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We report the synthesis, photoluminescent and magnetic 

investigations of two octhadral dysprosium complexes 

[DyR2(py)4][BPh4]·2py (1) and [DyR2(THF)4][BPh4] (R = carbazolyl, 

py = pyridine, THF = tetrahydrofuran) exhibiting a quasi linear N-

Dy-N angle in the axial direction, suitable to provide a 

coordination environment allowing a zero-field slow relaxation of 

the magnetization.  

Coordination complexes based on lanthanide(III) ions have 

recently emerged as an exciting field in molecular materials 

due to their tremendous physical properties related to the 

combination of a strong spin-orbit coupling with a crystal-field 

effect, which results in a large anisotropy for some lanthanide 

ions. For instance, such lanthanides complexes could exhibit a 

magnetic bistability, usually called Single-Molecule Magnets 

(SMMs) behaviour, making them as potential candidates for 

applications in data storage, spintronics or quantum 

computing.
1-4

 Yet, such feature could not be observed in all 

lanthanide complexes since the origin of the phenomenon 

requires the presence of a large anisotropic barrier that 

opposes two magnetic states (± mJ), which can be controlled 

by the coordination environment of the lanthanide ion. It is 

commonly accepted that in performing SMMs, the energy 

barrier should be as large as possible and the retention of the 

magnetization should be achieved in zero field under a so-

called blocking temperature.  

Among several synthetic strategies aiming to increase the 

anisotropic barriers, stabilizing the oblate electronic density of 

some lanthanide ions, such as the Dy
3+

, by coordination of two 

negatively charged ligands with short bond lengths along an 

axial direction and the absence of any ligands in the equatorial 

plane has been recognized as a powerful approach.
5-6

 This 

strategy permits to maximize the crystal-field splitting when a 

suitable symmetry is obtained. Hence, major achievements 

have been reached in the last few years by using coordination 

and organometallic chemistry concepts,
7-12

 pushing back the 

limits of the magnetic anisotropy in the dysprosium 

metallocene family
13-14

 with magnetic hysteresis observed up 

to 80 K.
15

 On the other hand, the relaxation may be highly 

impacted by the presence of the Quantum Tunnelling of the 

Magnetization (QTM), as well as Raman and direct relaxations, 

which reduce the SMMs performances. Nowadays, upgrading 

SMMs require determining the parameters affecting the spin-

phonon coupling that stand in need to be grasped.
2, 6, 16-19

 

 Among the different ligands used in coordination 

chemistry, those involving oxygen or nitrogen donor atoms 

appear interesting since they may not only stabilize the oblate 

electronic density of Dy
3+

, but may also act as antennas to 

design luminescent SMMs.
20-21

 Surprisingly, we realized that 

the number of high anisotropic barrier SMMs based on 

amido/imido ligands is still relatively scarce with respect to 

their alkoxy counterpart,
2
 although recent theoretical 

calculations have predicted an effective energy barrier larger 

than 4000 K in a two-coordinate imido complex.
22

 In this 

sense, carbazole-based ligands are highly appealing since: i) 

they provide rigidity owing to the presence of multiple 

aromatic rings; ii) benefit from great tunability to introduce 

novel functionalities; iii) they could act as a simple 

monoanionic amido ligand but also could form -complexes;
23

 

iv) the negatively charged character makes them very 

promising to design SMMs with axial crystal-field. Moreover, 

carbazole, featuring a rigid plane biphenyl core with wide band 

gap and high luminescent efficiency presents great 

opportunities for the synthesis of new emitters.
24-26

 Although, 

derivatives of carbazolyl ligands (mostly tridentate) have been 

investigated towards lanthanide(III) ions,
27

 simple carbazole 

has mainly been used with divalent lanthanide ions.
28-30

  With 

this in mind, we report herein the synthesis, structure, 

photoluminescent and magnetic studies of two octahedral 

Dy(III) carbazolyl-based complexes with a quasi linear 

(carbazolyl)N-Dy-N(carbazolyl) arrangement, exhibiting a 

Dy
3+

 luminescence associated with a SMM behaviour. 

 Our synthetic strategy relies on the formation of a cationic 

dicarbazolyl complex [DyR2]
+
 moiety (R = carbazolyl) in 

association with a bulky non-coordinating anion. Thus, 

complexes [DyR2(py)4][B(C6H5)4]·2py (1) (py = pyridine) and  

[DyR2(THF)4][B(C6H5)4] (2) (THF = tetrahydrofuran) were 

synthesized by an alkane elimination protocol reacting Dy(o-

Me2NC6H4CH2)3 with two equivalents of carbazole and one 

equivalent of [NHEt3][BPh4] (Scheme S1). Subsequent 

recrystallization from a py/hexane mixture or hot THF allowed 

obtaining single crystalline samples of 1 and 2, respectively. 



 

Fig. 1. Left: Molecular structure of the complex [DyR2(py)4]
+
 in 1. Right: Molecular 

structure of the complex [DyR2(THF)4]+ in 2.  Colour code: orange, Dy; red, O; grey, C. 

Hydrogen atoms and the [BPh4] moieties have been omitted for clarity.  

X-Ray diffraction analyses indicate that 1 and 2 crystallize in 

the orthorhombic Pnma and trigonal     space groups, 

respectively, with a unique crystallographic complex within the 

asymmetric unit (Table S1). In 1, both cation and anion occupy 

the special position on the mirror plane that coincides with 

one carbazolyl ligand and crosses the second one. Both 

complexes exhibit an octahedral geometry (see Shape 

Analysis, Table S2) with two R 
located in the trans axial 

position and four solvates molecules (py and THF for 1 and 2, 

respectively) in the basal plane (Fig. 1). The shortest distances 

involve two carbazolyl ligands in axial position with Dy-N(R) 

distances of 2.333(3)/2.335(3) and 2.318(4)/2.332(4) Å for 1 

and 2, respectively. As expected, the Dy-O distances in 2 are 

relatively close (ranging from 2.318(3) to 2.344(3) Å) to those 

involving the carbazolyl ligands, while the Dy-N(py) distances 

in 1 are much longer (2.470(2) and 2.486(2) Å). Hence, a 

compressed octahedral geometry could be observed for 1 

whereas 2 exhibits a much more regular one. Remarkably, the 

N-Dy-N angle of 178.6(1)° in 1 is closer to the linearity than the 

one found in 2 (172.3(1)°). The crystal packing analysis 

indicates that the two uncoordinated solvate pyridine in 1 

strongly interact with the carbazolyl ligands through - 

interactions with the shortest C···C contacts equal to 3.38 Å. 

The shortest Dy-Dy intermolecular distances in the crystals are 

equal to 9.947 and 10.619 Å for 1 and 2, respectively (Fig. S1).  

 The magnetic properties of 1 and 2 were investigated in 

both, static and dynamic modes by using a SQUID MPMS-XL 

magnetometer. The room temperature T values of 14.14 and 

14.51 cm
3
.K.mol

1
 for 1 and 2, respectively, are in accordance 

with the theoretical value of 14.17 cm
3
.K.mol

1
 (

6
H15/2) 

expected for a unique Dy
3+

 ion. Upon cooling, both T vs. T 

curves show a monotonous decrease which reflects the 

thermal depopulation of the mJ levels (Fig. S2). Then, below 12 

K, a dramatic decrease could be observed. The field 

dependence of the magnetization at 1.8 K and under 70 kOe 

shows a value of 5.90 and 5.66 Nβ for 1 and 2, respectively, 

without any saturation, indicating the presence of a magnetic 

anisotropy (Insert of Fig. S2). The sigmoidal shape of the M vs. 

H curves at low fields may suggest a flip of the Dy
3+

 spins under 

an applied magnetic field or the occurrence of dipolar 

interactions. Additionally, a magnetic bistability could be 

evidenced in the hysteresis loops at low temperature (Fig. S3).  

 Hence, the dynamic of the relaxation was investigated by 

the measurements of the magnetic susceptibility in alternating 

current (ac) mode. For both complexes, the frequency 

dependence of the out-of-phase susceptibility component (") 

under a zero dc-field reveals a series of single temperature 

dependent peaks, pointing out the occurrence of a slow 

relaxation of the magnetization (Fig. 2, Fig. S4). The 

corresponding Cole-Cole plots (Fig. S5) can be fitted with a 

generalized Debye model giving moderate  parameter values 

(< 0.2) indicating a narrow distribution of the relaxation times 

(Table S3-S4). Remarkably, out-of-phase signals could be 

observed up to 60 and 50 K for 1 and 2, respectively (Fig. S6). 

From these data, the investigation of the relaxation dynamics 

could be achieved by extracting the temperature dependence 

of the relaxation time, . The canonical ln vs. T
1
 plot (Fig. 3) 

reveals a deviation from the linearity upon lowering the 

temperature indicating the presence of additional relaxation 

processes. The relaxation at low temperature becomes 

temperature independent indicating a QTM regime. 

Remarkably, the relaxation time measured at 2 K for 1 is six 

times greater with respect to that found for 2, pointing out a 

noticeable difference in the relaxation dynamics. The overall 

data range could be modelled using the following equation:  
1

 = 0
1

exp(/kT) + CT 
m

 +  
1

QTM (Eq. 1).
31

 The first term 

accounts for a thermally activated process, while the second 

and third ones stand for two-phonon Raman and QTM 

respectively. The m value was fixed to 5, which is one of the 

possible values observed for Kramers ions.
32

 The best fit 

parameters (Table 1) indicate that the magnetization relaxes 

trough these three processes. Noticeably, while the  values 

are rather close for 1 and 2, strong differences in the Raman 

coefficients and QTM rates could be observed.  

 With the aim to shortcut the contribution from the QTM, 

the field dependence of the relaxation time  at 20 K was 

investigated (Fig. S7) and modelled with the equation  
1
 = 

DH
4
T + B1/(1+B2H²) + K (Eq. 2, Fig. S8, Table S5),

31
 for which the 

first term accounts for the direct process (for Kramers-ion), the 

second one for the QTM and the K constant for the field-

independent Raman and thermally activated processes. 



 

Fig. 2. Frequency dependence of the out-of phase (") susceptibilities for 1 and 2 under 
a zero dc-field. 

The optimum field (field at which the relaxation time is the 

greatest) was estimated at 1000 Oe and 2000 Oe for 1 and 2, 

respectively. Hence, the ac susceptibility data under these dc 

fields confirmed the reduction of the QTM (Fig. S9-S10, Table 

S6-S7). The fitting of the temperature dependences of the 

relaxation time has been performed with the following model: 

 
1
 = 0

1
exp(/kT) + CT

m
 + AT (Eq. 3) (Fig. 3), in which the 

third term accounts for the direct process (Table S8). The 

obtained  values are greater with respect to the zero-field 

data, in particularly for 1, which may be explained by the 

presence of a noticeable QTM regime. For both, in-field and 

zero field data, attempts to fit the temperature dependence of 

the relaxation time was also performed by fixing the  values 

from the linear fit in the high-temperature region. However 

poor fitting or unrealistic parameters were obtained (Table 

S9). 

 To gain further insights, the orientation of the anisotropic 

axes for the ground doublet were evaluated using the 

MAGELLAN
33

 software by assuming that a negative charge is 

localized on the nitrogen atom of the R ligand. As expected, 

and owing to the negatively charged character of the 

carbazolyl ligands, these axes are found almost collinear to the 

(R)N-Dy-N(R)) string (Fig. S11). The deviation angles between 

the anisotropic axis and (R)N-Dy bonds are equal to 0.05 and 

1.14° for 1, while they are slightly larger for 2 with values of 

3.13 and 3.63°. Despite the linear character of the (R)N-Dy-

N(R) angle in both compounds, relatively modest anisotropic 

barriers are found in zero magnetic field, while important 

differences in the relaxation dynamics are readily observed 

between two complexes. These features may be rationalized 

taking into account different parameters. Firstly, whereas 1 

exhibits slightly longer Dy-N(R) distances with respect to 2 

(2.333(3)/2.335(3) vs. 2.318(4)/2.332(4) Å), its exhibits an 

almost linear (R)N-Dy-N(R) angle of 178.6(1)° against of 

172.3(1)°) in 2, that may explain its higher energy barrier. 

 

Fig. 3. Temperature dependence of the relaxation time for 1 (blue) and 2 (red) using 
the ac data at 0 Oe and 1000 Oe. The solid line represents the fit with Eq. 1 (0 Oe) and 

Eq. 3 (1000 Oe). 

Table 1: Fit parameters of the temperature dependence of the relaxation time for 1 

and 2. 

Compound 
 

(cm1) 
0 (s) m C (s1.Km) QTM (ms) 

1 (0 Oe) 50 ± 4 (7 ± 2)  105 5* 

(8.3 ± 

0.5)  

106 

4.6 ± 0.4 

2 (0 Oe) 40 ± 4 
(2.0 ± 0.8)  

105 
5* 

(0.5 ± 1) 

 104 

0.76 ± 

0.03 

 

Noticeably, the parameters for 1 may be compared with those 

of the pentagonal bipyramidal complex [Dy(OtBu)2(py)5][BPh4] 

presenting a comparable angle of 178.91° (O-Dy-O), but much 

shorter Dy-O distances (2.110(2)–2.114(2) Å).
11

 This difference 

explains the greater energy barrier of 1250 cm1
 in comparison 

to 1. More generally, the axial Dy-N(R) distances appear larger 

in comparison with those found in some phenoxide based 

SMMs (2.1-2.2 Å)
12, 34

 that may decrease the axiality. Secondly, 

the role of the coordinated solvates in the equatorial plane 

appears also very important: the Dy-N(py) distances (2.470(2) 

and 2.486(2) Å) in 1 are much longer than the Dy-O(THF) ones 

(2.318(3) to 2.344(3) Å) in 2. Consequently, the presence of 

these strongly interacting THF moieties in the equatorial plane 

in 2 provides a greater transverse component. Thus, both the 

more linear (R)N-Dy-N(R) angle associated with larger bond 

lengths in the equatorial plane may explain the greater slow 

relaxation performances of 1 with respect to 2. More 

generally, there are rare examples of six-coordinated 

lanthanide complexes exhibiting a zero-field slow relaxation of 

their magnetization.
31, 35-40 

However, it could be emphasized 

that 1 and 2 constitute unique examples of octahedral systems 

with an axial crystal field generated by two negatively charged 

ligands arranged in trans. 

 Another advantage of the carbazolyl ligands, besides the 

design of genuine SMMs, consists in their ability to efficiently 

sensitize the Dy
3+

 ion. Indeed, a dysprosium-based 

luminescence could be observed at low temperature (77 K) for 

both complexes (Fig. 4), making these complexes as 
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multifunctional magneto-luminescent SMMs. The transitions 
7
F9/2  

6
H15/2 involving the ground state 

6
H15/2 are particularly 

relevant to correlate the crystal-field splitting with the 

anisotropic barrier. However, the greater number of 

transitions (12 or 13) with respect to the expected splitting 

into 8 components for the 
6
H15/2 state, points out the presence 

of “hot bands” involving the first excited doublet of the 
7
F9/2 

levels,
20, 41

 precluding an unambiguous determination of the 

crystal-field splitting. Note also that at room temperature, the 

solid-state emission spectrum for 2 exhibits the typical 

emission-lines for Dy
3+

 when excited at 370 nm (Fig. S12, Fig. 

S13), while, 1 presents a dual emission with both, a broad 

band of the ligands and the characteristic Dy
3+

 emission lines in 

the 565-585 nm region. 

 

Fig. 4. Low temperature (77 K) solid-state emission spectra for 1 and 2 (exc = 370 nm). 
The intra 4f9 Dy3+ transitions are reported.  

 In conclusion, two synthesised bifunctional cationic 

octahedral complexes [DyR2(py)4][B(C6H5)4]·2py and  

[DyR2(THF)4][B(C6H5)4] exhibiting a quasi linear (carbazolyl)N-

Dy-N(carbazolyl) angle in the axial direction exhibit a genuine 

SMM behaviour and a Dy
3+

-based luminescence have been 

described. Important differences in the relaxation dynamics 

could be observed depending on the value of the angle in the 

axial direction as well as on the nature of the coordinated 

solvates in the equatorial plane. Appropriate substitution of 

such unexplored carbazolyl ligands may afford new synthetic 

routes to provide shorter Dy-ligand distances in the axial 

direction and in turn optimized SMMs with larger anisotropic 

barriers.  
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