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ABSTRACT: We report the design, preparation and characterization of two families of thermally robust coordination complexes 
based on lanthanoid quinolinate compounds: [Ln(5,7-Br2q)4]- and [Ln(5,7-ClIq)4]-, where q = 8-hydroxyquinoline and Ln = DyIII, 
TbIII, ErIII and HoIII. Samples of [Dy(5,7-Br2q)4]- decompose upon sublimation, whereas the sodium salt of [Dy(5,7-ClIq)4]-, which 
displays subtly different crystalline interactions, is sublimable under gentle conditions. The resulting film presents low roughness 
with high coverage and the molecular integrity of the coordination complex is verified through AFM, MALDI-TOF, FT-IR and 
microanalysis. Crucially, the single-molecule magnet behavior exhibited by [Dy(5,7-ClIq)4]- in bulk remains detectable by ac 
magnetometry in the sublimated film.

1. INTRODUCTION
The ultimate miniaturization limit of nanospintronics is the 

manipulation of a single electron spin.1 Mononuclear single-
molecule magnets (SMMs), also called single ion magnets 
(SIMs),2–8 are ideal systems on which to exert such a control 
and, thus, attractive candidates to be used as building blocks for 
spintronics and quantum computing applications.9–16 These 
molecular nanomagnets are coordination compounds with a 
spin that resides in a single metal ion, displaying slow relaxation 
of the magnetization at low temperatures, together with 
quantum phenomena.17,18 However, in order to exploit the 
possibilities of such magnetic entities in spintronics, they need 
to be processed into devices. This has motivated research aimed 
at the organization of SIMs, either in three dimensions19 or, 
more commonly, in two dimensions.10,20–26 Here the key point 
for the obtaining of useful devices is to design molecular 
nanomagnets that can be processed without losing the 
properties of interest.27,28 A straightforward strategy towards 
this goal consists in obtaining magnetic molecules that are 
chemically stable upon sublimation.10,24–28

In this context, quinoline-based materials stand out as 
promising compounds for the development of 
optoelectronic29,30 and magnetic devices.31 In particular, the 
preparation of mononuclear lanthanoid-quinoline compounds 
of type NaLnq4, where q = 8-hydroxyquinoline, which are the 
magnetic analogues of the extensively used Alq3,32 have been 

found to display a rich chemistry. 24,28–32 Surprisingly, these 
salts, formed by the anion [Lnq4]- that electrostatically interacts 
with a Na+ counter-cation, tend to be non-hygroscopic, air-
stable and sublimable without decomposition. In this work, we 
have designed and prepared two families of potential 
mononuclear lanthanoid quinolinate SIMs: [Ln(5,7-Br2q)4]- and 
[Ln(5,7-ClIq)4]-. Both of them present a nearly isostructural 
coordination environment around the lanthanoid but differ in 
the substituents of the quinolinolate: 5,7-dibromo-8-
hydroxyquinolinate and 5,7-chloroiodo-8-hydroxyquinolinate, 
respectively. As we will discuss, such a difference can influence 
intermolecular interactions, which in turn determine the 
possibilities for sublimation of different complexes and their 
potential use in the fabrication of nanodevices.

2. RESULTS AND DISCUSSION

2.1. Synthesis and structural characterization
Low crystallinity or even amorphous samples of both 

families, Na[Ln(5,7-Br2q)4] (1) and Na[Ln(5,7-ClIq)4] (2) (Ln= 
DyIII, TbIII, ErIII and HoIII), were obtained by direct reaction of 
the ligand with the corresponding LnCl3.6H2O salt, as detailed 
in Supporting Information (Figures S11 and S12). 
Recrystallization in DMF resulted in single crystals of 
Na[Ln(5,7-Br2q)4]·DMF (1-DMF) and Na[Ln(5,7-
ClIq)4]·DMF (2-DMF). The structure and composition of the 
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samples were characterized by Fourier transform infrared 
spectroscopy (FTIR), electrospray ionization mass 
spectrometry (ES-MS), elemental analysis (EA), electron probe 
microanalysis (EPMA), thermogravimetry (TG) and X-ray 
powder diffraction Measurements (XPD) (see sections S.1.1-
S.1.6 and S.3 in the Supporting Information). This multi-
technique characterization confirms the same molecular entity 
before and after recrystallization. Additionally, crystals of the 
series 1-DMF and 2-DMF were studied by single crystal X-ray 
diffraction (SXRD) (section S2). Both molecular structures can 
be seen in Figure 1.

The coordination environments of 1-DMF and 2-DMF 
derivatives were described using the SHAPE code.38,39 The 
results reveal that both of them show highly distorted 
geometries, which are closer to three different geometries 
(bicapped trigonal prism; square antiprism and triangular 
dodecahedron) (Figure S10). Such geometries are very common 
between f-block SIMs40–44 and, in fact, lanthanoid-quinolinate 
complexes exhibiting SMM behavior with a very similar 
distorted square-antiprismatic geometry have previously been 
reported.45,46 

 

Figure 1. X-ray structure of Na[Dy(5,7-Br2q)4]·DMF (1-DMF(Dy), 
up) and Na[Dy(5,7-ClIq)4]·DMF (2-DMF(Dy), down). Color labelling 
Pink: Dy, black: C, red: O, blue: N, light green: Cl, brown: Br, purple: 
I. The other three independent crystallographic quinolinates are 
represented in colors yellow, purple and green for clarity. Hydrogen 
bonds contact are represented as dotted lines. Na+ has been omitted for 
clarity.

Moreover, in the crystal structures of the two series the most 
relevant common feature is that the closest Na+ cation is 
coordinated by three oxygen atoms and two halogen atoms from 
the anionic complex (Figures S8 and S9). The coordination 
sphere of the Na+ cation is completed by a DMF oxygen. This 
means that the crystal contains robust neutral supramolecular 
moieties with the potential to sublimate in gentle conditions; 
fine details of the packing should determine whether this 
potential is realized. Indeed, a striking difference between the 
crystal structures is the fact that the supramolecular moiety in 
1-DMF is bound to the crystal by up to 10 hydrogen bonds: 2 
of type H··O and 8 of type H··Br. In contrast, the 
supramolecular moiety in 2-DMF only displays 2 hydrogen 
bonds (of type H··Cl) to the rest of the crystal. Together with 
the lower crystallinity of 2, this lets one expect an easier 
sublimation of the chloro-iodo derivative (Table S5). 
Thermogravimetry (Figure S7) seems to confirm these 
expectations, with near-vertical slopes below 400ºC in 2 and 2-
DMF –especially in the former– and a more gradual 
decomposition in the case of the dibrominated derivatives 1 and 
1-DMF.

2.2. Magnetic characterization of the bulk
We initiate the magnetic study with the systems with 

structural information, i.e. 1-DMF and 2-DMF, from which a 
magneto-structural correlation can be performed. Ground 
crystals of 1-DMF and 2-DMF (Ln = Dy, Tb, Ho, Er) were first 
characterized by static (dc) magnetic susceptibility 
measurements. The χMT values decrease at low temperatures 
due to the thermal depopulation of the Stark sublevels. For the 
Er complexes, the fast decrease of the χMT values observed 
below 100 K, compared to the other lanthanoids, can be related 
to the different sign of the second order Stevens parameter, 
resulting in a stabilization of the low mJ doublets for Er, 
whereas for Dy, Tb and Ho, the high mJ ground states are 
stabilized. We used the semi-empirical Radial Effective 
Charge47 (REC) model implemented in the SIMPRE package48–

50 to relate the measured magnetic properties with the energy 
level scheme and the nature of the ground state of each of these 
complexes (see section S.4.2 in the Supp. Information for 
details). A collective fit of the temperature dependence of the 
magnetic susceptibility of the four derivatives of each family 
was employed (Figure 2). Magnetization curves of 1-DMF(Dy) 
and 2-DMF(Dy) present butterfly hysteresis (Figure S14), 
suggesting the presence of slow-magnetic relaxation, as also 
observed for other lanthanide SIMs.6
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Figure 2.  Calculated and experimental χT product from 2 to 300 K of 
compounds 1-DMF (a) and 2-DMF (b). Tb (pink), Dy (red), Ho (blue) 
and Er (green).

According to these calculations, both Dy derivatives have 
their ground state functions mainly characterized by MJ = 
±15/2, with 84% and 96% contributions for 1-DMF(Dy) and 2-
DMF(Dy), respectively. In both complexes, the first excited 
state appears at a sufficiently high energy, which in principle 
should favor slow relaxation of the magnetization at low 
temperature. These calculations may also anticipate SMM 
behavior in the Tb derivatives, although ground doublets with 
tunneling splittings of 0.4 and 1.9 cm-1 are predicted. Their 
calculated ground states exhibit important mixing of MJ = +6 
and MJ = -6, with weights of over 40% each. Consequently, 
longitudinal magnetic field is needed in order to cancel this 
mixture and to obtain states that can be characterized as MJ = +6 
and MJ = -6 respectively, see Figure 3.

Figure 3. Calculated energy level scheme and main MJ contributions 
to the ground state for the DyIII and TbIII complexes of 1-DMF and 2-
DMF.

The magnetic characterization of 1-DMF(Dy) and 2-
DMF(Dy) was completed by alternate current (ac) 
measurements. Both present frequency-dependent peaks but no 
maxima appear above 2 K unless an external field is applied for 
1-DMF(Dy). In contrast, maxima appears at high frequencies 
for 2-DMF(Dy) at zero dc field, which allows the possibility of 
obtained an Ueff value of 52 cm-1 that is slightly lower than the 
value of 54 cm-1 of 1-DMF(Dy) obtained by extrapolation of 
Ueff  at different dc fields (See section S.4.3.). For illustration we 
focus here on 2-DMF(Dy), but qualitatively the same results 
are found for 1-DMF(Dy) (Figure 4 and details in the ESI, 
including Figures S15-S27).19,51 The magnetic dynamics were 
analyzed under the optimal field Hdc = 500 G, aiming to decide 
between Raman vs Orbach processes for the magnetic 
relaxation. Whereas high-temperature data can be fitted 
assuming an Orbach mechanism (Ueff = 76  3 cm-1), the 
Raman-only fit provides an excellent fit for the whole 
temperature range, with BRaman = (6.9  0.3)·10-9 Hz/K9, with no 
need for a fit that allows both mechanisms. At least under an 
applied field of 500 G and up to 20K and 10000 Hz, we can 
conclude that both for 1-DMF(Dy) and 2-DMF(Dy) a Raman 
mechanism is in operation and no real energy levels participate 
in the magnetic relaxation. Moreover, we cannot exclude the 
important role of vibrations in the spin relaxation of SMMs, 
which was recently analyzed by some of us52. The ac 
measurements of 1-DMF(Tb), 2-DMF(Tb), 1-DMF(Er) and 
2-DMF(Er) are presented in the Supporting Information 
(Figures S28 to S31), revealing a maximum in the out-of-phase 
signal only at the highest frequency with an external applied dc 
field.

Figure 4. (a) Out-phase ac susceptibility measurements at Hdc = 500 G 
for 2-DMF(Dy). (b,c) Best-fit of the ac data assuming an Orbach (b) 
and Raman (c) relaxation processes.

2.3. Film fabrication
In order to study the suitability of these SIMs for device 

fabrication, we tested the samples with the best SMM behavior 
(1(Dy), 2(Dy), 1-DMF(Dy), 2-DMF(Dy)) for sublimation. 
Samples of the four systems were evaporated under the same 
experimental conditions (a base pressure between 10-6 and 10-7 
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mbar) and in a temperature range between 180 and 200 °C for 
1(Dy) and 1-DMF(Dy), and between 220 and 240 °C in the case 
of 2(Dy) and 2-DMF(Dy), onto a glass substrate. The deposited 
materials were studied with an array of characterization 
techniques including surface XRD (SXRD), MALDI-TOF, 
FTIR and EDAX (see section S.5.2 in the Supporting 
Information), in order to determine if the chemical composition 
of the material was maintained upon sublimation. As expected 
from TG, both 2(Dy) and 2-DMF(Dy) were found to be suitable 
for sublimation, obtaining yellow translucent films deposited on 
the glass substrate (Figure S32) while 1(Dy) and 1-DMF(Dy) 
decomposed. Both films, formed either using 2(Dy) or 2-
DMF(Dy) as starting materials, are amorphous (Figure S35), 
but possess the same composition (Table S14). The molecular 
integrity of the chlorinated-iodinated complexes was confirmed 
to be maintained by IR (Figure S34) and the MALDI-TOF 
isotopical profiles, which match with the theoretical predictions 
(Figures 5 and S33). For the two films, it is possible to observe 
in the negative mode that the experimental patterns match with 
the theoretical predictions for the anion, [Dy(5,7-ClIq)4]- at m/Z 
= 1380. In the positive mode a pattern corresponding to the 
Na2[Dy(5,7-ClIq)4]+ fragment is observed  at m/Z = 1425. 
Moreover, the correct atomic relation between the lanthanoid 
and both Cl and I was obtained by electron probe microanalysis, 
Dy: Cl: I = 1: 4: 4 (Table S14). Thus, upon sublimation, the 
recrystallized phase (2-DMF(Dy)) loses the solvent molecule 
(DMF) at a temperature below the temperature of sublimation, 
but the deposited material contains the same magnetic molecule 
as 2-(Dy), Na[Dy(5,7-ClIq)4], as confirmed by MALDI-TOF 
measurements.

Figure 5. Experimental (black) versus theoretical (red) isotopical 
profiles obtained by MALDI-TOF in negative (a) and positive (b) 

modes of the deposited material obtained by sublimation of Na[Dy(5,7-
ClIq)4], 2(Dy). 

The difference in sublimability in these two near-
isostructural complexes might not be unambiguously traced 
back to differences in the crystal packing, since the sublimation 
of the crystals coincide with those of the amorphous samples53. 
Presumably, the different behavior is related to the different 
interactions that are possible in chlorinaded-iodinated 
derivatives compared with dibrominated derivatives, due to the 
different polarizabilities and electronegativities of the different 
halogens. In any case, the behavior is consistent with available 
experimental data as presented above: before crystallization, 
1(Dy) is much more crystalline than 2(Dy), and after 
crystallization, 1-DMF(Dy) presents a higher number of 
hydrogen bonds compared with 2-DMF(Dy). 

To characterize the topography of the deposited material, 
sublimated films of 20 nm of 2(Dy) on glass substrates were 
imaged by AFM. The image showed that the sublimated 
material forms small aggregates a few nanometers thick, 
uniformly covering the substrate. The film of 2(Dy) in a 
window of 1μm x 1μm had an estimated peak to peak value of 
17.2 nm with a low RMS roughness of 1.34 nm and roughness 
average of 0.80 nm. Figure 6 shows the AFM image of 2(Dy) 
together with the profile and topography of the film. AFM 
topography images show low roughness and uniform films, 
characteristics that make this material suitable for placing them 
in heterostructures.

Figure 6. Topographic characterization of sublimated 2(Dy). (a) AFM 
image (1μm x 1μm). (b) Profile of the sublimated film. (c) topography 
of the sublimated film.

In order to observe if the magnetic properties of 2(Dy) and 2-
DMF(Dy) are maintained after sublimation, ac susceptibility 
was measured using a SQUID magnetometer at different 
frequencies under an applied magnetic field Hdc = 500 G in a 
temperature range of 2 – 30 K. Figure S36 shows the 
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comparison of the re-crystallized material (2-DMF(Dy)), the 
non-recrystallized material (2(Dy)) and the evaporate material 
of 2(Dy). In-phase and out-of-phase magnetic susceptibilities 
show frequency dependent signals with differences in the 
maximum temperatures of 1.5 K moving to lower temperatures 
for the compounds without DMF. 

The dynamic magnetic properties were measured on 
deposited material (1 mg) that was obtained after several 
evaporations in order to form a thick film of 2(Dy). Dynamic 
magnetometry reveals that there is frequency dependence in the 
in- and out-phase susceptibilities. At Hdc = 500 G clear maxima 
can be observed in both χ ’ and χ ’’ allowing the study of the 
relaxation of the system (see Figures 7 and S36).

Figure 7. Out-of-phase susceptibility measurements of 2(Dy) under an 
external field Hdc = 500 G (a) powder sample and (b) film sample. 

 
A comparison between the powder and the film samples of 

the dynamic magnetic properties of 2(Dy) is plotted in Figure 
7. We observed that these properties are very similar, indicating 
that molecular structure of the complex is maintained after the 
sublimation process. This close similarity can also be seen in 
the analysis of the relaxation mechanism extracted from the 
magnetic data. Thus, assuming a Raman process, the value of 
the BRaman constant is very close in both cases ((1.4  0.7)·10-9 

Hz/K9 for the film and (4.4  2.1)·10-9 Hz/K9 for the powder). 
Also, an Orbach relaxation mechanism in the high temperature 
range affords an identical, within experimental error, energy 
barrier for the film (Ueff = 29.7  1.7 cm-1) and the powder (Ueff 
= 30  3 cm-1). (See Figure 8).

Figure 8. Orbach (Ln(τ) vs 1/T)   and Raman (w1/9 vs T)  relaxation 
studies of 2(Dy). 

3. CONCLUSIONS
Two families of quinoline based mononuclear lanthanoid 
complexes have been synthesized, namely [Ln(5,7-Br2q)4]- and 
[Ln(5,7-ClIq)4]- (1 and 2, respectively). Recrystallization in 
DMF allows their structural elucidation. In both cases, a robust 
neutral moiety including a firmly bound sodium counter-cation 
points towards a potential for sublimation. Intermolecular 
hydrogen bonds are an important difference between the two 
series, with the neutral moiety in the dibrominated derivative 
being more strongly attached to the rest of the crystalline lattice, 
contrary to the chloro-iodine derivative, which presents 
considerably less intermolecular interaction, being the reason 
why 2-DMF(Dy) is the system that can be sublimed. 

Furthermore, we have been able to perform a systematic 
study of different changes that influence the magnetic 
properties: i) the lanthanoid center; ii) the first coordination 
sphere (through changes in the halogen substituents in the 
organic ligand); iii) the second coordination sphere (through 
changes in the solvation molecules and crystallinity). 

The dc magnetic properties are well described by the 
theoretical characterization, which explained the SMM 
behavior of the DyIII and TbIII complexes. Of these series of 
compounds, dysprosium complexes present SIM behavior 
independently of the applied dc field. Terbium compounds also 
exhibit SMM behavior but only with a dc field of at least 1500 
G. For the dysprosium complexes, Raman relaxation 
mechanism is dominant and masks the Orbach mechanism. 
However, this does not mean that Orbach relaxation is not 
present.
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In addition, the zero-dc-field energy barrier of the relaxation 
of the magnetization for 1-DMF(Dy) and for 2-DMF(Dy) 
reflect that the halogen substituent in the quinolinate ligands 
affects slightly the magnetic properties. (Ueff = 54 cm-1 and Ueff 
= 52 cm-1 for 1-DMF(Dy) and 2-DMF(Dy), respectively). At 
high temperatures lineal fits are obtained using Arrhenius plot 
for both cases, which agrees with an Orbach process 

Finally, the changes in the second coordination sphere of the 
lanthanoid center have been analyzed through comparison of 
solvated and unsolvated complexes 2(Dy) and 2-DMF(Dy). 
This shows the combined effect on the magnetic relaxation of 
the presence/absence of coordinated solvent molecules to the 
Na+ cation and the differences in crystallinity. Values of Ueff = 
30 cm-1 and  = 0.28 for  2 (Dy), and Ueff = 52 cm-1 ( = 0.05) 
for 2-DMF(Dy) are obtained under a dc field of 500G.

To summarize, the main conclusion of this work is that we 
achieve sublimable SIMs through the use of intermolecular 
interactions to modulate the thermal stability. This makes this 
system very interesting for integration in spintronic devices. 54

EXPERIMENTAL
A modified approach of the synthesis of lanthanide tetrakis 

complexes described by Van Deun and others29,33,36 was used to 
obtain a family of pure tetrakis complexes of general formula, 
Na[Ln(5,7-X2q)4], where the ligands are 5,7-dibromo-8-
hydroxyquinoline (5,7-Br2q) and 5,7-chloroiodo-8-
hydroxyquinoline (5,7-ClIq), see Section S.1.1. to S.1.3. in the 
supporting information.
Compound Physical Characterization
Several experimental techniques were used to characterized the 
compounds such as; Fourier transform infrared spectroscopy 
(FTIR); ESI-mass spectra; elemental analysis (C, N, H); 
electron probe microanalysis (EPMA); thermal analysis; X-ray 
Powder Diffraction Measurements (XPD); Single crystal X-ray 
diffraction (SXRD). Single crystals of compounds 1-DMF (Ln 
= Dy, Tb, Er, Ho) and 2-DMF (Ln = Dy, Tb, Er, Ho) were 
measured. A summary of the data collection and structure 
refinements is provided in Tables S1 and S2. CCDC-1562344 
to -1562351 contains the supplementary crystallographic data 
for this paper. These data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

Magnetic susceptibility measurements (dc and ac) were done 
for all compounds (see ESI for more information, Figures 2 and 
S14 to S31).
Film Physical Characterization

For the film fabrication, glass substrates of 3 cm x 3 cm were 
transferred to a vacuum chamber and evacuated to a pressure 
between 10-6 – 10-7 mbar. A ceramic crucible was filled with 
compounds 1(Dy), 1-DMF(Dy), 2(Dy) and 2-DMF(Dy), and 
then were heated between 190 to 240 °C. The film thickness 
was controlled by the rate of evaporation of 0.1 Å/s to a 
thickness of 20 nm, since a calibration was made using an 
Ambios Technology XP-1 perfilometer placed on a vibration 
isolation table. The films were characterized by Fourier 
transform infrared spectroscopy (FTIR) and Matrix-Assisted 
Laser Desorption /Ionization Time of Flight Mass Spectrometry 
(MALDI-TOF). We performed the MALDI-TOF without 
matrix as the presence of the matrix prevented the observation 
of the molecular pattern. The Ln : X ratios (where X = Br, I, Cl) 
of the film samples were estimated by electron probe 
microanalysis (EPMA). Surface diffraction to the sublimated 
films of the compounds 2(Dy) and 2-DMF(Dy) at room 

temperature between 10° to 40° (2θ) were done. AFM 
measurements, a Nanoscope Multimode (Veeco) atomic force 
microscope in tapping mode operation was used in the 
morphological study. Film magnetic susceptibility 
measurements were done for 2(Dy) in a Quantum Design 
MPMS XL-5 SQUID (see Section S.5. in the supporting 
information).
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We present two families of thermally robust lanthanoid quinolinate coordination complexes. The sodium salt of [Dy(5,7-
ClIq)4]-, with single-molecule magnet behavior in bulk, is sublimable under gentle conditions. It retains its molecular 
integrity and the SMM behavior in the sublimated film.
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