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Abstract: Numerous molecular compounds in which a paramagnetic Ln(lll) ion is in interaction with a second
spin carrier such as a transition metal ion or an organic radical have been described. However, except for the
isotropic Gd(lll) ion, very little is known concerning the natufer(o- or antiferromagnetiy and mechanism

of the interaction involving a Ln(lll) ion. This study addresses the problem of the interaction between the
Ln(lll) ions displaying spir-orbit coupling and an organic radical. The magnetic properties of a series of
isostructural compound§ln(organic radical(NOs)s}, comprising a Ln(lIl) ion (Ln= Ce to Dy) surrounded

by two N,O-chelating aminoxyl radicals (3-nitronyl nitroxide-4,5-dimethyltriazole) have been investigated.
The experimental approach used to get insight intd thieRadica} coupling occurring within these compounds

is based on the knowledge of the intrinsic paramagnetic contribution of the metal ion. This contribution has
been deduced from the correspondjhg(Nitroney(NOs)s} derivatives (Nitrone stands forlS-tert-butylnitrone-
4,5-dimethyltriazole), where the Ln(lll) ion is now in a diamagnetic surrounding. A simple mathematical
difference of the magnetic susceptibilities{&in(organic radical(NOs)s} and the correspondirfd-n(Nitrone)-

(NO3)3} derivatives then permitted the nature of the correlations within{th&organic radicab(NOs)s}
compounds to be established. Moreover, these results have been confirmed by the field dependence of the
magnetization for each derivative. A systematic investigation of the isostructural series of compounds allowed
the evolution of these interactions to be compared as a function of the electronic configuration of the 4f orbitals.
For the Ln(Il1) with 4f to 4 electronic configurations th.n-organic radicdl interaction is antiferromagnetic.
Conversely, this interaction was found to be ferromagnetic for the configuratiéis 4ff1° These interactions

have been clearly indicated for each Ln(lll).

Introduction anisotropic magnetic moments of most of the lanthanide(lll)
ions, Ln(lll), make these ions appealing building blocks in the
molecular approach of magnetic materials. Numerous com-
pounds containing a Ln(lll) ion and paramagnetic species such
as a transition metal i6n'° or an organic radic&l~1°> have been
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Molecular coordination compounds of lanthanide ions attract
a growing interest in material science due to their lumines-
cencé? or magnetic properties.!®> The rather large and
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the nature and magnitude of the coupling in such compounds
nor the evolution of the magnetic properties along the lanthanide
series. One of the reasons for this situation is the orbital
contribution occurring for most of the Ln ions, i.e., the ligand
field effect on the magnetic characteristics of the ions displaying
spin—orbit coupling. For such a Ln(lll) ion the #€onfiguration

is split into 25*1L; spectroscopic levels by interelectronic
repulsion and spirorbit coupling. Each of these states is further
split in Stark sublevels by the crystal field perturbation. The
number of Stark sublevels depends on the site symmetry of the
Ln ion.18 For C; symmetry, which is often the case in molecular

compounds, 2+ 1 sublevels are expected when the number rigre 1. Molecular structure (ORTEP, 20% ellipsoids) and numbering
of 4f electrons is even and + /> when it is odd. At room scheme fof EU(NitTRZ),(NO3)3} . Selected bond lengths (A) and angles
temperature, all Stark sublevels of thglL; ground state, or  (deg): Eu-O1 2.419(4); Et-O4 2.440(4); Et-N3 2.552(5); Et-N8
those of the low-lying first excited states for Sm(lll) and Eu- 2.595(5); E-ONO, 2.462(5) to 2.607(5); O4N4 1.278(6); N5-02
(1), are thermally populated. As the temperature is lowered, a 1.264(6); N4-C4 1.324(7); C4N5 1.354(8). Intermolecular dis-
depopulation of these sublevels occurs and consequanily tances: 03-03 4.655(11); 03-N9' 5.280(8); 02--O4" 6.080(7);
where y., is the magnetic susceptibility of the Ln(lll) ion, = ©O%4NS"5.672(7). Angles: OTEu—04 144.5(1); N4-O1-Eu 126.5-
decreases. The temperature dependence pfleviates with ~ (3): N3—Eu~01 70.9(2); N16-O4—Eu 122.3(3); N8 Eu—04 69.4-
respect to the Curie law. When the Ln(lll) ion interacts with (2)- Dihedral angles: BtO1-N4~Ca 47.3(7); EerO4-N10-C14
another paramagnetic species, the temperature dependence 5_1‘5'_4(-7)' (Smietnes used) 1_7 %1 Y. 2 (i 1=x 7& R4

n N ) z (ii)1.5—x,05+y,05-z (iv) 1.5—x 05+y, 05— 2)
%'T for the compound i stands for the molar magnetic
susceptibility) is due to both the variation gf,T and the Scheme 1.Formation of{ Ln(NitTRZ)2(NOg3)3}, Ln = Ce,
coupling between the Ln(lll) ion and the second spin carrier. Pr, Nd, Sm, Eu, Tb, Dy
Consequently, information about the nature of the interactions :
between a Ln(lll) ion with a first-order orbital momentum and Me \N&
the second spin carrier cannot be unambiguously deduced only Me\(N)/L\N Ln(NO3)5

N-N ‘o

_LnNOy)s

from the shape of they,'T versusT curve. Moreover, the o Ln ~0
. . . i /\\
theoretical analysis of the magnetic data of such a compound NN X N-Me
is impeded by the lack of a general theoretical model to describe Me™B N % X (=
the yLn behavior of a Ln(lll) ion in its ligand field. Me Me
Recently, we described a compouktin(organic radicaly X = 12-NO
- - 3

(NOs)3}, consisting of a Ln(lll) ion, La(lll) or Gd(lll), sur-
rounded by two N,O-chelating paramagnetic ligands, i.e., . . .
nitronyl nitroxide radicald” These complexes, in which the tion on the ferro- or antiferromagnetic nature of fien(lll) —
organic radical acts as a chelating ligand, led to rather stable@minoxyl radicgl interaction. A first result of this approach
Ln-radical coordination without the need of strongly electron Showed the Ho—aminoxy} interaction to be ferromagnetié.
withdrawing anions. Moreover, as observed for the Gd(lil) 'n this report we provide insight into thgLn(ll) —organic
derivative, the chelate reinforces the coupling between the metalradica} interaction including the lanthanide ions with a first-
and the two radicals present in the coordination sphere leading®rder orbital momentum from Ce(lll) to Dy(lll).
to anS = 9, ground state for the Gd(lll) compound. In the
field of molecular magnetism such high-spin compounds are
interesting candidates for the construction of extended networks  {Ln(organic radical) 2(NOs)s} Compounds.The compounds
by molecular assembling strategies. Interestingly, we obtainedinvolved in this study were synthesized by the reaction of the
the same molecular structure for both the La(lll) and the nitronyl nitroxide substituted triazole, 2:(8-dimethyl-1,2',3-
Gd(lll) compounds. This prompted us to extend the study to triazolyl)-4,4,5,5-tetramethyl-4,5-dihydrd-timidazolyl-1-oxy-
the other lanthanide ions to gain some information concerning 3-oxide, NitTRZ, with Ln(NQ)sxH,O salts (Ln= Ce(lll) to
the Ln-aminoxyl interaction. Lu(lll) except the radioactive Pm) in MeOH as previously
We now report that the isostructurality remains valid along described for Gd(lll) (Scheme 1). The deep bjua(NitTRZ),-
the lanthanide series. This allowed us to compare the magnetic(NOs)s} compounds are very hygroscopic in the solid state and
behavior of these compounds excluding any change in thewere handled in a Natmosphere. A recrystallization from
magnetic properties due to differences of the molecular struc- MeCN by slow diffusion of E{O led to single crystals dfLn-
tures. Moreover, the problem of the spiarbit coupling of the (NitTRZ)2(NO3)s} for Ln = Ce to Dy. Only the crystallized
Ln(lll) ions has been overcome by an experimental approach complexes were considered for the subsequent study.
involving {Ln(nitronep(NOs)3} compounds. In the latter, the An X-ray crystal structure analysis was performed on the
coordination sphere of the Ln(lll) ion is the same as that for Eu(lll) compound. The unit cell contains four molecules of the
the {Ln(organic radical(NOs)s} compounds but with the Ln  complex and twelve MeCN solvent molecules. A view of the
ion in a diamagnetic surrounding. A comparison of the magnetic molecular structure is given in Figure 1 with selected distances
characteristics of the Ln(organic radical) with those of the and angles; additional crystal data can be found in Table 1. The
corresponding Ln(Nitrone) compound led to accurate informa- molecular structure consists of two nitronyl nitroxide ligands
(16) Binzli, J. C. G.; Chopin, G. R.anthanide probes in life, chemicals interacting as N’O_ChelaFeS With the metal center. Th.e qurdina_
and earth sciences: theory and practicElsevier: Amsterdam, The  tion sphere of the Eu(lll) ion is completed by th&coordination
Netherlands, 1989. of the three N@ anions. The molecular structure of this

(17) Sutter, J.-P.; Kahn, M. L.; Golhen, S.; Ouahab, L.; KahnCem.
Eur. J.1998 4, 571-6. (18) Sutter, J.-P.; Kahn, M. L.; Kahn, @dv. Mater.1999 11, 863-5.
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Table 1. Crystal Data and Structure Refinement for K, xiT is equal to 13.12 chK molL, close to the value
{EU(NItTRZ)(NOs)s} and{Pr(Nitrone)(NOs)s} calculated for the uncorrelated magnetic moments of theSwo
{EU(NitTRZ),(NO3)3}, _ = 1/, radicals and a Th(lll) ion. As the temperature is lowered,
3MeCN {Pr(Nitrone}(NOs)s} XI,,bT increases more and more rapidly to reach a maximum of
empirical formula GeHasEUN1O13 CaeHoaN22022PT, 14.67 cni K mol~* at 8 K and then decreases to reach 12.53
formula weight 965.76 1438.91 cm? K mol~1 at 2 K. The profile of the curve is very similar to
ﬁgﬁg iggigg’; 18'%28% what was observed previously for the corresponding Gd(lll)
c(A) 25:523(9) 14:062(2) complex. The increase Qﬂ’T as the temperature is lowered is
a (deg) 90 82.49(1) characteristic of an enlargement of the total magnetic moment
$3 (deg) 101.03(1) 69.36(1) of the molecule as a result of ferromagnetic interaction between
v ((%\%)g) 31065(3) fi-l%%a) the spin carriers. The decrease observedvpe8oK can be
7 4 1 attributed to _vveak |_ntermolecular antiferromagnetic interactions
space group P2,/n P1 between neighboring molecules, as observed for the Gd(lll)
T (K) 263 293 compound too.
A (A) 7 0.71073 0.71069 Thex,\D,lyT versusT curve of{ Dy(NitTRZ)2(NOs)3} is similar
Pealca (grCmM3) 1.540 1.694 . Fiig
1 (mm?) 1.583 1.801 to that of the Th compound (F|gur_e 2). At 3001{;1 Tis equal
Omax (deq) 26 25 to 14.18 cm K mol™! and remains almost constant as the
no. ofreficns used 6183 3724 temperature is lowered to 50 K. Below this temperatgffér
[ > 20()]* increases rapidly to reach 15 & mol~! at 10 K before
nol.r;firfxgéameters 523 735 dropping to 11.15 cAhK mol~! at 2 K. As for{ Tb(NitTRZ),-
R, 0.040 0.030 (NOs)3}, this behavior is consistent with ferromagnetic interac-
WR; [I > 20(1)]° 0.105 0.073 tions within the complex.
GoF 1.04 1.01 (b) Ce (4f!) to Eu (4f6) Compounds.As a general trend, for
AR, = Y ||Fo| — [FI/S|Fol. PWR = { S[W(F2 — FAA/ S [W(FAF} V2 the complexes of the paramagnetic Ln(lll) ions of the first half

of the series thgy'T versusT curves are characterized by a

compound is almost superimposable with that 07f the corre- continuous decrease as the temperature is lowered (Figure S1,
sponding{ GA(NItTRZ),(NOg)s} previously reported; except  gp5orting Information). At 300 K, the experimentg™™

for the solvent molecules. The shortest intermolecular distance, 5,65 are close to the values expected for the noncorrelated
2.880(8) A, is found between an O atom (010) of a nitrato anion magnetic moments of the radicals and the corresponding

and the sp C atom (C4) of a nitronyl nitroxide unit of & | |1y jon. The values observed for each compound at 300 and

neighboring molecule. The shortest intermolecular distances ; k 4re given in Table 2. The magnetic behavior of the Sm(lll)
involving the O atoms of the nitrony! nitroxide groups are found 4 Eu(lll) compounds is somewhat peculiar. For these ions

for C13 with 02 (3.283(9) A) and C10 with O3 (3.589(11) A), e first excited state is sufficiently low in energy to be thermally
respectively. Moreover, the shortest separation involving two populated, even below 300 K. Consequently, for these two
NO units is 4.655(11) A, between .03 and O3*{1x, -1 — compounds the increase Qf,,"T above 100 K is more pro-

Y, =2). Con;equently, the magnetic centers of each molecgle nounced than that for the othétn(NitTRZ),(NOs)s} com-
can be considered apart enough from those of the nelghbonngpounds_ Note that the ground state of Eu(lll) is nonmagnetic.
molecules to prevent substantial intermolecular magnetic inter- Consequently, the low-temperature magnetic behaviof For
actions. (NitTRZ)2(NOs)s} is governed by the interaction between the

The isostructurality of the series of compounds was estab- o . .
. . ~ two paramagnetic ligands (Figure 3). The rapid decrease of
lished by means of their cell parameters (Table 2). All com XI\E/IUT below 20 K can be attributed to antiferromagnetic

pounds display very similar cell parameters. These data are’ ; . o .
consistent with the occurrence of the same molecular topology interactions between the nitronyl nitroxide units. The occurrence

and solvent molecules within the lattice. Only a small shrinking of this antiferromagneticEinteraction is also demonstrated by the
. . . u . )

from { La(NitTRZ),(NOy)s} to { Dy(NitTRZ)(NOz)s} was found ~ Maximum exhibited by, at 3 K (insert, Figure 3). In the

as expected owing to the decrease of the ionic radii of the particular case of the Eu compound, the magnetic behavior has

Ln(Ill) ions from the left to the right of the series. been analyzed by a theoretical model (see below).

Magnetic Behaviors. The magnetic behavior ¢IGd(NitTRZ),- For the Ce(lll) to Sm(lIl) compounds of this series, the profile
(NOs)3} was found to be driven by the substantial ferromag- of the xk,l”T versusT curves does not allow the nature of the
netic interaction between the Gd(lll) and its paramagnetic interaction between the Ln(lll) ion and its paramagnetic ligands
ligands, the interactions with the neighboring complexes being to be determined. As described above, the temperature depen-
negligibly small'” Consequently, the magnetic behavior along dence ofy., for a Ln(lll) with a first-order angular momentum
the isostructural series reported in this paper should mainly arisedeviates with respect to the Curie law. Consequently, the
from the molecular unit. The temperature dependence of thetemperature dependence Qt,,”T obtained for these{Ln-
molar magnetic susceptibilityx,'\‘/l", for each of the{Ln- (NitTRZ)2(NOs)3} compounds is the result of the superimposi-
(NitTRZ)2(NO3)s} compounds, Ln= Ce, Pr, Nd, Sm, Eu, Tb,  tion of both the variation of the intrinsic susceptibiliy,,, of
and Dy, was measured on a polycrystalline sample in the the Ln(lll) ion and the{ Ln—radica} interaction. And even in
temperature range-200 K, with an applied field of 1000 Oe. the case of a continued decreasedéﬂ' as observed for these
Subsequently, a chemical analysis was performed on eachcompounds, théLn—radica} interaction could be either ferro-
sample to determine its exact composition (remaining MeCN or antiferromagnetic. Indeed, if the decrease dug tas larger

solvate molecules). than the increase resulting from ferromagndtic—radica}
(a) Th (4f% and Dy (4f) Compounds. The temperature interactions a continuous decreasegk;?ﬂ' will be observed as
dependence of the magnetic susceptibility{Fb(NitTRZ),- the temperature is loweréé.The same overall behavior will

(NOs)3} is shown as agI,IbT versusT plot in Figure 2. At 300 also result from antiferromagnet{d.n—radica} interactions
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Table 2. Cell Parameters and High- (300 K) and Low-temperature (2 K) Valugg‘fﬁffor {Ln(NitTRZ)2(NOg3)s}, Ln = La to Dy
La? Ce Pr Nd Sm Eu d Tb Dy
a(h) 10.996(4) 10.996(9) 10.983(3) 10.995(3) 10.925(65) 10.929(3) 10.902(9) 10.851(7) 10.875(8)
b (R) 15.387(7) 15.356(5) 15.296(6) 15.301(5) 15.236(5) 15.212(7) 15.138(4) 15.126(7) 15.186(5)
c(A) 25.630(4) 25.63(2) 25.597(13) 25.639(9) 25.640(135) 25.523(9) 25.907(9) 25.851(8) 25.782(8)
B (2 100.96(2) 100.87(6) 100.95(3) 101.03(2) 101.6(3) 101.03(2) 101.55(6) 101.36(6) 101.4(2)
V(A%  4257(3) 4250(5) 4222(3) 4233 4183 4165(3) 4189(4) 4160(3) 4174(4)
% Ta00 K° 0.75 1.27 2.14 2.10 0.83 1.93 8.90 13.12 14.18
T2k 0.03 0.28 0.59 0.41 0.29 0.24 10.0 12.53 11.15
aTaken from ref 17°In cm® K mol~%,
16 Scheme 2
E Me Me
15 [ T v B ) H,s0, 15N oy ><
; Me\( Me %
- \ /[ "OEt t \ N
g 14 & N—N 2) ‘BuNO,, Zn, N—N ({)
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Figure 2. Experimentalxk,,”T versusT curves for {Ln(NitTRZ).-
(N03)3}, Ln = Tb, Dy
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Figure 3. Experimental and calculated-}§ xﬁ“T versusT curve for
{EU(NItTRZ)(NOs)3}. The insert is an expanded view of the experi-
mentalyf,’ versusT curve showing the maximum of".
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superimposed on the decrease/qfT. Consequently, informa-
tion about the nature of the magnetic interactions between thes
Ln(Ill) ions and the aminoxyl ligands cannot be unambiguously
deduced only from the feature of th&'T versusT curves.

To gain some information concerning the interaction between
Ln(l11) ions displaying spir-orbit coupling and the aminoxyl

ligands, we decided to address the problem via an experimental

approach. One way of making the interaction apparent would
be to subtract fromyy'T the contribution arising from the
thermal depopulation of the Stark sublevels of Ln(Ij)nT.

The temperature dependenceyfT is directly related to the
local contribution of the ligand field onto the Ln(lll) ion and
thus can be obtained from an isostructural Ln(l1l) complex with

[S)

the corresponding T contribution could be obtain€d:2° In

the present case, the problem is somewhat more tricky. To allow
a comparison betwee)gt,l"T and y.nT, the ligand field in the
compound used to determinge,T has to be the same as that
for the {Ln(organic radical(NOs)s} series. A diamagnetic
equivalent of the nitronyl nitroxide radical has to be found. The
molecule chosen as a diamagnetic counterpart to the nitronyl
nitroxide radical was the Nert-butylnitrone-substituted triazole
derivative, hereafter called Nitrone. Both the nitrone and the
nitronyl nitroxide-substituted triazole are very much the same
as far as the moieties which are involved in the coordination to
a metal center are concerned, i.e., the nitrogen heterocycle and
the N-oxide fragment. Moreover, the coordination behavior of
nitrones to a metal center has been shown to be very similar to
that of nitronyl nitroxides?!

{Ln(Nitrone) 2(NO3)s} Compounds. The nitrone has been
prepared as described in Scheme 2. The(Nitronex(NO3)3}
compounds were synthesized by reaction of the nitrone deriva-
tive with the Ln(NQ)s salts, in a 2:1 ratio, in MeOH. A
crystallization from a MeCN-MeOH solution by slow diffusion
of EtO led to microcrystalling Ln(Nitronel(NOs)3} for Ln =
Ce(lll) to Dy(lll). These compounds are colorless or slightly
colored depending on the Ln(lll) ion except for the Ce derivative
which is orange.

An X-ray crystal structure analysis was performed on the
Pr(lll) compound. Two molecules corresponding to two optical
isomers form the asymmetric unit. A view of the molecular
structure is given in Figure 4, and crystallographic data are
presented in Table 1. The compound consists of two nitrone
ligands interacting as N,O-chelates with the metal center. The
coordination sphere of the Pr(Ill) ion is completed by tjfe
coordination of three N@ anions. The bond length and angles
of the coordination sphere (caption of Figure 4) are of the same

a diamagnetic surrounding. This approach has been applied (19) Costes, J. P. D., F.; Dupuis, A.; Laurent, JCRem. Eur. J1998

already to the investigation of tHé.n(lll) —Cu(ll)} interactions

in both bimetallic and polymeric coordination compounds
containing a Ln(lll) and the transition metal ions. Through the
replacement of the paramagnetic Cu(ll) by a diamagnetic ion,

4, 1616-20.

(20) Kahn, M. L.; Mathoniee, C.; Kahn, O.norg. Chem.1999 38,
3692-7.

(21) Villamena, F. A.; Dickman, M. H.; Crist, D. Rnorg. Chem1998
37, 1446-53.
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Figure 4. Molecular structure and numbering scheme for the two crystallographic independent entities of Pr(XiN@)eXORTEP 30%
probability). The atomic labels of the entity containing Pr1 are deduced from the atomic labels of the entity containing Pr2 plus 100. Selected bond
lengths (A) and angles (deg): Pt®1 2.41(2), Pr+0101 2.43(2), Pr204 2.43(2), Pr+0104 2.46(2), Pr2N3 2.67(2), PrtN103 2.66(2),

Pr2—N8 2.56(2), Pr-N108 2.63(2), Pr20ONO; 2.50(2) to 2.66(2), PrtONG, 2.49(2) to 2.66(2), N4O1 1.29(3), N1040101 1.29(3), N504

1.25(3), N105-0104 1.33(3), N4 C5 1.33(3), N104C105 1.28(4), N5C14 1.34(4), N105C114 1.25(3). O%Pr2—04 145.1(8), 010+Prl1—

0104 143.4(8), O1Pr2—N3 64.1(7), 010+ Pr1—N103 67.7(7).

order as those found fdrEu(NitTRZ)(NO3)3}. The shortest
intermolecular distance (2.41(2) A) is found between an O atom
(0107) of a nitrato anion and an H atom (H1XEl + X, y, 2)

of a methyl group on the triazole unit of a neighboring molecule.
The distance between two Pr(lll) ions is larger than 10.2 A.
Consequently, each molecule can be considered as magnetically
isolated.

In light of their molecular structures, it can be considered
that the ligand field effect id Ln(Nitrone)(NOs)s} and{Ln-
(NitTRZ)2(NOs)3} should be very similar. Consequently, the
energy spectra of the Stark sublevels for the Ln(lll) ions in both
compounds are very much the same. The magnetic properties
of the{Ln(Nitronex(NOz)s} compounds will correspond to the

XMT /em’ K mol!

xLn contribution of the related Ln(lll) i Ln(NitTRZ)2(NO3)3} . 0.0 Frrrr T T
The temperature dependence of the molar magnetic susceptibil- 0 50 100 150 200 250 300
ity, xLn, for each of the{ Ln(nitroney(NOs)s} compounds, Ln T/K
= Ce, Pr, Nd, Sm, Eu, Tb and Dy, was measured on a Figure 5. Temperature dependence,§fT (O), yceT (<), andAyCeT
polycrystalline sample in the temperature range@0 K, with (@).
an applied field of 1000 Oe.

The {Ln-Radical} Interaction. For a given Ln(lll) ion, the (a) Ce (4f) to Eu (4% Compounds. The temperature
xnT contribution obtained from{Ln(nitronep(NOs)s} was dependence ofS°T and yceT for {Ce(NitTRZp(NOs)3} and
mathematically subtracted fron)yk,l”T measured for{Ln- {Ce(Nitrone}(NOs)3}, respectively, and the variation of T

(NitTRZ)2(NOs)s} to give Ay'"T. The temperature dependence = xffl' — yxcel as a function of temperature are shown in
of the variation ofAy'"T = ' T — 4., T allows the nature of  Figure 5. At 300 K,AxC¢T is close to the value of 0.75 énK

the interaction to be addressed. Indeed, an increage,/'sfT mol~! expected for two noncorrelate8.q = /> spins and
when the temperature is lowered is indicative for ferromagnetic remains almost constant &ss lowered down to 50 K. Below
{Ln—radica} interactions whereas a decrease would result from this temperaturé\y“¢T decreases to reach 0.04 tkamol* at
antiferromagnetic interactions. To confirm the nature of the 2 K. The profile of the Ay®T curve clearly shows that
interaction provided byAy'"T, the field dependence of the interactions exist within{ Ce(NitTRZ)(NOs)s}. Indeed, the
magnetization of the two series of compounds was measureddeviation from the paramagnetic regime below 50 K observed
at 2 K. The experimental magnetization of eddin(organic for AyCeT can only result from the variation of the magnetic
radicaly(NOs)3} compound was compared to what would be moment of the compound as a consequence of correlations
the magnetization of the corresponding uncorrelated spin systembetween the spin carriers. The feature/AgfccT as a function
The latter was obtained by adding to the magnetization of each of temperature is characteristic for antiferromagnetic interac-
{Ln(nitrone}(NOs)3} compound thév versusH behavior at 2 tions. The field dependence of the magnetization{Gfe-

K of two S= %/, radicals calculated by the Brillouin function.  (NitTRZ)>(NOs)3}, { Ce(Nitrone)}(NOs)s}, and the noncorrelated
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Figure 6. Experimental field dependence of the magnetizatiod €e- l(:;g;ure 8. Temperature dependence%ffT (@), xeaT (©), andAz=T
(NitTRZ)2(NOs)s} (@) and{Ce(Nitrone}(NOs)s} (<) and calculated '
magnetization for the noncorrelated spin syster (see text). attributed to the contribution of the thermal population of the
25 excited states of the Eu(lll) and the interaction between the
N Pr radical units. Assuming that the interaction between the ligands
C ™M .
C - is weak enough to take place at low temperature and that at
20 - this temperature only the diamagnetic ground state of Eu(lll)
- r is populated, the magnetic behavior {@&u(NitTRZ),(NO3)3}
2 15[ can be analyzed with the expression given in eq 1. According
M to the intramolecular radicalradical interactions found for the
”g La and Gd compounééthis assumption seams reasonable. The
~ 10 first term in eq 1 corresponds to the interaction within a pair of
= : 1 .
3 S = 1/, spins whereagg, refers to the thermal dependence of
0.50 the intrinsic magnetic susceptibility of the Eu(lll) ion. In this
' theoretical expressioy, is given in the free-ion approximation
as a function of the spinorbit coupling parameter}.22 This
0.0 Frrrrr T parameter was deduced from the temperature dependence of
0 50 100 150 200 250 300 the magnetic behavior ¢fEu(Nitrone}(NOs)s} . Least-squares
T/K fitting of the theoretical expression gk, (eq 1) gave a value
Figure 7. Temperature dependence,3fT (0), e (¢), and AyPT of A = 371.54 0.2 cnt. The spir-orbit coupling parameter,
(@). A, compares well with that found previously both by lumines-

cence and magnetic studies for a molecular coordination
spin system is shown in Figure 6. For any field, the experimental compounc’?
magnetization of Ce(NitTRZ)(NOz3)s} is lower than that of

the noncorrelated system. This comparison confirms that the 2Nﬁzgr§;ad
magnetic moment of the ground state of the compound results M= 3 XEu 1)
from antiferromagnetic interactions within the compound. The kT(3 + exp(— k_T))

same overall behaviors were found for the Pr, Nd, and Sm
compounds (see Supporting Information) showing that the ith
ground state of thesd_n(NitTRZ)2(NOs3)s} compounds arises

from antiferromagnetic interactions. 6

The case of the Pr(lll) deserves a comment. Considering the ‘ZD(ZJ + L)y (J) exp[-AI(J + 1)/2KT]
AxPT behavior (Figure 7) it appears difficult to conclude the _ =
nature of the magnetic interaction withiRPr(NitTRZ),(NOs)3. Xeu ™ 6
Indeed,AyPT slightly increase from 0.8 to 1.0 ¢ mol™* ZD(ZJ + 1) exp-AJ(J + 1)/2T]
when the temperature is lowered from 300 to 15 K, and then =

decreases to 0.5 érik mol~! at 2 K. However, the magnetiza-
tion experiments unambiguously show that2aK antiferro- and
magnetic interactions exist in the compound.

As mentioned above, the ground state of Eu(lll) is nonmag- NGB+ 1) N 2NB*(g, — 1)@, — 2)

netic, consequently the low-temperature behavioygﬁ;ﬁl' for )= 3kT 31
{EUu(NitTRZ)(NOg3)s} is mainly due to the intramolecular . . . .
{radicat-radica} interaction. This is confirmed by the tem- The interaction parametel, between organic radicals {fu-

perature dependence gi,T and the perfect superimposition  (NitTRZ)2(NOs)s} was determined by least-squares fitting of
of the 75T and AyE'T curves at low temperature (Figure 8). the expression given in eq 1 to the experimentdT data
Because of the nonmagnetic ground state of Eu(lll) there is no (Figure 3). A value of) = —3.19 ¢0.05) cnm* was found {
Stark sublevel arising from the ground state and the magneticwas fixed to 371 cm?) with a 2 facto”® equal to 3x 10

behavior of {EU(NItTRZ)(NOs)3} can be analyzed by a (22) Andruh, M.; Bakalbassis, E.; Kahn, O.; Trombe, J. C.; Porcher, P.
theoretical modet? The magnetic behaviorth,,“T, can be Inorg. Chem.1993 32, 1616-22.
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16 conclusion that the interactions with{iDy(NitTRZ),(NOs)3}
r are also ferromagnetic (Supporting Information, Figures S4 and
14 B s8).
- 12 . .
g Discussion
v 10 In all compounds reported so far the interaction between Gd-
mg 8.0 (1), which is a 4f ion, and either organic nitronyl nitroxide
= 60 radicald*17.24250r Cu(Il),’~10:26-28 two S = 1/, spin carriers,
o was found to be ferromagnefi2. The interaction for other
4.0 P paramagnetic Ln(lll) ions with a Cu(ll) ion has been pro-
posedb3°to be antiferromagnetic for those with half-filled 4f
20 orbitals (Ce, Pr, Nd, Sm) and ferromagnetic for those with more
Y S M e I than half-filled 4f orbitals (Tb, Dy, Ho, Er, Tm, Yb). However,
0 50 100 150 200 250 300 examples that confirm this behavior are scdf®, mainly
T/K because the couplings involving Ln(lll) ions are weak and
Figure 9. Temperature dependence)@fT (), xmT (<), andAy™T usually are not directly accessible from the temperature depen-
(@). dence of the magnetic susceptibility owing to the spinbit
7.0 [ coupling. Moreovgr, in thg case pf polymeric structures next-
TE ¢ ¢ 3 nearest-neighbor interactions might also play a #®l&he
6.0 F s ° 4 interaction mechanism to be operating f&d—Cu} and{ Gd—

u e 8 3 aminoxyl radica) compounds has been suggested to be the
50 o F o © © 7 same. The question concerning the extension of this similarity
g F *o soo ¢ ° ] between Cu(ll) and nitronyl nitroxide radicals to the other

m 40 %o ¢ E paramagnetic Ln(lll) ions is still open. The fedlLn—nitronyl
= F o’ 7 nitroxide} complexes where Lr Gd reported so far do not
= 3.0 ?. © ] allow any conclusion to be drawn about the trend of the
20 - _ interaction along the Ln seriés.
E 7 The results of this study demonstrate that for -
1.0 g - (NitTRZ)2(NOs)3} compounds the{Ln—aminoxy! radica)
f ‘ | | \ 3 interaction is antiferromagnetic for the paramagnetic Ln(lll) ions
0.0 B of the first half of the lanthanide series (EnCe, Pr, Nd, Sm),
0 10000 20000 30000 40000 50000

H/Oe whereas this interaction is ferromagnetic for the ions with more
_ . ) o than half-filled 4f orbitals, i.e., Tb and Dy in line with the
Figure 10. Experimental field dependence of the magnetization for |johavior previously observed for the &dnd Hd8 derivatives.
{TB(NITRZ,(NOs)s} (®) and{ Th(Nitrone}(NOs)s} (©) and calculated 5| these compounds being isostructural, any influence of
magnetization for the noncorrelated spin system (See text). geometrical changes on the magnetic behavior can be excluded.
The value found ford is comparable with the values found Th? experimental apprqach _used_ to get |n.5|ght Into the
. . . . - coupling between a Ln(lll) ion displaying spiorbit coupling
previously for the compounds involving diamagnetic d it i : | linands is based on the k I
Ln(ll) ions, Y (J = —3.1 cntY) and La 0 = —6.8 cntY), and its paramagnetic aminoxyl ligands is based on the know
5 edge of the intrinsic paramagnetic contributig,, of the metal
(b) Tb (4f%) and Dy (4F) Compounds. The temperature o The nitrone ligands were found to be ideal diamagnetic
dependence of;’T and yrT for { To(NitTRZ);(NOs)s} and counterparts of the paramagnetic nitrony! nitroxide-substituted
{Tb(nitrone}(NO3)s}, respectively, and the variation af™T triazole derivative. In the resulting_n(nitronep(NOs)s} com-
= XMbT xtoT as a function of temperature are shown in  pound, the chemical nature of the groups coordinated to the Ln
Figure 9. At 300 K,Ax™T is equal to the value expected for jon is the same as that fiLn(NitTRZ),(NOs)s} . Moreover the
the two noncorrelate® = 1/2 Spins. As the temperature is X_ray structure ana|yses Ofpr(Nitronek(NOQS} revealed
lowered Ay™T increases more and more rapidly reaching a structural characteristics very similar to those found {f&u-
maximum value of 4.6 cfK mol™ at 6 K before decreasing  (NitTRZ),(NOs)s}. The ligand field in both series of compounds
to 3.8 cn? K mol~* at 2 K. The profile of theAy™T curve should be the same, and consequently the energy spectrum of
clearly shows that ferromagnetic interactions take place within the Stark sublevels for the Ln(lll) ion with either the Nitrone
the spin carriers iIf Th(NitTRZ),(NOs3)s} . The field dependence - - . -
of the magnetization of these compounds is depicted in Figure (ezrﬁ) Blﬁt”elg'd Cé;ncﬁgess%cgg%?lgafses‘:h" D.; Laugier, J.; Reyjrigew.
10. For any field before saturation the experimental magnetiza- ~ (25) Benelli, C.; (?anesc'hi,;\,; Gatteschi, D.; Pardilrorg. Chem1992
tion curve of{ Tb(NitTRZ),(NOgs)3} is above the curve calcu- 31, 741-46.

i (26) Andruh, M.; Ramade, I.; Codjovi, E.; Guillou, O.; Kahn, O.; Trombe,
lated for the noncorrelated system. This reveals that at 2 K, theJ. &3 am, Chenm. S0d993 118 16822,

global magnetic moment firb(NitTRZ),(NOs)s} is higher than (27) Guillou, O.; Kahn, O.; Oushoorn, R. L.; Boubekeur, K.; Batail, P.
the sum of the contribution of the uncorrelated spin carriers. Inorg. Chim. Actal1992 198200, 119-31.

Consequently, the fundamental state{ ®b(NitTRZ)2(NOs)s} (28) Benelli, C.; Caneschi, A.; Gatteschi, D.; Guillou, O.; Pardiniorg.

is that for which the moments of the Th(lll) ion and of the two  CN€M:1990 29, 1750.

. . ) . . . . (29) Note: After submission of this manuscript two examples of
nitronyl nitroxides are aligned in the same direction. Tfie— antiferromagneti¢ Gd(ll)-organic radicdl interactions have been reported.

organic radicdl interaction is found ferromagnetic from both Lescop, C.; Luneau, D.; Belorizky, E.; Guillot, M.; Rey, lrorg. Chem.

Tb i ati 1999 38, 5472. Caneschi, A.; Dei, A.; Gatteschi, D.; Sorace, L.; Vostrikova,
the features oAy '™T and the magnetization curves. The same K. Angew. Chem., Int. E®00Q 39, 246,

behavior was found for the Dy derivatives allowing the (30) Kahn, O.; Guillou, OMagnetic properties of molecular compounds
containing lanthanide(lll) and copper(ll) iongD’Connor, C. J., Ed.; World
(23) Origin version 4.1;, Microcal Software: Northampton MA. Scientific: Singapore, 1993.
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or NitTRZ ligand set should be very close. This is confirmed 4{°T decreases continuously with the temperature. Two rea-
by the magnetic behavior of the complexes in the high- sons could be invoked to account for such a difference. The
temperature range. At these temperatures the spin carriers irfirst concerns the strength of tiien—radica} interaction which
{Ln(NitTRZ)2(NOs)s} behave like uncorrelated paramagnetic could be much weaker than that for the Gd to Dy derivatives.
species. The deviation of;'T versusT from a constant value  The second reason is related to the amplitude of the variation
arises only from the intrinsic contribution of the Ln(lll) ion.  of the intrinsic contribution of the metal iop, T, between the
The comparison of this curve with the,T versusT curve limits of the investigated temperature range. For the Th and
obtained from the correspondifgn(nitrone(NOs)s} deriva-  py jons the variation ofy.\T between 300 ah2 K is much

tive clearly shows that in the high-temperature range they |ess important (see Figure 9) than that for Ho(HiBuch a stiff
progress concurr(_antly as a function of temperature, i.e. the gocrease ofneT could just impose the general slope of the
contnbu_tlon ofyLn is the same for both compound_s. The_ same 21°T versusT curve. The Ho compound is a typical example
cgnclusmn can be drawn from the perfect superimposition of §y \sating the difficulties to be expected for Ln(lll) ions
am' T and AyET versusT curves in the low-temperature range displaying a first-order orbital momentum.

(Figure 8). Indeed, at low temperature the vananon;gb‘ﬂ' Taking into account the numerous compounds for which a

arises only from the intramolecular interaction between the Gd(lll) ion interacts with either aminoxyl radicals or Cu(ll) ions

paramagnetic ligands. Eu(111) having a nonmagnetic ground. . ninoxy N

state. The subtraction of the intrinsic contribution of Eu(lll) it appears that neither the coordination number of the metal ion
nor the topology of the compound affect the nature of the

from x5,'T and should not affect these values. This is exactly i hich | found to be f tic. If thi
what is obtained foAyE'T confirming thatye, T deduced from coupling, which was aways found to be ferromagnetic. 1 this
applies for the other Ln(lll) ions, the nature of the interactions

the nitrone derivative is a very good approximation yof > !
occurring in{ EUu(NItTRZ)x(NOx)a} . found in this study for thg Ln(NitTRZ)2(NOs3)s} compounds

should remain the same for relatlch—aminoxy} derivatives.
Interestingly, the results provided by this study compare well
with the nature of thg Ln(lll) —Cu(ll)} interactions reported
recently. Indeed, for the compounds involving Ln(lll) ions from
the first half of the lanthanide series the interaction was found
to be antiferromagnetic. The comparison is more tricky for the
Ln(lll) ions with more than half-filed f-orbitals because the

Both the temperature dependencergf"T = xk,]”T — X T
and the magnetization as a function of the field studies are
informative concerning the antiferro- or ferromagnetic nature
of the interaction occurring in thELn(NitTRZ),(NOs)s} com-
pounds. The variation ohy"T versusT reflects the variation
of the magnetic moment of the molecular spin cluster as a result

of the coupling between the spin carriers. Indeed, the deviation )
of AT from the paramagnetic regime below 100 K, as results reported for thE.n—Cu} compounds are not consistent

observed in Figure 5 or 9 for instance, can only result from the for the ions after Dy(l11):*2Nevertheless, the trend seems to
variation of the magnetic moment of the complex as a P€ the same as that described here for {the—aminoxy}
consequence of magnetic interactions between the spin carriersintéractions. It appears that the similarity observed already
Intermolecular interactions to account for this behavior at low between an aminoxyl radical and Cu(ll) in the interaction with
temperature can be excluded as they have been shown to bé&d(lll) can be extended to the other paramagnetic Ln(lll) ions.
negligibly small (ca.—0.009 cnt?) in the corresponding Gd- ~ Consequently, there is clear evidence that the interaction
(1) derivativel” The magnetization studies & K provide mechanism propose for tHe.n—Cu} interaction applies also
further insight into the state of the spin system at low to the{Ln—aminoxy} interaction.
temperature. The comparison of the experimental magnetization Two pathways might be invoked to account for the intramo-
of {Ln(NitTRZ)»(NOs)3} to what would be the magnetization lecular antiferromagnetic radicatadical interaction observed
of the corresponding uncorrelated spin system is informative for { Eu(NitTRZ),(NOs)s}. The first is to consider an interaction
whether the magnetic moment of the molecular unit is higher through the N@ anion located between the two radical
or lower than that for the uncorrelated situationMAversusH moieties, and the second is via the metal center. A comparison
curve running below the curve of the non-correlated system is of the calculated interaction parametefor the Eu derivative
indicative of a lower magnetic moment (Figure 6). Such a (—3.19 cnt?) with the values found previously for the corre-
situation results from antiferromagnetic interactions within the sponding compounds involving either diamagnetic Ln(I11) ions,
molecular spin system. An experimental magnetization larger (-3.1 cnY) and La (6.8 cniY) or Gd (7.0 cnml), shows
tha_n that of t_he noncorrelated system for any value of the field the differences between the magnetic properties of these
until saturation (Figure 10) reveals that at 2 K, the global compounds. These compounds are isomorphous, consequently
magnetic moment IfLN(NitTRZ)2(NO)s} is higher than the "o i o dical interaction through the NO anio’n should
sum of the contribution of the uncorrelated spin carriers. _. - . N

. . . yield almost the same interaction parameter; this is clearly not
Consequently, the spin state. s that for W.h'Ch the mpment§ of the case. The main difference between these compounds is the
the Ln(lll) ion and the two nitronyl nitroxides are aligned in nature of the metal center. The observation of diffederdlues

the same direction, theLn—radica} interaction is ferromag- borates the hvoothesis that th al . b
netic. In the series dfLn(NitTRZ)(NOs)3} compounds inves- corroborates the hypothesis that the metal center may be
involved in the superexchange pathway between the two

tigated both the temperature dependenceAgf"T and the 4127
magnetization as a function of the field studies clearly show radicalsi®
that the {Ln—radica} interaction is antiferromagnetic for The approach we used to investigate the nature of tine-
Ln(lll) = Ce, Pr, Nd, and Sm whereas it is ferromagnetic for radica} interaction provides conclusive but only qualitative
Ln = Gd, Th, Dy, and Ho. The ferromagnetic interaction information. To get insight into the strength of these interactions
between the nitronyl nitroxide and the Ln(lll) displaying a first- accurate models describing both the intrinsic contributign,
order momentum is already clearly apparent from the temper- of the Ln(lll) ions displaying spirrorbit coupling and the
ature dependence (;m”T for the Th and Dy{Ln(NitTRZ),- magnetic exchange interactions of each of the levels arising from
(NOg3)3} derivative. When Ln is Ho(lll), which displays also a the energy spectrum of the Stark sublevels with the spin carrier
rather high magnetic moment at 300 K, this is not the case, interacting with the Ln(lll) ion have to be developed.
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Conclusion probably due to the size of the chosen single crystal. Moreover, the
. . . ) . ) crystal structure was solved and refined in both Ffieand P1 space

For the first time, conclusive information concerning the groups to remove the well-known ambiguity between these two space
nature of the interactions involving nitronyl nitroxide radicals groups3® The highesR-factor values as well as the noncoherent bond
and Ln(ll1) ions displaying spifrorbit coupling is provided. A length and angle values obtained in the centered space group confirmed
systematic investigation of an isostructural series of compoundsour choice of theP1 space group. Despite the high number of atoms
permitted the evolution of these interactions to be compared asin the asymmetric unit, the ratio between the number of reflections
a function of the electronic configuration of the 4f orbitals. For ©0Pserved (3724) and the number of atomic parameters to refine (739)
the Ln(lll) with 4f! to 4f electronic configurations thgLn— appears reasonable (around 5). The butyl carbo_n atoms of the ligand
organic radicdl interaction is antiferromagnetic. Conversely, SXremities are affected by a strong thermal motion.

g . . . - {Ln(NitTRZ) 2(NOg)s}: All compounds were synthesized and
this interaction was found ferromagnetic for the configurations crystallized as described previously for §dhnalyses were calculated

4f" to 4f1°, for { C22H36N13013LN0, X solvent, calcd (found)Ce: 2 H,O: C, 30.49
_ _ (30.58), H, 4.65 (4.72); N, 21.00 (21.8Bx: C, 31.78 (31.9), H, 3.36
Experimental Section (4.42); N, 21.90 (21.75Nd, 2MeCN: C, 34.06 (33.99); H, 4.62 (4.71);

N, 22.9 (21.66)Sm, 3H,O: C, 29.52 (29.41); H, 4.73 (4.38); N, 20.34
20.23).Eu: C, 31.36 (31.52); H, 4.31 (4.66); N, 21.61 (21.7Th,
.5MeCN: C, 32.96 (33.13); H, 4.48 (4.47); N, 22.29 (22.1Dy,

1MeCN: C, 32.44 (32.04); H, 4.40 (4.39); N, 21.93 (21.43).

{Ln(Nitrone) 2(NOg)s}: All compounds were prepared by the same
procedure. For example, in a tipical synthesis, a solution of Nitrone

(100 mg, 0.5 mmol) and Ce(N§-6H,O (110 mg, 0.25 mmol) in

MeOH (15 mL) was stirred o6 h atroom temperature. The solvent

was then removed in vacuo and the residue washed wifCGHT he

General Considerations. All reactions were performed using
standard Schlenk tube and vacuum line techniques. The solvents use
were dried (MeCN over s, ELO over Na, and MeOH over Mg)
and distilled under bprior to use. The nitronyl nitroxide derivativé,
the Nitrone!® and Ln(NQ)3,xH,0O% were prepared as described in the
literature. Elemental analyses were conducted by the central CNRS
microanalysis service (Vernaison). Magnetic susceptibility data were
measured at 1000 Oe field strength with a SQUID MPMS-5S

magnetometer wgrklng down tq 2 K L solid was dissolved in MeCN and the solution allowed to diffuse in
Crystallographic Data Collection and Structure Determination. EtO or thf to give microcrystalline needles. IR (KBr, ch 2986

Single crystals of Ln(NitTRZ)2(NOs)s} were mounted at the end of a (w), 1607 (m), 1537 (m), 1472 (s), 1384 (s), 1369 (s), 1319 (s), 1150
glass fiber. Cell dimensions and orientation matrix for data collection (m)', 1083 (w),, 1033 (w): 924 (m).’ ' ' '

were obtained at- 10 °C from least-squares refinement using the setting Analyses were calculated fdiCigHsN1OwLn, X solven}, calcd

angles of 25 centered reflections. Intensity data were collected @t found).Ce. 2H,0: C. 28.65 (28.16): H. 4.80 (4.66): N. 20.41 (20.12
°C on an Enraf-Nonius CAD-4 diffractometer using a Ma KA = '(Dr.u c)éo 05 (230'11)'. H 4 4(8 ('4 6?)' N 21 ‘(11' (2)1' 1éh iM(e(Ol—i' )
0.71073 A) radiation source. After a semi-empirigascard? absorption C 30.23 (.30.38)'.H 281 (4.65)'N 20.41 (de 2-HZO’: C. 28.26

correction, the data reduction was performed using M&fEkhile (28.30); H, 4.74 (4.60); N, 20.14 (19.9Bu, 5H,0: C, 26.35 (25.9)
structure solutions and refinements were carried out using the SHELXS- || "¢ ¢ (4’1_3'7). N 1878 (15_0)-”) ‘IMeOH. 2.5 l-iO: C 2801

86 and SHELXL-97 program¥:3> Hydrogen atoms were located on 28.04); H, 5.07 (4.33); N, 18.91 (18.3My: C, 29.17 (29.02): H

the basis of geometrical consideration and treated according to the riding, 55 (4i37'). N. 20.79 (éo.ég). ' Y

model during refinement with isotropic displacement corresponding to N

the heavy atom they are linked to. Crystallographic and refinement  Acknowledgment. This paper is dedicated to the memory

parameters are given in Table 1. The highest positive electron density of professor Olivier Kahn who passed away suddenly on

of 2.15 is located at less thal A from the heavy atom. December 8, 1999. Financial support was provided by the TMR
A small single crystal off Pr(Nitrone)(NO)s} of approximate  pagearch Network ERBFMRXCT980181 of the European

dlmen5|ons'0.10< 0.10x 0.10 mn¥ was used to perform the intensity Union, entitled “Molecular Magnetism, from Materials toward
data collection. The cell parameters were obtained from the angles of Devices”

25 reflections (9.2< 26 <20.6’). The data collection was based on
/20 scans. The crystal structure was solved with direct methods using
SHELXS and refined using SHELXL-97 prograffs$® Refinements _ )
of the atomic parameters conducted with a data file corrected from dence ?fXLtrTT (L[] _F”\ldi\limsl Dyl)Danfd flﬁldl\?.?pendelgge of.the
absorption correction using semi-empiritéiscans and a data file not magnetization (L= Pr, Nd, Sm, Dy) fof Ln(Nitronep(NOs)s} ;

corrected from absorption correction gave no noticeable differences, temperature dependence ’@blnT (Ln = Ce, Pr, Nd, S.m)’
~ temperature dependence/of-"T (Ln = Nd, Sm, Dy), and field
(31) Sutter, J.-P.; Lang, A.; Kahn, O.; Paulsen, C.; Ouahab, L.; Pei, Y. dependence of the magnetization (nPr, Nd, Sm, Dy) for

J M .M . Mater1997 171, 147-52. . o .
(3%?T\Iortﬁ?g. Cé'(l?.r; PhiIips,lD. C.; Mathews, F. &cta Crystallogr., {Ln(NitTRZ)5(NOs)3} (PDF). X-ray crystallographic files, in

Sect. A1968 A24, 351. CIF format, for {Eu(NitTRZ)(NO3)3} and {Pr(Nitrone}-
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