
Rigaku RU200 diffractometer at 60 kV, 300 mA, and Cu Ka
radiation (l = 1.5406 Å), with a scan speed of 51 min�1 and a step
size of 0.021 in 2y. The simulated PXRD pattern was calculated
using single-crystal X-ray diffraction data and processed using
the Mercury 2.441 program provided by the Cambridge Crystallo-
graphic Data Center. Magnetic measurements were performed in
the temperature range of 2–300 K with an applied field of 1000 Oe,
using a Quantum Design MPMS-XL-7 SQUID magnetometer on
the polycrystalline samples. The diamagnetic corrections for the
compounds were estimated using Pascal’s constants. Alternating
current (ac) susceptibility experiments were performed using an
oscillating ac field of 2.0 Oe at ac frequencies ranging from 1 to
1000 Hz. The magnetization was measured in the field range 0–7 T.

2.2 Synthesis of the compounds 1 and 2

2.2.1 Synthesis of [Dy2(2,40-pcad)2(C2H3O2)4(H2O)2]�4H2O (1).
2,40-Hpcad was synthesized as described in the literature.42

Solid Dy(CH3COO)3�4H2O (0.2 mmol, 0.082 g) was reacted with
2,40-Hpcad (0.1 mmol, 0.024 g) in CH3OH (15 mL) in the
presence of triethylamine (0.2 mmol, 0.026 mL). The resultant
yellow solution was further stirred for 6 h and then filtered.
Pale yellow block-shaped crystals were gathered in one week
with a yield of B17% (based on DyIII salt). Anal. calcd for
C32H44Dy2N10O16 (1149.77): C, 33.33; H, 3.85; N, 12.15. Found:
C, 33.43; H, 3.86 N, 12.18. IR (KBr): 3482(b), 3104(w), 2989(w),
1643(s), 1588(w), 1460(m), 1403(m), 1278(w), 1205(m), 1149(m),
1104(w), 1046(w), 985(m), 889(m), 725(m), 659(w), 609(s),
528(m), 478 cm�1 (w).

2.2.2 Synthesis of [Dy2(2,30-pcad)2(C2H3O2)4(H2O)2] (2).
2,30-Hpcad was synthesized as described in the literature.42 It
was prepared in the same manner as compound 1, except that
2,30-Hpcad was used. Yellow needle-like crystals, suitable for
X-ray analysis, were obtained with a yield of B20% (based on
DyIII salts). Anal. calcd for C32H36Dy2N10O12 (1077.71): C, 35.55;
H, 3.36; N, 12.96. Found: C, 35.66; H, 3.37; N, 13.00. IR (KBr):
3420(b), 3065(w), 2941(w), 1634(s), 1554(w), 1460(m), 1370(m),
1271(w), 1205(m), 1139(m), 1093(w), 1043(w), 957(m), 903(m),
720(m), 656(w), 625(s), 543(m), 475 cm�1 (w).

2.3 DFT calculations

Based on theoretical research on the electronic configuration
(ESI,† Fig. S1–S4 and Tables S1, S2), ligands 2,30-Hpcad and
2,40-Hpcad were designed and synthesized.

2.4 X-ray crystallography

The single crystal X-ray experiment was performed on a Bruker
Apex II CCD diffractometer equipped with graphite-mono-
chromatized Mo Ka radiation (l = 0.71073 Å) using o and j
scan mode. The data integration and reduction were processed
with SAINT43a software. Absorption correction based on multi-
scan was performed using the SADABS43b program. The structures
were solved employing the direct method using SHELXTL43c and
refined using full-matrix least-squares procedures on F2 with the
SHELXL-9743d and SHELXL-2014 programs.43e All non-hydrogen
atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were located in their calculated positions and
thereafter allowed to ride on their parent atoms. Experimental
details associated with the crystal data, data collection parameters
and refinement statistics are summarized in Table S3 (ESI†)
while the selected bond lengths and angles are presented in
Table S4 (ESI†).

2.5 Physical characterisation

The solvent (lattice and/or coordinated H2O molecules) contents
of 1 and 2 were determined on performing elemental (C, H, N)
analysis and further confirmed on performing thermogravi-
metric analysis (TGA) under dry N2 atmosphere (Fig. S5, ESI†).
The mass loss values are consistent with 4H2O (1) (it is highly
possible that 1 would first lose two lattice water molecules due
to the grinding before measurement) and 2H2O (2) molecules
per formula unit. In particular, the TGA curve of compound 1
shows the mass loss before 100 1C, corresponding to the loss of
the lattice H2O molecules. In order to confirm the phase purity

Scheme 1 Syntheses of compounds 1 and 2.
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of the prepared samples of 1 and 2, X-ray powder diffraction
(XRPD) was carried out (Fig. S6, ESI†). The experimental patterns
are consistent with the corresponding calculated ones, demon-
strating the phase purity of 1 and 2.

3 Results and discussion
3.1 Structure description

In the previous study,34 [Dy2L2(OAc)4(MeOH)2]�2MeOH (HL =
(E)-N0(2-hydroxybenzylidene)-2-mercaptonicotinohydrazide) was
prepared through slow volatilization of the solvent (CH3OH–
DMF (20 mL/2 mL) in the presence of triethylamine). Herein, we
selected a similar method, but changed the solvent and the ratio
of reactants. The labelled compounds were synthesized from
Dy(CH3COO)3�4H2O and 2,40-Hpcad/2,30-Hpcad in a CH3OH
solution in the presence of triethylamine, with slow evaporation
under ambient conditions (see synthesis of the compounds 1
and 2 for details).

Single-crystal X-ray diffraction analyses revealed that compounds
1 and 2 crystallize in the monoclinic space group (C2/c and P21/n,
respectively). Their molecular structures are represented in Fig. 1. As
shown in Fig. 1, all three compounds are centrosymmetric. The
compounds 1 and 2 share a similar dinuclear structure, where each
DyIII is located in the chelating pocket formed due to the carboxyl-O,
hydrazide-N and pyridine-N of the 2,40-Hpcad and 2,30-Hpcad,
respectively (Fig. S7a and b, ESI†). The metal centers in compound
1 are bridged by the acetate groups (O17 and O6) in the form of
Z1:Z2:m2, with the Dy� � �Dy distance being 4.172(5) Å, the
Dy1–O17i–Dy1i and Dy1–O6–Dy1i angles being 65.21(1)1 and
113.77(2)1, respectively. For compound 2, the metal centers
are bridged by the acetate groups (O1 and O4) in the form of
Z1:Z2:m2, with the Dy� � �Dy distance of 4.127(1) Å, the Dy1–O1–
Dy1i and Dy1–O4–Dy1i angles being 65.15(2)1 and 112.67(3)1,
respectively. There are two coordination modes of the acetate
groups in compounds 1 and 2, as Z1:Z2:m2 and Z2, which are
shown in Fig. S7c and d. For 1 and 2, Dy–O distances fall in the
range of 2.306(9)–2.633(5) Å, and Dy–N distances fall in the
range of 2.425(1)–2.573(3) Å. The Dy–O and Dy–N bond lengths
in 1 are longer than those in compound 2 (Table S4, ESI†).

The coordination geometries of Dy ions in compounds 1 and
2 were calculated utilizing the SHAPE software 2.1.44 As shown
in Table S4 (ESI†), the calculation indicates that DyIII centers in

1 and 2 are best described as a nine-coordinated spherical
capped square-antiprismatic (C4v) geometry, but with different
distortions from the ideal geometry (Fig. S8 and Table S5, ESI†).
The supramolecular architecture of compound 1 is formed
through hydrogen-bonding interactions and p� � �p interactions
with centroid-to-centroid distances of 3.48 Å and 3.83 Å,
respectively (Fig. S9 and Table S6, ESI†). In the crystal packing,
the structure of the dinuclear Dy2 molecule in compound 2 is
further strengthened through hydrogen-bonding interactions
and p� � �p interactions with centroid-to-centroid distances of
3.67 Å (Fig. S10 and Table S7, ESI†). The shortest intermolecular
Dy� � �Dy distance is 11.00 and 11.39 Å for 1 (Fig. S11, ESI†) and 2
(Fig. S12, ESI†), respectively.

3.2 Static (dc) magnetic properties

To probe the static magnetic behaviors, direct-current (dc)
magnetic susceptibilities in an applied field of 1000 Oe were
measured on the polycrystalline samples of 1 and 2 over a
temperature range of 2–300 K (Fig. 2). The wMT values at 300 K
are 27.95 and 28.71 cm3 K mol�1 for 1 and 2, respectively, which
are in agreement with the expected value of 28.34 cm3 K mol�1

for two uncoupled DyIII ions in the 6H15/2 ground state (S = 5/2,
L = 5, g = 4/3). The wMT values remain broadly constant from
300 K to 110 K, following the first drop as the temperature
decreases further. Below approximately 15 K, we observed a
second rapid drop in wMT for 1 and 2 decreasing to reach a
minimum of 18.07 cm3 K mol�1 and 17.49 cm3 K mol�1 at
about 2 K, respectively. The sharp decline of the wMT values at
low temperatures may be attributed to three possible reasons:

Fig. 1 Molecular structures of 1 (a) and 2 (b). The H atoms are omitted for clarity (1: i�x + 1/2, �y + 3/2, �z + 1; 2: i1 � x, 1 � y, 1 � z).

Fig. 2 wMT versus T plots for 1 (a) and 2 (b) at 1000 Oe. The solid lines
show the calculated curves.
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antiferromagnetic coupling, thermal depopulation of low lying
crystal field states and magnetic anisotropy.45

Magnetization (M) data for 1 and 2 were collected at 2, 3 and
5 K in the field range of 0–7 T (Fig. 3). The magnetization
increases smoothly with increasing applied dc field without
complete saturation even at 7 T. The magnetization values of 1
(10.95 Nb) and 2 (10.90 Nb) at 7 T are lower than the theoretical
saturated value of 20 Nb anticipated for two independent DyIII

ions, which could be attributed to the ligand-field-induced
splitting of the Stark level as well as magnetic anisotropy.46

Furthermore, the magnetization versus H/T plots at different
temperatures show non-superimposed magnetization curves
for compounds 1 and 2, suggesting the magnetic anisotropy
and/or low-lying excited states.

3.3 Dynamic (ac) magnetic properties

In order to reveal the dynamic magnetic behaviours of 1 and 2,
the temperature dependencies of the alternating current (ac)
susceptibility were measured under a zero dc field with an ac
field of 2.0 Oe (Fig. S13 and S14, ESI†). For 1, the peaks in the
imaginary part wM

00 begin to emerge as the peak temperature
decreases from 12.0 to 5.4 K in accordance with a reduction in
the frequency from 1000 to 10 Hz (Fig. S13b, ESI†). For 2, the
peaks of wM

00 could be clearly observed between 5.5 K (1 Hz) and
15.5 K (1000 Hz) (Fig. S14b, ESI†). Compounds 1 and 2 showed
strong frequency dependent in-phase (wM

0) and out-of-phase
(wM

00) signals along with good peak shapes, revealing the typical
slow magnetic relaxation behaviours of SMMs.

Furthermore, the dynamics of the magnetization of 1 and 2
have been studied by measuring their frequency dependencies
on the ac susceptibility under a zero dc field. As shown in Fig. 4
and 5, both wM

0 and wM
00 signals of 1 and 2 exhibit temperature

dependencies, suggesting the presence of slow magnetic relaxation.
The relaxation times (t) extracted from the w00 peaks for 1 and 2 at
selected temperatures were used to construct the Arrhenius plot
shown in Fig. S19 (ESI†). For 1 and 2, ln(t) vs. T�1 plots were fitted to
provide effective energy barriers (Ueff) of 48.9 K and 100.7 K with
pre-exponential factors (t0) of 7.4 � 10�6 and 3.9 � 10�7 s,
respectively. It is worth noting that the strong linear dependence
of ln(t) at the high temperature region is indicative of a dominant
Orbach relaxation mechanism, whilst at the low temperature
region its curvature suggests the presence of other possible

relaxation pathways.47 A temperature independent regime was
not observed, indicating that the competing relaxation process
could not be QTM. Therefore, the relaxation occurs via the
temperature dependent Orbach and Raman mechanisms
(Fig. 6). Fitting the three data sets with eqn (1) yields U(1)

eff =
53.5 K (37.2 cm�1), t(1)

0 = 5.7 � 10�6 s, C(1) = 0.36 s�1 K�n, n(1) =
2.6; U(2)

eff = 132.6 K (92.2 cm�1), t(2)
0 = 3.8 � 10�7 s, C(2) = 3.6 �

10�3 s�1 K�n, n = 5.8, respectively.

t�1 = CTn + t0
�1 exp(�Ueff/kT). (1)

The Cole–Cole plots (wM
00 vs. wM

0) for 1 and 2 based on
frequency-dependent ac susceptibility data present semi-circular
shapes (Fig. 7). On fitting the corresponding data with a generalized
Debye model,48 the parameter (a) could be obtained in the range of
0.24–0.10 and 0.22–0.03 for 1 and 2, respectively (Tables S8 and S9,
ESI†), indicating a narrow distribution of relaxation times for a
single relaxation process.

Fig. 3 Experimental M versus HT�1 plots of 1 (a) and 2 (b) at different
temperatures.

Fig. 4 Frequency dependence of the in-phase (a) and out-of phase (b) ac
susceptibility signals under a zero dc field for 1.

Fig. 5 Frequency dependence of the in-phase (a) and out-of phase (b) ac
susceptibility signals under a zero dc field for 2.

Fig. 6 Magnetization relaxation time (ln(t)) versus T�1 plots under a zero
dc field for 1 (a) and 2 (b). The solid red line represents the best fitting to the
multiple relaxation process (eqn (1), see text for parameters).
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3.4 Theoretical investigation

To gain further insight into the magnetization reversal in these
compounds, ab initio calculations were performed. Complete-
active-space self-consistent field (CASSCF) calculations on one
type of individual DyIII fragment for each of the compounds 1
and 2 on the basis of X-ray crystallography determined geometries
have been carried out using MOLCAS 8.049 and SINGLE_ANISO50–52

programs (see ESI† for details). The lowest spin–orbit energies and
the corresponding g tensors of compounds 1 and 2 are shown in
Table S10 (ESI†). The calculated ground gz values of the DyIII

fragments are 19.617 and 19.581 for compounds 1 and 2,
respectively, which shows that the DyIII–DyIII interactions in
compounds 1 and 2 could be approximately regarded as the
Ising type. The program POLY_ANISO50–52 (Fig. 2) was used to
fit the magnetic susceptibilities of compounds 1 and 2 using
the exchange parameters from Table 1. All parameters from
Table S10 (ESI†) were calculated with respect to the pseudospin
Ŝ = 1/2 of the DyIII ions. The total coupling parameter ( J, dipolar
and exchange) was included to fit the magnetic susceptibilities.
The calculated and experimental wMT versus T plots of compounds
1 and 2 are shown in Fig. 2, where the fits are close to the
experimental data.53 From Table 1, the DyIII–DyIII interactions
calculated for the two compounds using Lines model54 are all
antiferromagnetic. The main magnetic axes on the DyIII ions for
the two compounds are indicated in Fig. 8, where the magnetic
axes on DyIII for each compound are antiparallel to each other
because of the DyIII–DyIII antiferromagnetic interaction. In
addition, we summarized the exchange energies and the main
values of the gz for the lowest two exchange doublets of the two
compounds (Table S11, ESI†), where the gz values of the ground
exchange states for all the complexes are close to 0, which
confirms that the DyIII–DyIII couplings are all antiferromagnetic.
As mentioned above, the evident antiferromagnetic interaction
between DyIII ions is likely related to the relatively small Dy–O–Dy

angles within the dinuclear core and/or the small dihedral angle
between the Dy2O2 plane and the benzene ring.55,56

According to the orientation of the magnetic easy axis (gz) of
1, obtained from the ab initio results (Fig. 8), the ligand atoms
of the first sphere could be categorized into two groups: (1)
equatorial atoms consisting of the four oxygen atoms (O2, O6,
O6i and O17i) and one nitrogen atom (N5) from the pyridine
ring that compose the equatorial plane; (2) axial atoms consisting
of one nitrogen atom (N3) of the ligand and the three oxygen
atoms (O1, O3 and O5) that lie along the axial direction. We
observed that the average charge (�0.656) of the proximate
pentagonal plane was lower than that (�0.675) of the magnetic
axes in compound 1, which resulted in a stronger easy-axis ligand
field corresponding with the smaller gx and gy values for the
ground states. Similar categorization of the atoms of the first
coordination sphere is also observed in 2, in which four oxygen
atoms and one nitrogen atom form the equatorial plane and
one nitrogen atom and three oxygen atoms lie along the axial
direction (Fig. 7b). The magnetic easy axis lies close to the
shorter Dy–O bond, approximating to O1 and O2 atoms in 2. It
is worth noting that O1 atom (�0.843) and O2 atom (�0.766),
with higher negative charge values, are the shorter coordina-
tion bonds in this molecule (Table S12, ESI†), resulting in the
stronger coordination affinity. The average charges on the
proximate pentagonal plane (�0.656) are lower than those of
the axial coordination atoms (�0.678) in compound 2, giving
rise to the stable maximum |Jz| value of 15/2 for the ground
state sublevel due to the lowering of the electron repulsion
for the proximate pentagonal plane, thus causing easy axial
anisotropic ground states, which is in agreement with the
negligible gx and gy values for the ground states. Therefore,
the charge density distribution surrounding the magnetic DyIII

centers is considered as an important factor in modulating the
entire molecular magnetic anisotropy in the Dy2 system.

The calculated energy gaps between the ground and the first
excited KD for the individual DyIII fragments of 1 and 2 are
104.4 and 121.9 cm�1, respectively. For compound 1, the
corresponding Ueff value of 37.2 cm�1 is far lower than the
theoretical value. The calculated Ueff value of 121.9 cm�1 from
the ab initio calculations is higher than the experimentally
determined Ueff value (92.2 cm�1) for compound 2. The origin
of this deviation between experiments and calculations is
probably related to the existence of extra relaxation behaviours

Fig. 7 The Cole–Cole plots of 1 (a) and 2 (b) with red solid lines as Debye
fits.

Table 1 Fitted exchange coupling constants, Jexch, the calculated dipole–
dipole interactions, Jdipolar and the total J between DyIII ions in 1 and 2
(cm�1). The intermolecular interactions (zJ0) of 1 and 2 are all fit to
0.08 cm�1

1 2

Jdipolar �2.10 �2.09
Jexch �1.00 �1.25
J �3.10 �3.34

Fig. 8 Orientations of the local main magnetic axes of the ground
doublets on DyIII ions of 1 (a) and 2 (b).
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(competitive processes such as Raman, direct and quantum
tunnelling).57

3.5 Magneto-structural correlations

The structural comparison of the coordination spheres in
compounds 1 and 2 is required to understand the origin of
the magnetization dynamics. As seen from Fig. 1, compound 1
has the N2O7 coordination environment generated using three
atoms from 2,40-pcad� (O1, N3 and N5), two O atoms (O2 and
O3) from CH3COO�, three O atoms (O17i, O6 and O6i) from
bridged CH3COO� and one O atom (O5) from H2O molecules.
Compared with 1, compound 2 exhibits the N2O7 coordination
environment with different distortions from the ideal geometry,
attributed to the minor distinction in the location of pyridine-N
atoms from the isomeric ligands (2,30-Hpcad and 2,40-Hpcad).
Even tiny change of ligand generating the slight adjustment of
coordination geometry drastically influences the overall mag-
netic properties of the molecule. Based on ab initio calculations,
we observe compounds 1 and 2 have something in common: (1)
the magnetic axes on DyIII for each compound are antiparallel;

(2) the DyIII–DyIII interactions in two compounds within Lines
model are all antiferromagnetic; (3) the calculated ground gz

values of individual DyIII fragment are 19.617 and 19.581 for
compounds 1 and 2. Certainly, there are a few differences: (1)
the differences between the calculated energy gaps for the
individual DyIII fragments of 1 and the experimental Ueff value
are higher than those of 2, which indicate that a Raman process
could account for the entire relaxation behaviour of compound
1. (2) On basis of charge analysis, the same average charges of
the proximate pentagonal plane in compounds 1 and 2, as well
as the higher average charges of axial coordination atoms in
compound 2, indicate that compound 2 exhibits stronger axial
coordination filed. For the Dy2 system, exchange coupling plays
a critical role in modulating the magnetic behaviours. The
values of the total coupling interactions for compounds 1 and
2 are approximate, but the value of 2 (Jtotal) is slightly greater
than that of 1. As illustrated in Fig. 8, the easy axis of 1 and 2 is
not parallel to the vector connecting the two DyIII, resulting in
transversal components of the dipolar field induced by the
dysprosium ions on each other, thus significantly increasing

Table 2 Configuration parameters and relaxation parameters with nine-coordinated Dy2 compounds

Molecular formula (dimension)

Coordination number/
configuration/CShM’s
valuesa

Bond distance/Å The slow relaxation process

Ref.Dy� � �Dyinter Dy� � �Dyintra DC field/Oe t0/s Ueff/K

[Dy2(2,40-pcad)2(C2H3O2)4(H2O)2]�4H2O (1) 9/CSAPR-9/2.336 11.00 4.17 0 5.7 � 10�6 53.5 In this study
[Dy2(2,30-pcad)2(C2H3O2)4(H2O)2] (2) 9/CSAPR-9/2.167 11.39 4.13 0 3.8 � 10�7 132.6
[Dy2(DMOP)2(NTFA)4(CH3OH)2�2H2O] (3) 9/TCTPR-9/1.164 9.66 3.94 0 1.2 � 10�6 56.2 23

1500 7.9 � 10�7 58.8
[Dy2(NO3)4(sacbH)2(H2O)2(MeCN)2] (4) 9/TCTPR-9/1.650 8.54 5.10 0 1.4 � 10�7 109.3 24

1000 1.1 � 10�7 128.2
2.7 � 10�5 62.3

[Dy(L1)3(DMSO)(H2O)]2 (5) 9/CSAPR-9/2.296 9.53 4.16 2000 — — 25
{[Dy2(PDOA)3(H2O)6]�2H2O}n (6) 9/CSAPR-9/1.742 6.41 13.92 2000 6.3 � 10�10 71.6 26
[Dy2(PDOA)3(H2O)6]�3.5H2O (7) 9/CSAPR-9/1.186 6.13 12.39 2000 2.4 � 10�11 97.8
[Dy2(m2-anthc)4(anthc)2(2,20-bpy)2] (8) 9/CSAPR-9/2.300 9.32 3.95 0 3.2 � 10�8 51.2 27
[Dy2(m2-anthc)4(anthc)2(1,10-phen)2] (9) 9/CSAPR-9/1.740 9.80 3.92 0 4.6 � 10�9 49.4
[Dy2(m2-anthc)4(anthc)2L2] (10) 9/CSAPR-9/1.878 11.75 3.92 0 3.4 � 10�8 31.6
[Dy2(HL1)2(NO3)4] (11) 9/CSAPR-9/2.948 3.71 7.04 No peaks — — 28
[Dy2(L2)2(NO3)4] (12) 9/TCTPR-9/2.048 3.71 8.42 1000 8.5 � 10�8 72.48
[Dy2(HL3)2(NO3)4] (13) 9/TCTPR-9/2.018 3.72 9.00 0 8.5 � 10�7 41.55

2000 1.2 � 10�7 72.37
[Dy2(H2L)2(m-piv)2(piv)2]�2CHCl3 (14) 9/CSAPR-9/0.968 3.63 — 0 8.81 � 10�5 8.96 29

0 1.48 � 10�6 35.5
[Dy2(ovph)2Cl2(H2O)3(EtOH)] (15) 9/CSAPR-9/1.221 3.95 6.26 0 1.4 � 10�7 110 30

7/PBPY-7/1.410
[Dy2(H3L)2(PhCOO)4]�4H2O (16) 9/CSAPR-9/1.408 3.69 47.6 0 1.3 � 10�7 42.7 31
[Dy(H2L1)2(NO3)3]2�2CH2Cl2�2CH3OH (17) 9/CSAPR-9/2.873 — 9.37 2000 3.0 � 10�6 43.0 32
[Dy2(bzhdep-2H)(NO3)4(DMF)4] (18) 9/CSAPR-9/2.319 — 7.88 1000 2.6 � 10�6 29.5 33
[Dy2L2(OAc)4(MeOH)2]�2MeOH (19) 9/CSAPR-9/1.197 — 4.07 0 6.4 � 10�7 39.1 34
[Dy2(Mq)4(NO3)6] (20) 9/CSAPR-9/2.401 9.60 3.91 0 5.4 � 10�6 40.01 35
[Dy2L(H2L)(teaH2)(o-vanillin)(H2O)]-
(ClO4)2�2CH3OH�H2O (21)

9/CSAPR-9/1.283 — 3.55 0 1.7 � 10�4 1.4 36
9/CSAPR-9/1.154

[Dy2(hfac)6(H2O)4pz]�2pz (22) 9/TCTPR-9/0.530 6.41 8.09 0 8.4 � 10�10 110.8 37

a CShM’s values of the DyIII ion in comparison with all of the reference standard n-coordinate polyhedrons were calculated using the SHAPE 2.1
program.23 2,6-Dimethoxyphen (DMOP), 2-naphtoyltrifluoroacetone (NTFA), benzoyltrifluoroacetone (BTFA), thenoyltrifluoroaceton (TTA);24

N-salicylidene-2-amino-5-chlorobenzoic acid (sacbH2);25 2-methoxycinnamic acid (L1);26 1,2-phenylenedioxydiacetic acid (H2PDOA);27 2,20-
bipyridyl (2,20-bpy), 1,10-phenanthroline (1,10-phen), 4,7- dimethyl-1,100-phenanthroline (L), 9-anthracenecarboxylate (anthc�);28 2-[(2-hydroxy-
ethyl)-pyridin-2-ylmethylamino]-ethanol (H2L1), 2-(bis-pyridin-2-ylmethylamino)-ethanol (HL2), 2-(bis-pyridin-2-ylmethylamino)-propane-1,3-diol
(H2L3);29 2,20-(2-hydroxy-3-methoxy-5-methylbenzylazanediyl)diethanol (H3L);30 pyridine-2-carboxylic acid [(2-hydroxy-3-methoxyphenyl)methylene]
hydrazide (H2ovph);31 1,5-bis(2-hydroxy-3-methoxybenzylidene)carbonohydrazide (H4L);32 N,N0-(1,3-propylene)bis(salicylideneimine) (H2L1);33

pyrazine-2,5-diylbis(ethan-1-yl-1-ylidene)di(benzohydrazide) (bzhdep);34 (E)-N0-(2-hydroxybenzylidene)-2-mercaptonicotinohydrazide (HL);35 8-hydroxy-
2-methylquinoline (Mq);36 triethanolamine (teaH3); N,N-bis(3-methoxysalicylidene)-1,2-cyclohexanediamine (H2L);37 hexafluoroacetylacetonate (hfac),
pyrazine (pz).
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the efficiency of the tunnelling mechanism. Therefore, the
calculated Ueff value is larger than the experimentally determined
Ueff value for compound 2, on account that relaxation of the
magnetization occurs via the lower lying excited states and
competitive processes such as Raman and direct ones, rather
than from a multistep Orbach process above the ladder. However,
moderate f–f interactions58 could suppress QTM under a zero dc
field, hence realizing the corresponding Ueff value close to the
theoretical value (between the ground and the first excited KD).

In our previous study59 based on three mononuclear nine-
coordination DyIII compounds, ab initio calculations revealed
that the Kramers doublet ground state is predominantly axial
with the gz tensors of three compounds (19.519, 19.535 and
19.337), matching the Ising-limit factor of 20 anticipated for the
pure MJ = �15/2 state, whereas they exhibit filed-induced slow
magnetic relaxation behaviours. In this study, compounds 1
and 2 with the approximate gz values, exhibit SMM behaviours
under a zero dc field, further confirming that moderate f–f
interactions are vital to obtain a SMM with excellent performances.

To explore the relationship between configuration and
magnetic relaxation behaviours, configuration parameters and
relaxation parameters of nine-coordinated Dy2 SMMs are
summarized in Table 2.23–37 The configurations of compounds
1–21 are all C4v-CSAPR or D3h-TCTPR, exhibiting slow magnetic
relaxation under a zero/non-zero dc field. Notably, this configuration
is closer to a single configuration (C4v-CSAPR or D3h-TCTPR), but not
always showing better SMM behaviours. Consequently, neither
C4v-CSAPR nor D3h-TCTPR is the most ideal geometry exhibiting
high axiality. The magnetic axis and the axis of symmetry try to
overlap in one direction; for example, five atoms form the
equatorial plane with four atoms of symmetry lie up and down
with respect to the plane. In terms of theoretical calculations of
the magnetic easy axis and charge distribution of the coordinated
atoms, compound 2 exhibiting the stronger axis coordination
field displays remarkable SMM performance with the highest Ueff

(132.6 K) in nine-coordinated Dy2 compounds. In brief, the
simultaneous optimization of f–f interactions between the magnetic
ions (to suppress quantum tunnelling) and the axis coordination
field (to generate high anisotropy barriers) are mandatory in order to
produce excellent performance in Dy2 SMMs.

4 Conclusions

In summary, both dinuclear DyIII compounds 1 and 2 exhibiting
the SMM behaviours under a zero dc field have been synthe-
sized using isomeric ligands (2,30-Hpcad and 2,40-Hpcad) to
realize ligand filed fine-tuning. Although 1 and 2 have the same
nine-coordinate monocapped square antiprism coordination
geometry around each DyIII ion, they present different distortions
from the ideal geometry. Magnetic analyses show that 1 and 2
exhibit slow magnetic relaxation behaviours under a zero dc field.
For compound 1, the corresponding Ueff value of 53.5 K is far
lower than the theoretical value, indicating that a Raman process
could account for the entire relaxation behaviour except for quantum
tunnelling. Compound 2 possesses the highest Ueff (132.6 K) in

nine-coordinated Dy2 compounds, ascribed to simultaneous
optimization of f–f interactions between the magnetic ions
and of the stronger axis coordination filed. These findings
demonstrate an efficient approach to enhancing the magnetic
anisotropy barrier using isomeric ligands. Notably, this strategy
in combination with the guidance of DFT calculations to design
isomeric ligands, experimental observations and the interpretation
of ab initio calculations provide an in-depth understanding of the
f–f interactions between the magnetic ions and uniaxial anisotropy
of individual magnetic ions in the Ln2 system.
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