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The present work reports a new mononuclear Dy(III) complex [Dy(acac)3(dppn)]·C2H5OH (1) (acac = acetylacetone, dppn = 
benzo[i]dipyrido-[3, 2-a:2’,3’-c]phenazine). X-ray crystallography analysis reveals that compound 1 is a discrete molecular complex and 
the Dy(III) center lies in a square-antiprism coordination environment. Furthermore, complex 1 shows single-ion magnet (SIM) behavior. 
Compared to the reported complexes [Dy(dppz)(acac)3]·CH3OH, [Dy(dpq)(acac)3] and [Dy(phen)(acac)3], complex 1 exhibits the 
different energy barrier, which might be raised from the different coordination environment caused by the different auxiliary co-ligand 10 

dppn. The energy barrier variations of these Dy(III)-complexes are consistent with their square antiprism structural features. 

Introduction 

Single-molecule magnets (SMMs) have attracted much attention 
in recent years due to their various potential applications such as 
high-density magnetic memories, magnetic refrigeration, 15 

molecular spintronics and as quantum computing devices.1-6 A 
basic requirement for SMMs is the presence of a large total spin 
angular moment in a single molecule.7-10 The origin of the SMMs 
behavior is the easy axis magnetic anisotropy (D < 0), which 
causes the formation of an energy barrier that prevents reversal of 20 

the molecular magnetization, consequently, a slow relaxation of 
the magnetization at low temperature.11-13 Besides large ground 
state, the enhancement of energy barrier and blocking 
temperature of SMMs is also very important for controlling the 
magnetic anisotropy.14-18 Lanthanide ions, especially dysprosium 25 

(III), are attractive candidates for the preparation of new single 
molecule magnets.19-38 The dysprosium(III) ion, possessing a 
Kramers ground state of 6H15/2, has a large angular moment and 
is assumed to have a large Ising-type magnetic anisotropy. So 
dysprosium(III) ion with a suitable coordination environment 30 

might be an appealing paramagnetic source for the construction 
of SMM.39-45 Owing to the single-ion features, mononuclear 
Dy(III) SMMs are referred as “Single-Ion Magnets (SIMs)”. Up 
to date, numerous Ln-SIMs are reported, including Ln-
phthalocyanine,46-55 Ln-β-diketone56-62 even organometallic 35 

lanthanide systems.63-65 The local symmetry in the reported Ln-
SIMs is all defined by a high-order single axis.  
So far, the study on the relationship between SMMs and their 
corresponding metal coordination environments, however, is 
relatively rare. In addition, a complete and detailed theoretical 40 

picture of the relaxation dynamics of the magnetization in 
lanthanide-SIMs is still immature.66 Recently, we observed 
distinct tunneling rate of the β-diketone-based Dy(III)-SIMs 
which possess the different auxiliary ligands.58-59 The results 
indicate that the relaxation rates are extremely sensitive to tiny 45 

distortions of the local coordination geometry. Fortunately, the β-
diketone-based Ln(III)-coordination spheres can be easily 

modified by incorporation of the different auxiliary ligands, 
which could be a promising approach to probe the dynamics of 
magnetization. 50 

For more insight into the influence of the auxiliary ligands on the 
SMMs, in this contribution, the dppn ligand is chosen to be an 
auxiliary ligand to prepare a new β-diketone-based Dy(III)-SIM 
[Dy(acac)3(dppn)]·C2H5OH (1). Single-crystal structure indicates 
that the Dy(III) ion in 1 adopts a square-antiprism coordination 55 

geometry and exhibits SIM behaviors. Interestingly, complex 1 
has the effective energy barrier (37.22 K), while its reported 
analogues of [Dy(dppz)(acac)3]·CH3OH, [Dy(dpq)(acac)3] and 
[Dy(phen)(acac)3] with the same square antiprism geometry, 
however, show different energy barriers.  60 

Experiment section 

Materials and measurements 

The reagents and solvents employed were commercially 
available and used without further purification. Elemental 
analyses for C, H and N were obtained on a Perkin-Elmer 65 

analyzer model 240. The XRD patterns were collected by a D8 
ADVANCEX-ray powder diffractometer (XRD) with Cu Kα 
radiation (λ = 1.5405 Å). All magnetization data were recorded 
on a Quantum Design MPMS-XL7 SQUID magnetometer. The 
variable-temperature magnetization was measured with an 70 

external magnetic field of 1000 Oe in the temperature range of 
1.9-300 K. The diamagnetic corrections for the compounds were 
estimated using Pascal’s constants, and magnetic data were 
corrected for diamagnetic contributions of the sample holder.  
Synthesis of [Dy(acac)3(dppn)]·C2H5OH (1) 75 

To a solution of acetylacetone (0.11 mL, 1.0 mmol) and 
Et3N (0.14 mL, 0.10 mmol) in MeOH/EtOH (1:1 v/v, 20 mL), 
Dy(NO3)3⋅6H2O (0.114 g, 0.25 mmol) was added. The solution 
was stirred for 15 min followed by addition of the diimine base 
dppn (0.083 g, 0.25mmol). The mixture was refluxed for 3 h in 80 

air and then filtered. Red block crystals suitable for single-crystal 
X-ray diffraction were obtained by slow evaporation of the 
filtrate after several weeks. Yield: 35% (based on the Dy(III) 
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salt). Anal. Calcd. for C39H38DyN4O7: C, 55.45; H, 4.57; N, 6.69. 
Found: C, 55.40; H, 4.60; N, 6.71.  
X-ray crystallography 

Diffraction data for the complex was collected at 293 (2) K, 
with a Bruker Smart 1000 CCD diffractometer using Mo-Kα 5 

radiation (λ = 0.71073 Å) with the ω-2θ scan technique. An 
empirical absorption correction was applied to raw intensities.67 
The structure was solved by direct methods (SHELX-97) and 
refined with full-matrix least-squares technique on F2 using the 
SHELX-97.68 The hydrogen atoms were added theoretically, and 10 

riding on the concerned atoms and refined with fixed thermal 
factors. The details of crystallographic data and structure 
refinement parameters are summarized in Table 1. The 
crystallographic data in CIF format and check CIF for complex 1 
are available in Supporting Information, and the structural 15 

analysis have been deposited with the Cambridge 
Crystallographic Data Centre with CCDC: 1007462.  

Table 1 Data collection and processing parameters for complex 1  

Complex 1 

Empirical formula C39H38DyN4O7 

Formula weight 837.23 

Crystal system, Monoclinic 

space group P-1 

a / Å                                                                                10.4228(12) 

b / Å                                                                                12.4496(14)   

c / Å                                                                                  14.2131(10) 

α / º                                                                                                 103.621(8) 

β / °                                                                                                 93.468(8) 

γ / °                                                                                                96.219(9) 

V / Å3                                                                              1774.8(3) 

Z 2 

Density (calc.) / mg.m-3                                             1.567 

µ / mm-1                                                                                            2.161 

F(000)                                                                                               844 

Wavelength / Å                                                                                   0.71073 A 

θ range for data collection /°                                                        2.36 to 29.39 deg 

Reflections collected / unique                                                                   13956/9786 

Data / restraints / parameters                                                   8101/0/467 

Goodness-of-fit on F
2
                                              1.040 

R1/ wR2                                                                    R1 = 0.0480, wR2 = 0.0860 

Largest diff. peak / e.Å-3                                         1.834 and -1.156   

 

Results and discussion 20 

Crystal structure of 1  

 
Fig. 1 Molecular structure of 1.  

Compound 1 was isolated as a molecular complex which was 
confirmed by single-crystal X-ray crystallography. The selected 25 

bond lengths and angles are given in Table 2. Complex 1 
crystallizes in the monoclinic space group P-1. As shown in Fig. 

1, Dy(III) center lies in a square anti-prism eight-coordinated 
sphere which is defined by six O-donors from three deprotoned β-
diketonate ligands and two N-donors from a bidentate dppn 30 

ligand. The Dy-O bond distances range form 2.305-2.354 Å. One 
square base of the square antiprism is formed by the four oxygen 
atoms (O1, O2, O3 and O4) from two chelating β-diketonate 
ligands, and the other one is constructed by two oxygen (O5 and 
O6) and two nitrogen donors (N1 and N2) from one β-diketonate 35 

and one dppn chelating ligands, respectively. A square antiprism 
can be described by two crucial parameters; that is Φ (skew 
angle) and α (the angle between the S8 axis and a RE-L direction). 
The corresponding numerical values of Φ and α for a regular 
square antiprism (SAP) are 45o and 54.74o, respectively.66 The S8 40 

axis define is the line of Dy with the center of one square base of 
the square antiprism. 

 

Fig. 2 Comparison of Φ and α between complex 1, and its 
[Dy(dppz)(acac)3]·CH3OH, [Dy(dpq)(acac)3] and 45 

[Dy(phen)(acac)3] analogues. 

Table 2 Selected bonds lengths and angles for 1.  

 

1 

Dy(1)-O(1)                  2.354(3)                   Dy(1)-O(2)                   2.305(3)  
Dy(1)-O(3)                  2.314(3)                   Dy(1)-O(4)                   2.327(3) 
Dy(1)-O(5)                  2.347(3)                   Dy(1)-O(6)                   2.321(3) 
Dy(1)-N(1)                  2.561(4)                   Dy(1)-N(2)                   2.604(4)  
O(2)-Dy(1)-O(1)        73.55(10)                  O(3)-Dy(1)-O(1)          114.63(11) 
O(3)-Dy(1)-O(6)         83.33(12)                 O(2)-Dy(1)-O(4)          119.85(11)  
O(3)-Dy(1)-O(5)         80.14(11)                 O(4)-Dy(1)-O(5)          140.73(12)  
O(2)-Dy(1)-N(1)         134.46(12)                O(6)-Dy(1)-N(1)          73.53(12)  
O(6)-Dy(1)-N(2)         111.17(11)                N(1)-Dy(1)-N(2)          62.74(12)  

Recently, similar mononuclear complexes 
[Dy(dppz)(acac)3]·CH3OH, [Dy(dpq)(acac)3] and 
[Dy(phen)(acac)3] were reported by us. Based on the analysis of 50 

their Φ, α and bond lengths (Fig. 2, Fig. S1 and Table 3), the Dy-
square antiprism coordination sphere could be modified by 
changing the auxiliary ligands. For example, compared to the 
standard skew angle of 45° for the square antiprism, the angle 
deviation in 1, [Dy(dppz)(acac)3]·CH3OH, [Dy(dpq)(acac)3] and 55 

[Dy(phen)(acac)3] is respectively 3.10o, 0.77o, 1.98o and 2.42o, 
which is resulted from the different auxiliary ligands. As 
indicated in Fig. 2, [Dy(dppz)(acac)3]·CH3OH represents the best 
fit to the idealized square antiprism, while compound 1 exhibits 
the most distorted square antiprism.  60 

Table 3 Compare to the bonds lengths (Å) and angles (deg) for 1, 
[Dy(dppz)(acac)3]·CH3OH (2), [Dy(dpq)(acac)3] (3) and 
[Dy(phen)(acac)3] (4). 
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1 

O(1)-O(2)             2.790(4)                    O(2)-O(3)           2.804(5) 
O(3)-O(4)             2.804(4)                    O(4)-O(1)           2.837(5) 
α1                        57.84◦                         Φ1                   55.39(8)◦ 

αaverage                  58.63◦                            Φaverage                      56.82◦ 
Dy⋅⋅⋅Dy (The shortest distanc)             7.407 Å                        

 

2 

O(1)-O(2)          2.775(15)                   O(2)-O(5)           2.736(18) 
O(5)-O(6)          2.777(16)                   O(6)-O(1)           2.788(17) 

α2                  55.51◦                        Φ2                   44.89(31) ◦   

αaverage
                 57.41◦                                    Φaverage                56.71◦ 

Dy⋅⋅⋅Dy (the shortest distanc)              7.34 Å                        
 

3 

O(1)-O(2)           2.771(12)                    O(2)-O(3)          2.831(12) 
O(3)-O(4)           2.786(13)                    O(4)-O(1)          2.862(12) 

α3               52.76◦                             Φ3                 49.89(20) ◦ 
αaverage         57.93◦                             Φaverage                57.23◦ 

Dy⋅⋅⋅Dy (the shortest distanc)              8.83 Å                        
 
4 

O(3)-O(4)            2.783(6)                    O(4)-O(6)           2.925(4) 
O(6)-O(5)            2.762(6)                    O(5)-O(3)           2.830(4) 

α4                   57.16◦                        Φ4                      51.46(9) ◦   

αaverage
                 58.15◦                         Φaverage                        57.38◦ 

Dy⋅⋅⋅Dy (the shortest distanc)               8.243 Å                      

 

 

Fig. 3 Packing arrangement of 1. 

The crystal packing reveals that the one-dimensional (1D) 
supramolecular tapes driven by the intermolecular π-π stacking 5 

exist in 1. As indicated in Fig. 3, the dppn ligands attached to 
Dy(III) centers stack one on top of another in a parallel fashion 
leading to a head to tail arrangement. The centroid-to-centroid 
distances between the corresponding intermolecular aromatic 
rings are 3.383 and 3.603 Å, respectively. The shortest Dy⋅⋅⋅Dy 10 

distance in 1 is 7.407 Å (Fig. S2, ESI ), which is slightly longer 
than that of in [Dy(dppz)(acac)3]·CH3OH (7.34 Å), but 
significantly shorter than those of in [Dy(dppz)(acac)3]·CH3OH 
(8.83 Å) and [Dy(dpq)(acac)3] (8.243 Å). The measured XRPD 
pattern of 1 (Fig. S3, ESI) is well in correspondence with that of 15 

simulated one, indicating that the bulk sample of 1 was obtained 
in pure phase. 
Magnetic property 

Direct-current (dc) magnetic susceptibility of 1 has been 
measured in an applied magnetic field of 0.1 T between 300 and 20 

1.9 K. At room temperature (300 K), the χmT value is 14.20 cm3 
K mol-1 (Fig. 4) which is close to the expected value of 14.18 cm3 
K mol-1 for a Dy(III) unit (S = 5/2, L = 5, g = 4/3, 6H15/2, C = 
14.18 cm3 K mol-1).69 The χmT value gradually decreases with 
the temperature decreasing in the range of 300-110K. The sharp 25 

decrease below 110K was observed which might be ascribed to 
the progressive depopulation of excited Stark sublevels of Dy(III) 

and/or the very weak intermolecular magnetic interactions 
between Dy(III) ions.70 
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Fig. 4 Temperature dependence of the χmT values at 1 kOe for 1. 
Inset: M vs. H/T plot at different temperatures for 1. 

 
To investigate the dynamics of the magnetization, 

magnetization relaxation data of 1 were collected at varied 35 

temperature while the frequencies of the microcrystalline were 
held constant. At a fixed frequency, the in-phase (χ') and the out-
of-phase (χ″) components of the ac magnetic susceptibility were 
measured as the frequencies (ν) of the ac field varied from 1.9 K 
to 22 K. Compound 1 shows the frequency dependencies of the 40 

alternating current (ac) susceptibilities under zero-dc field, which 
reveals the typical features associated with the SIMs behavior 
(Fig. 5). The maximum magnetization at 1.9 K is 5.85 µB, which 
is lower than the expected saturation value of 10 µB for each 
Dy(III) ion. From the M vs. H/T data measured in different 45 

magnetic fields (inset Fig. 4) of 1 show non-superposition, 
suggesting the presence of a significant magnetic anisotropy 
and/or low lying excited states. Eight-coordination mode of 
compound 1 made Dy(III) ion splitting of the J = 15/2, which 
effects the magnetic anisotropy strongly and display a SMM 50 

behavior. 71  
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Fig. 5 Frequency dependence of the in-phase χ' (top) and out-of-
phase χ″ (bottom) components of the alternating-current (ac) 
susceptibility for compound 1 measured under zero static field in 55 
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the temperature range of 1.9-22K. 
 

 Cole–Cole diagrams (Fig. 6) in the form of χ' vs. χ″ with 
nearly semi-circle shape have also been obtained. These data 
have been fitted to the generalized Debye model, 72-73 5 

( ) 11 ( )
T S

S
i

ν α

χ χ
χ χ

ντ −

−
= +

+  

where χT is the isothermal susceptibility, χS is the adiabatic 
susceptibility, ν is the frequency of the ac field, and τ is the 
relaxation time of the system. The Cole–Cole plots of compound 
1 affords α values which increase to 0.210 (1.9 K) at the lowest 10 

temperature and decrease to 0.131 (9 K) at high temperature (Fig. 
S4). The result indicates that a single relaxation time is mainly 
involved in the present relaxation process.74 The α value is in the 
range of previously reported SMMs and SCMs, 40-42 which 
excludes the possibility of spin-glass. 15 
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Fig. 6 The Cole–Cole plots at 1.9-9 K of 1 in zero-dc field. The 
solid lines are the best fit to the experimental data. 

 

In addition, the observed peaks of the out-of-phase signals 20 

correspond to the coincidence of the applied ac field oscillation 
frequency with the relaxation rate. Compound 1 at a selected 
frequency goes through a maximum and the maximum shift to 
high temperature with increasing frequency, which is the nature 
of super paramagnet. Data obtained with varying frequencies of 25 

oscillation of the ac field are fitted with Arrhenius law.75 We can 
derive the magnetization relaxation time in the form of lnτ plotted 
as a function of 1/T between 1.9 and 14 K (Fig. 7). Above 9 K the 
relaxation follows a thermally activated mechanism affording an 
energy barrier of 37.22 K with a pre-exponential factor (τ0) of τ0 30 

= 6.72×10-7 s based on the Arrhenius law [τ = τ0 exp(Ueff/kBT)], 
where T is the temperature of the maximum χ″ at different 
frequencies and τ = 1/(2πν) (ν is the frequency), which is 
consistent with the expected τ0 of 10-6-10-11 for a SMMs.60 

Relaxation time of complex [Dy(dppz)(acac)3]·CH3OH above 8 K 35 

shows an energy barrier 187 K, while [Dy(dpq)(acac)3] and 
[Dy(phen)(acac)3] have an energy barrier 136 K and 64 K. The 
different energy barrier for compound 1, 
[Dy(dppz)(acac)3]·CH3OH, [Dy(dpq)(acac)3] and 
[Dy(phen)(acac)3] are attributed to the influence of ligand field by 40 

auxiliary ligand. On the other hand, it provides the valuable 
information for the improvement of the SMMs behavior by the 
perturbation of the auxiliary ligand. Indeed, the Dy⋅⋅⋅Dy distance 
would influence the magnetic interactions. As mentioned above, 

compound 1 has the shortest Dy⋅⋅⋅Dy distance but small energy 45 

barrier, which indicates the Dy⋅⋅⋅Dy bond distance has little 
influence on the magnetic interaction. The magnetic coupling 
between neighbor lanthanide ions herein should be inappreciably 
weak due to the large Dy⋅⋅⋅Dy separation (∼8 Å). As discussed by 
Dante Gatteschi, α, the deviation from 54.74o stands for the 50 

compression/elongation of SAP along the C4 axis, which might 
affect the energy difference between the two lowest lying states 
even if the changes of ground states do not occur, a variation of 
angle Φ is an important perturbation for Hamiltonian due to the 
change of symmetry, where the transverse anisotropy is 55 

introduced, then promoting the quantum tunneling of the 
magnetization in these systems.57 Here, by changing the auxiliary 
ligands, the square antiprism is slightly distorted, leading to a 
longitudinal contraction of the square-antiprism coordination 
polyhedron (the increase of α). The longitudinal contraction 60 

strengthens the interaction between the single lanthanide ion 
electron density and the crystal field environment, which increase 
the splitting between the lowest and the second lowest sublevels. 
The difference in the magnetic anisotropies of 1, 
[Dy(dppz)(acac)3]·CH3OH, [Dy(dpq)(acac)3] and 65 

[Dy(phen)(acac)3] is attributed to the slightly different 
morphology of the ligand field originating from a slightly 
different ligands around the Dy(III) ions. Moreover, the energy 
barriers of 1, [Dy(dppz)(acac)3]·CH3OH, [Dy(dpq)(acac)3] and 
[Dy(phen)(acac)3] are proportional to the value of the square 70 

antiprism. For a regular square antiprism, the RE-L distances are 
equal, the gap of the longest bond length and the shortest bond 
length are 0.299(1), 0.273([Dy(dppz)(acac)3]·CH3OH), 
0.278([Dy(dpq)(acac)3]) and 0.280 ([Dy(phen)(acac)3]), 
respectively, The gap of the bonds lengths are also proportional 75 

to the value of the square antiprism. The shortest Dy⋅⋅⋅Dy 
distance in 1 is 7.407 Å, which should weaken the intermetallic 
magnetic coupling and the influence of the intermolecular 
interactions can be ignored. The slow magnetization relaxation 
should be assigned to SIM behavior.   80 

 
 
 
 
 85 

 
 
 
 
 90 

 
 

 
Fig. 7 Magnetization relaxation time, lnτ vs. T-1 plot for 1 under 
zero-dc field. The red line is fitted with the Arrhenius law. 95 

 
The field dependence of the magnetization of 1 was also 

measured at 1.9 K to check for hysteresis, i.e., slow relaxation of 
the magnetization. The M vs. H data exhibits a clearly butterfly-
shaped hysteresis effect above 1.9 K for 1 (Fig. S5). 100 

Conclusions 
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We have synthesized a new mononuclear Dy(III)-complex of 1 
which exhibits SIMs behavior. It has energy barrier 37.22 K over 
9 K. Compared to its analogues of [Dy(dppz)(acac)3]·CH3OH, 
[Dy(dpq)(acac)3] and [Dy(phen)(acac)3], the different energy 
barrier observed in 1 might be resulted from the different 5 

coordination environment and ligand field around the Dy(III) ions 
resulted from the different auxiliary ligands. More importantly, 
these results might provide a useful approach for design and 
preparation of new SMMs.  
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