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 Pr(trenovan) Gd(trenovan) Tm(trenovan) 

Formula C30H33N4O6Pr1 C30H33N4O6Gd1 C30H33N4O6Tm1 

Mr 686.5 702.8 714.5 

temperature/K 293 293 293 

wavelength /Å 1.54056 1.54056 1.54056 

crystal system trigonal trigonal trigonal 

space group P -3 P -3 P -3 

a/Å 14.456(1) 14.240(1) 14.001(1) 

b/Å 14.456(1) 14.240(1) 14.001(1) 

c/Å 7.887(1) 8.121(1) 8.347(1) 

V/Å3
 1427.34(1) 1426.25(1) 1417.11(1) 

Z 6 6 6 

Rwp 7.4 5.6 9.7 

Rw 5.6 4.3 7.9 
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Magnetic characterization and electronic struc- 
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𝐵4 𝐵6 𝐵4 𝐵6 and 𝐵6 ). In arder to model the properties RESULTSAND DISCUSSION 
0 0 3 3 6 

of the series Ln( trensal), all the available luminescence 

spectra as well as the magnetic susceptibility data have 

been simultaneously fitted. In the case of Er( trensal) we 

have also taken advantage of the magnetic properties in 

the easy axis direction reparted by Pedersen et al.19 ln the 

CONDON package, the goodness of the fit (SQX) is 

defined as follows: 

Syntheses. The lighter Ln complexes are prepared ac 

cording to the previously published two-step process26 in 

which the first step corresponds to complexation of  Ln 

ions by the outer0 30 3 coordination site of the tripodal 

ligand, with  a proton  transfer from  the  phenol function to 

the imine function. In that complex the ligand is in a zwit 

terionic phenoxo-iminium form, which implies the pres 

∑𝑛 
1 

· (1 − 𝜒𝑡ℎ𝑒𝑜) 
ence   of   nitrato   anions   as  counter-ions.   The resulting 

complex is isolateci and  deprotonated in the second step 
√ 

𝑆𝑄𝑋 = 
𝑖=0 𝜎𝑖 𝜒𝑒𝑥𝑝 

𝑛 
by addition of triethylamine. Deprotonation involves a 

change of coordination site from  the  outer0  30  3 site  to 

the inner N4O3 site. This method presents the advantage 

where theo and exp are the calculated and measured mag 

netic  susceptibility respectively,  i   is  a  weighting  factor, 

which as standard is I, and n the number of points includ 

ed in the fit. In the Ln( trensal) family, where spectroscop 

ic information has been included, the same definition of 

SQX works, but in this case replacing  by E. In the cases 

in  which  experimental  energy levels  from  the ground 

multiplet were available (Er and Tm), such levels have 

been weighted using  = O.I, giving priarity to them in 

the fitting procedure, in arder to obtain a better descrip 

tion of the magnetic properties 

In the compounds of the family Ln(trenovan), for which 

spectroscopic and single-crystal magnetometry data could 

not be obtained we combined the fit of the magnetic sus 

ceptibility data with that of the experimental g;; value 

determined by EPR, which describes the evolution of the 

ground doublet under an applied magnetic field. The 

fitting procedure started from the CFPs calculated for the 

analogous Ln( trensal) derivatives. 

EPR spectroscopy. X-band (𝜈∼9.4 GHz) and W-Band 

(𝜈∼94 GHz) EPR spectroscopy was performed using 

commercia! Bruker ES00 and E600 spectrometer in the 

Laboratory of Molecular Magnetism, Florence. Multifre 

quency high field- EPR spectra were recorded on a home 

made instrument  at LNCMI -  Grenoble.33 All the sam 

ples   were   undiluted   except    Gd( trenovan)    and 

Dy( trenovan), for which the isostructural complexes 

YGd(trenovan) and YDy(trenovan) were studied (5.6% 

and 8.2% of Gd(III) and Dy(III) respectively). Simula 

tion of the W-band EPR spectrum of Gd(trenovan) was 

achieved using the Matlab toolbox Easyspin.34 

to keep a 1/1 ligand /Ln ratio all along the process. Alt 

hough it can be applied to the entire Ln series, we have 

developed a one-step complexation reaction in arder to 

increase the final yield of the complexes involving the 

heavier Ln ions. 

Structures and symmetries. Upon recrystallization the 

consistency of Ln(trensal) complexes (Ln=Nd, Tb, Dy, 

Ho, Er, Tm) with reported ones were checked by XRPD 

(Supplementary Materia!, Figures S2). The same tech 

nique was used to check for the isostructurality of 

Ln(trenovan) complexes along the series. The determina 

tion of the unit cell on the basis of the powder X-ray pat 

tern reveals that the complexes crystallize in the space 

group P - 3 (Table 1), and that the cell parameters vary 

regularly along the series (see Figure S3): the e axis in 

creases linearly on increasing the atomic number, while 

a(b) contracts. Since the rate of variation of unit cell di 

mension  vs Z  is essentially  the  same  for  the  two direc 

tions, the  unit cell volume decreases as expected  along the 

series35 (see Figure S3). The structure of Pr(trenovan), 

Gd(trenovan) and Tm(trenovan) were then determined 

starting from powder data. As expected on the basis of the 

structure of complexes with closely similar ligand, the Ln 

center is heptacoordinated by three equivalent imino 

nitrogen atoms, three equivalent phenoxo- oxygen atoms, 

and an axial aminic nitrogen. Furthermore, the Ln ion sits 

on a C3 axis, a point of relevance for the subsequent analy 

sis of the  magnetic data  (see below). In this respect the 

coordination geometry around the lanthanide is strictly 

similar to that observed in the Ln( trensal) series, 31-36 40 and 

complexes   of  relateci  ligands.19'-41  43  There  is  however a 

relevant difference compared to Ln( trensal) series: as a 

first point, the Ln-N(amine) distance is much shorter in 

trenovan series than in trensal one, ranging from 2.57 Å 

2 



𝐵𝑘 
𝑞 

𝐵𝑘 
𝑞 𝐵𝑘 

𝑞 

𝑪𝑘 
𝑞 

 
 

 
 

𝑯CF  = 𝐵2𝑪2 + 𝐵4𝑪4 𝐵4(𝑪4 − 𝑪4) + 𝐵6𝑪6 
0    0 0    0 3 −3 3 0 0 

𝐵6(𝑪6   − 𝑪6) + 𝑖Im𝐵6(𝑪6    + 𝑪6) 
3 −3 3 3 −3 3 

𝐵6(𝑪6   + 𝑪6) 𝑖Im𝐵6(𝑪6    − 𝑪6) 
6 −6 6 6 −6 6 

 
 

 

 

Modeling the static magnetic properties. 

𝐶3 

Å 

Å Å 

Å Å. 

: 

 

a 

b  



' 

- 

// 

package47 48 was hampered by the lanthanide being coor 

dinated to three types of donar atoms (see Figure 1) and 

by SIMPRE considering only the ground multiplet. As 

this parametric model needs to introduce two parameters 

for each type of donor atom, the use of this approach 

would result in a total of six REC parameters leading to 

possible unphysical mathematical fits, whose extrapola 

tion to predict the behavior of other compounds could 

not be reliable. 

Thus, we have followed a purely phenomenological ap 

experimental data of all the complexes of the series is very 

satisfactory. Indeed, the CFPs reported in Table S4 fur 

ther allowed to calculate the M vs H dependence through 

the homemade-software EVALUCF: 53 the qualitative 

agreement between the experimental values and the cal 

culated curves is quite good (Figure SS). The calculated 

energy levels and the ground state wavefunctions are 

reported in Table SS-S11: we note, in particular, that for 

Dy( trensal) the calculated energy of the first excited dou 

blet is intermediate between the one obtained using only 

proach using the CONDON computational package. This luminescence data54 ( SO cm 1 and that derived by torque 

procedure benefited of the large number of energy levels 

determined by spectroscopic means for Ln( trensal) and 

of the high and coincident symmetry of the coordination 

environments in the two families. Firstly, we fitted all the 

energy levels determined by luminescence11 for the Nd, 

magnetometry12 (19 cm 1
 

Having obtained a reliable set of parameters for 

Ln(trensal), we used these ones as starting point for the 

rationalization of the magnetic behavior ofLn(trenovan). 

As a first qualitative observation, we note that the room 

Tb, Dy, Ho and Tm derivatives of the Ln( trensal) series, temperature T values for both Ln(trensal) and for 

and the temperature dependences of their magnetic sus 

ceptibilities, which were determined in the course of this 

work. In the case of Er derivative, thanks to the more 

complete set of experimental information, we could sim 

ultaneously fit: (a) the S1 spectroscopic Kramers doublets 

from the different multiplets/ 9 (b) the Zeeman splitting 

of the ground multiplet with field applied along the trigo 

na! axis, using 𝑔
𝑒𝑓𝑓 =11.8 determined by EPRi (c) the 

magnetic susceptibility and magnetizations (2, 4 and 6 K) 

measured along the C3 axis direction previously reported 

in literature19 (see Figure S4). 

The temperature dependence of the powder magnetic 

susceptibility was then calculated using the obtained 

CFPs and compared with the experiment, obtaining an 

almost perfect agreement (SQX = 0.46%). This case rep 

resents the best scenario for modeling the properties of f 

element coordination complexes, i.e. having a combina 

tion of thermodynamic and spectroscopic information 

from different techniques 50 52 and fitting all data by means 

of the  full Hamiltonian. The T product  of the  six pre 

pared derivatives ofLn(trensal) is plotted as a function of 

temperature in Figure 2a. The relative errors of the fitting 

procedure of the other derivatives vary between 2.21% in 

the case of Tb( trensal) to 0.54% in Ho( trensal) (see Table 

S4). The larger difference in the relative errar of the Tb 

derivative is related to the number of energy levels deter 

mined by luminescence spectroscopy (15 in the case of 

Tb and 59 in Ho), which forced us to keep free-ion pa 

rameters values fixed to avoid overparametrization. Nev 

ertheless, one can see that the overall reproduction of the 

Ln(trenovan) are near the expected values for the ions in 

absence of crystal field splitting (see Table S12) and quite 

dose to each other. The temperature dependence of the 

powder magnetic susceptibilities of Ln(trenovan) be 

tween 2 and 300 K (Figure 2b) were then fitted, including 

the Zeeman splitting of the ground Kramers doublet in a 

second step using the experimental 𝑔// value determined 

by EPR (see below). Subsequently, the CFPs were refined 

with a new fit of magnetic susceptibility using a few itera 

tions more until SQX < 2%. As can be observed the fitted 

xT products  (solid lines)  are in  excellent agreement with 

experimental data. All the obtained sets of CFPs as well as 

the ground multiplet energy levels and wavefunctions are 

available as supporting information (see Table S13-S20, 

Figure S6-S7). 

The differences in CFPs obviously results in different 

wavefunction composition  between   Ln( trensal)   and 

Ln( trenovan). If we focus on the ground state wavefunc 

tion  we  see   that  for   Dy(trensal)   the   ground Kramers' 

doublet is described  mainly by a mixture  of 34% I∓7 /2>, 

32%15/2> and 23%1∓1/2>, whereas Dy(trenovan) is 

described by 69%1∓1/2>, followed by 17%1∓7 /2> and 

12% of I5/2>. In the case of Er, the I13/2> contribu 

tion to the ground state is enhanced from 77% in 

Er(trensal) to 92% in Er(trenovan), whereas in the case of 

the Nd derivatives, the dominant M1 contribution is re 

duced  from  82%  of I5/2>  in  Nd(trensal)  to  72% of 

I5/2> in Nd(trenovan).  For the  non-Kramers  ions, all 

those investigated are characterized by a ground singlet: 

in        Tm(trensal)   this  is  dominated  by  a  mixture of 

) 

) . 
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SYNOPSIS TOC (Word Style "SN_Synopsis_ TOC"). 

A new series of trigonal lanthanide complexes, in which the Kramers derivatives Ce, Nd, Gd, Dy, Er and Yb show field induced slow 

relaxation of the magnetization is reported. Their electronic structures and magnetic anisotropies are elucidated using multifrequency 

EPR spectroscopy and magnetic susceptibility measurements, complemented by theoretical analysis using the CONDON package. 

 
 

 

 

 

 

 

 

 

 


