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Novel mononuclear lanthanide polymeric complexes are formed with Nd(III), Eu(IIl), GA(IID),
Tb(III), Er(III) and Lu(IiI) nitrates and the 1,5,9,13-tetraazacyclohexadecane ligand. These
compounds were characterized by elemental and thermal analysis, IR, EPR, 'H and *C NMR
spectroscopies and magnetic susceptibility at variable temperature. The molecular weight of the
compounds was determined by gel permeation chromatography, the results of which are 6272,
6120 and 4121 g/mol for Nd(II), Gd(III) and Ex(IIT) compounds, respectively. The structures
for the monomeric unit and the polymers were calculated by the force—field method. Each lan-
thanide compound showed specific and unusual magnetic properties which were associated with
the particular arrangement of the elemental units in each polymer.

Keywords: Tetraazacyclohexadecane; mononuclear lanthanide(TIT) polymeric complexes;
magnetic susceptibility; 'H, *C NMR and EPR; force—field method (FFM)
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INTRODUCTION

There has been a growing interest in understanding the coordination chem-
istry of lanthanide complexes through the magnetic properties of macro-
cyclic complexes.! ™ For instance, the large chemical shift in proton nuclear
magnetic resonance spectroscopy shown by lanthanide cryptates or cor-
onates from their paramagnetism has been taken as a measure of their cova-
lent character.*~® On the other hand, the high stability of the [Gd(DOTA)]
complexes, (DOTA = 1,4,7,10-tetraazacyclododecane 1,4,7,10-N,N',N" N"
tetraacetate), in aqueous medium, makes them useful contrast-enhancing
agents in magnetic resonance imaging for diagnosis in medicine.” Many
studies have been devoted to synthesis of binucleating macrocyclic and
macroacyclic compounds because the organization provided by an
appropriately designed binucleating ligand may confer unusual structural
features and magnetic optical catalytic properties.” The design and synthesis
of polynuclear systems have allowed the preparation of sophisticated molec-
ular optical and magnetic devices.® The study of bridged lanthanide com-
plexes is very important since structural-maguetic correlations can be
established in these compounds.®'® Indeed, the magnetic properties of the
lanthanide(IIT) compounds, and even of the mononuclear species, are still
not well understood.’

This research studies new mononuclear lanthanide(IIT) macrocyclic poly-
meric complexes formed with the 1,5,9,13-tetraazacyclohexadecane ligand,
[Ln(16-ANE-N)(NO3)(CHO,),(CH>0,).],, in order to understand the
nature of their chemical bonding through their magnetic properties.

EXPERIMENTAL

Reagents

The hydrated lanthanide nitrates NdA(NO3)s- 5H20, Gd(NOs);-6H>0,
Tb(NO3); - 5H,0, Er(NO;);-5H,0 and Lu(NOs); - SH,O were purchased
from Alfa Products (99.9%) and europium salt Eu(NO3);-6H;0 from
Johnson Mathey (99.9%) and Aldrich (99.99%) and were used without
further purification. Anhydrous trimethyl orthoformate, calcium hydride
4-40 mesh and anhydrous acetonitrile (< 0.005% water) were purchased
from Aldrich, n-hexane, anhydrous ethyl ether from Merck and Baker and
99% purity acetonitrile (0.2% water) from Merck.
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Preparation of Mononuclear Polymeric Complexes
Stoichiometry 1.2:1 (Ligand : Metal)

The 1,5,9,13-tetraazacyclohexadecane macrocyclic ligand ([16]-ANE-N,)
was synthesized according to the literature!! and its full characterization
was performed.

Preparations of the neodymium 1, europium 2, gadolinium 3, terbium 4,
erbium 5, and lutetium 6 complexes were carried out as follows: the
hydrated lanthanide nitrates (1.029mmol) in each case were dissolved in
120mL of acetonitrile (< 0.005% water), and in order to dehydrate the lan-
thanide salt, 30 mlL. of trimethyl orthoformate (TMOF) was added to this
solution. This solution was then refluxed for 5h in the case of neodymium,
terbium, erbium and lutetium and 6 h for europium and gadolinium. After
that, the dried ligand, [16]-ANE-N, (1.235mmol), was dissolved in 30 mL of
hot anhydrous acetonitrile (previously dehydrated with calcium hydride and
filtered immediately with Whatman paper #3) and added to the original
reaction mixture. When the reaction was over, (5h for neodymium, euro-
pium and gadolinium and 10, 15 and 15h for Tb, Er and Lu, respectively)
the precipitate!2*® was filtered with a glass frit funnel (4—8 1) and recovered.
The filtrate was concentrated to one half of its original volume at 60°C on a
rotary evaporator. To the final solution was added dropwise anhydrous
ether until a turbid solution was observed. The solution was kept in the
refrigerator for three days. The solid formed was then recovered (Whatman
paper #42) washed with anhydrous ethyl ether and anhydrous hexane
exhaustively and finally dried under vacuum. The compounds were further
dried under P,Os into a vacuum oven at 70°C and 21 mm of Hg for several
hours.

The yields were approximately 20% for Nd(III), Eu(III) and Gd{II)
compounds and 15% for Tb(III), Er(IIT) and Lu(III) compounds. The reac-
tion was carried out inside a glove box and kept at all times under 99.995%
nitrogen atmosphere.

Stoichiometry 2:1 (Ligand : Metal)

The neodymium 7, europium 8, and gadolinium 9, complexes were prepared
as follows: in each case, the hydrated lanthanide nitrates (0.686 mmol) were
dissolved in 80 mL of acetonitrile (< 0.005% water) and, in order to dehy-
drate the lanthanide salt, to this solution was added 20 mL. of TMOF. This
solution was then refluxed for 5h in the case of neodymium, and 6h
for europium and gadolinium. After that, the dried ligand [16}-ANE-N,
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(1.372mmol) was dissolved in 20mL of hot anhydrous acetonitrile (pre-
viously dehydrated with calcium hydride and filtered immediately with
Whatman paper #3) and added to the original reaction mixture. After 5h
the precipitates'*®® were filtered separately with a glass frit funnel (4-8 ).
The solids formed were recovered and isolated, as previously described.!?*®
The yields were about 70% for NA{III), 20% for Eu(IIl) and 55% for
Gd(III) compounds, respectively. The reaction was carried out inside a
glove box and kept under 99.995% nitrogen.

Elementa! analysis for 1 was found to be: C, 27.03; H, 3.97; N, 13.76; Nd,
21.59. Nd[16]-ANE-N4(NO3); - 3CH,0,, requires: C, 25.85; H, 4.88; N,
14.08; Nd, 20.72%. 2, found: C, 25.96; H, 3.97; N, 12.95; Eu, 22.01. Eu[16]-
ANE-N4(NO3);3 - 3CH0; requires: C, 25.57; H, 4.83; N, 13.92; Eu, 21.59%.
3, found: C, 25.44; H, 3.70; N, 12.72; Gd, 22.23.

Gd[16]-ANE-N4(NO3); - 4CH,O, requires: C, 25.42; H, 4.77; N, 12.97;
Gd, 20.82%. 4, found: C, 26.30; H, 4.17; N, 15.63. Tb[16}-ANE-
N4(NO3)3 - 3CH,0, - CH3CN requires: C, 27.14; H, 4.96; N, 14.89%. 5,
found: C, 27.00; H, 4.70; N, 15.37; Er, 29.68. Er[6]-ANE-N,(NOs), - CHO,
requires: C, 27.65; H, 5.18; N, 14.88; Er, 29.62%. 6, found: C, 29.41; H,
441; N, 18.47. Lu[l6}-ANE-N4(NO3); - CH,0,-3CH;CN requires: C,
30.09; H, 5.18, N; 18.47%.

Spectroscopic and Analytical Studies

IR spectra of the KBr pellets in the range 4000—450 cm ™' were recorded on
a Perkin Elmer/1600 FTIR spectrometer.

H and '*C NMR spectra were obtained in dg-DMSO solutions by using a
Bruker AM-360 MHz NMR spectrometer with TMS diluted in CDCl; as an
internal standard. While the complexes are very soluble in d-DMSO, the
[16]-ANE-N;, is not; for this reason, it was necessary first to dissolve it in
CDCl; and then mix the resulting solution with dg-DMSO. The measure-
ments were carried out at different temperatures, ranging from 294 to 343 K.

The magnetic susceptibility measurements were carried out on a Faraday
balance and a Johnson Matthey balance at room temperature. In the case
of the first equipment, the setup was calibrated with Hg{[Co(SCN),] as stan-
dard, and the second one was calibrated with a standard sealed solution
of MnCl,.

The magnetic susceptibilities at variable temperature were measured using
a SQUID-based magnetometer.

Electron paramagnetic resonance spectra were recorded at X-band (0 to
10,000 G) at 300 and 4.2 K in a Varian E-109 spectrometer.
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The TGA/DTA analyses were carried out by using a Setaram TGDTA.92
instrument at 283 K. min~" (from 293 to 1273 K) under argon flow.

Elemental analyses (C, H, N) were performed at Christopher Ingold Lab-
oratories at University College, London. The metal content was determined
by the nuclear activation technique with the irradiation performed in the
SIFCA facility of the Nuclear TRIGA Mark II1 Reactor of ININ Mexico.

The molecular weights were determined at 308.7K by gel permeation
chromatography (GPC) using a Millipore Waters Associates Apparatus
with columns of Ultrastyragel of 500 A and the linear column of 10°-10°A
using N, N-dimethylformamide as eluent and polystyrene as standard; the
apparatus was coupled to a Millipore Waters 410 Differential Refract-
ometer and a Waters Data Module Recorder. The calibration curve was
obtained with seven standards: 456, 500, 940, 1800, 2630, 4000 and 9000 D.

Because of the hygroscopic nature of the europium(III) compound, the
powder sample was sealed into a small quartz tube for luminescence studies.
An emission spectrum at room temperature was recorded with a Perkin
Elmer Model MPF-44B fluorescence spectrophotometer and corrected by
the lamp intensity and the photomultiplier response. The excitation source
was 150-W Xenon lamp.

The luminescence spectrum of the hydrated europium(III) salt was
obtained. The [16]-ANE-N, ligand showed no luminescence spectrum.

Molecular Calculations

In order to identify the most probable configuration for the elemental struc-
ture, analytical data were used and a primary structure was generated; the
geometry optimization was done using a force—field method'** with an
error factor of 1 x 10™*kcal/mol. This method calculates the energy of a
specific structure as a function of the atom characteristic parameters (dis-
tances, angles, torsion angles, van der Waals interactions, etc.) by the classi-
cal principles of molecular dynamics.

Once the elemental structure had been built up, a geometry calculation
was applied to generate a random order for the polymer compounds, opti-
mized as a function of the energy. The energy minimization made one of the
optimal configurations. In this way, it is possible to consider this calculated
structure as an excellent approach.

We used the Cerius® software!® (Polymer Builder, OFF and Blends mod-
ules) of Molecular Simulation Inc. and a Silicon Graphics Inc. Solid Impact
workstation with a R10000 processor and 256 Mb in RAM.
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RESULTS AND DISCUSSION

Our research on the coordination chemistry of the tetraazamacrocyclic
ligands with lanthanide ions shows that in addition to dinuclear lanthanide
polymeric compounds,’>'* mononuclear lanthanide polymeric compounds
are also formed, depending upon the reaction conditions.'® From the ele-
mental analyses, a minimum formula for these new complexes of the follow-
ing type was deduced: Ln(16-ANE-N,)(NO;),(CHO,),(CH,0,), for the
NdJID, Eu(Il), Gd(I1I), Tb(II), Er(III) and Lu(III) ions. For isolation of
these mononuclear compounds the solvent used to dissolve the ligand was
further dehydrated with calcium hydride. These complexes have been
obtained at least three times in each case, indicative of their reproducibility.
The compounds are very sensitive to air humidity.

The neodymium(III) complex is a light blue-violet compound, euro-
pium(IH), terbium(IIT) and lutetium(III) complexes are white and erbium
(1Y) is a light pink complex. All start to decompose above 453 K except the
lutetium(IIT) complex, which melts at 491 K. These complexes are amor-
phous homogeneous powders. Therefore, molecular weight determinations
on the Nd(II), Gd(II) and Er(IIT) compounds were carried out and found
to be: 6272, 6120 and 4121 g/mol, respectively. These results indicate that
the new species are polymeric and are composed of nine, eight and seven
units in each case. As for the dinuclear lanthanide polymeric compounds,'?
these mononuclear polymeric compounds are thermally stable.

The Nd(II), Eu(Ill) and Gd(II) complexes were soluble in DMSO,
DMF, N-methyl-pyrrolidone and H,0. The Tb(III), Er(IIT) and Lu(III)
complexes were also slightly soluble in MeOH, and the Er(IIT) compound is
also slightly soluble in acetone.

IR Spectroscopy

The IR spectra of 1, 2, 3, 4, § and 6 were similar to each other in the medium
infrared region. Figure 1 shows the spectrum of compound 5, which is
representative of these compounds. The N-H, C-N-C and H-C-H-
C-H- vibration bands of the free macrocyclic ligand'!">*® shifted upon
coordination to the metal jon. Thus, the main N—H stretching frequencies
appear between 3416-3422 and 740-750cm™!; the C-N-C symmetric
vibration frequencies appear at 1240, 1228—1200 and 1086—1014cm™". The
bands corresponding to (—CH,—); groups were observed around 2946 cm™".
When three or four formic acids were present, strong bands appeared in the
range of 1630-1650 and 1585-1580cm™' (weak bands) due to the
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asymmetric'vibrations of the COO groups. However, the compounds which
contained less than three formic acids presented only one intense band
between 1630 and 1642cm™". The C—H vibration frequency of the formic
acids was observed to be between 654 and 624cm~'. The coordinated
nitrates showed very weak bands between 1700 and 1780 and medium bands
at 1450-1460, 1322-1300, 1042-1034 and 816-820cm™". It is important to
mention that a strong band centered at 1384 cm™! was also observed which
is normally assigned to ionic nitrates. In the case of the erbium compound,
the appearance of such a band is not consistent with the electrolytic beha-
vior of the compound’?® which is a neutral complex in water and DMSO,'?®
but is due to anionic exchange when these compounds are mulled in KBr, as
previously reported.'%!?

Thermal Analysis

These compounds follow a similar thermal (TGA/DTA) decomposition pat-
tern. In compound 2, for example, a loss between 468 and 623X is observed,
corresponding to formic acid and the macrocyclic ligand. Between 623 and
1087 K a second loss that corresponds to the remaining formic acids and
one nitrate and the partial decomposition of other nitrate is also seen. The
weight of the residue corresponds to EuONOs. The composition of this resi-
due is consistent with that observed for other macrocyclic lanthanide com-
plexes.'®!” The simple and similar pattern of the thermal diagrams of our
six complexes is consistent with pure compounds.

NMR Spectroscopy
(A) 'H NMR

The [16}-ANE-N, ligand was dissolved in CDCl; and then mixed with dg-
DMSO in order to record its spectrum. 1, 2, 3, 4 and § were dissolved in
dg-DMSO.

Figure 2(a) and (b) show the 'H NMR spectra at 300 and 343K,
respectively, of a concentrated (0.05M) solution of the erbium(III)
compound. At 300K, the integration between 1.35 and 2.35ppm corre-
sponds to 8H assigned to beta-CH. At 2.49ppm the DMSO signal is
observed. The peak centered at 2.55 integrated for 2 protons, which were
assigned to 2NH of the macrocyclic ligand. Between 2.75-3.40 and 3.57—
4.40ppm the signals correspond to 10H and 6H assigned to alfa-CH. A
doublet which corresponds to 1H (CH) of the formate ligand is observed
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between 8.25 and 8.45ppm. There is a broad singlet between 8.45 and
8.75 ppm, which is consistent with 2H (NH) of the macrocyclic ligand. We
suggest that the shifting of these protons might be due to the paramagnetism
of the metal ion. A variable temperature study was performed from 300 to
343K. The spectrum at 343K looks quite different from that at 300K, the
beta-CH are observed at 1.52, 1.76 and 2.03 ppm, the alfa-CH at 3.04, 3.34,
3.55 and 3.75ppm. The NH at 2.54 and 8.57 ppm and the formate appears
as a doublet at 8.20 and 8.30 ppm. The shifting of the signals can be ascribed
to a change in the conformation of the macrocyclic ligand in the compound.
After heating the solution to 343 K, the samples were left until they reached
room temperature again and the spectra were recorded. This spectrum was
the same as that recorded before heating, thus showing a kinetically and
thermodynamically stable compound.

Studies of the same type were performed for the other lanthanide com-
plexes, which showed similar behavior. Therefore we can snggest that 1, 2
and 4 are kinetically and thermodynamically stable in DMSO solution.

The *H spectra of 1, 2, 4 and 5 show a similar pattern. The main peaks are
collected in Table 1.

(B) 13C NMR

The *C NMR spectra of the Nd(III), Eu(III) and Er(III) complexes at
300K (90.6 MHz) showed several peaks. The main peaks are collected in
Table II. The previous assignation was confirmed by a DEPT (Distortion-
less Enhanced by Polarization Transfer) study.'?®® The erbium complex

TABLE I 'H NMR (ppm) in de-DMSO at 300K of the mononuclear lanthanide(IIT)
macrocyclic polymeric complexes: [Ln(16-ANE-N)(NO1)(CHO,),(CH20.).].

Compound  beta-CH,  alfa-CH, -NH ~-NH HCOOH HCOOH
(D20 exchange)
[6)) 161,175 3.23 2.07 2.07 1.95 8.04%+
3.30 245 245
3.40-3.70 8.04% 8.04
(3] 1.60,1.77 3.0-3.35 2.05 2.05 1.95 8.04%+*
3.45-3.80 2.07 207
2.9-3.35%*% 29-335%*
8.04* 8.04*
) 1.71,2.08 3.28 201 345 4.08 8.19
3.33 3.46 8.59 8.29
3.60-3.90 8.62
5 1.60,1.72, 3.30,3.63, 2.55 8.30
1.90, 3.70,
2.05 3.75 8.56 8.30
220

*NH in the methine region; **NH in the alfa-methylene region.
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TABLE II 'C NMR (ppm) in 4x-DMSO at 300K of the mononuclear lanthanide(IIT)
macrocyclic polymeric complexes: [Ln(16-ANE-N )Y(INO;)(CHO,),(CH:0,).].

Compound B-CH, o-CH, HCOOH HCoOo
1 30.05, 29.08, 28.56, 45.26,45.82 163, 162.87
28.49, 28.40, 27.89, 45,91, 46.04,
27.65, 26.55 46.21, 46.48,
46.59
2 30.20, 29.20, 45.94, 46.16, 162.82
28.71, 28.63, 28.55, 46.33,46.71
27.96, 27.81, 26.69
5 25.46, 20.60, 18.46 47.73, 50.39 153.40
55.68

showed a singlet at 153.40 ppm which was assigned to HCOO whereas those
of Nd(III) and Er(Ill) compounds around 163ppm corresponded to
HCOOH ligand.

Computer Simulation of the Molecules

The simulations of the monomer and the polymer molecules of NdJ(III),
Gd(III) and Er(III) were made with a force—field method,'” based on the
classical principles of considering atoms as points joined by springs with
characteristic parameters defined by empirical analysis.

According to the results obtained by the above mentioned method, the
minimum energy configurations support coordination numbers of eleven,
twelve and eight for Nd(III), GA(III) and Er(III), respectively. These coordi-
nation numbers have also been observed for other macrocyclic lanthanide
compounds.>!5 1858 Selected values of distances, angles and torsion angles
for these compounds are given in Tables III-V. The calculated bond
lengths, angles and torsion angles show significant differences among the
NA(I11), GA(III) and Er(I1I) compounds.

For the three compounds, the obtained metal—nitrogen bond lengths are
within the reported values for other lanthanide complexes.’® In the com-
plexes reported in this paper, the Ln—N bond lengths are longer than the
Ln-O distances calculated for the molecular unit, as observed for other
complexes.'® However, in our complexes the Ln~N distances show impor-
tant variations, indicating distortion of the macrocycle which imposes pecu-
liar configurations to the molecules in each case, (see Figure 3(a)—(c) and
Tables III-V). '

These results explain why these compounds are stabilized as polymers.
From other experimental Ln—N distances reported in the literature,
specifically for Ln—cyclen,'®® and Ln-hexacyclen'® complexes, it has
been observed that distances in Er—cyclen complex are between 2.46 and
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TABLE I Selected bond lengths, bond angles, torsion angles of the monomeric unit of
NdJ{II) compound

Bond lengths (A) Bond angles (°) Torsion angles (°)

N2-Nd1-N3 942

N2-Ndi-N4 169.6

N2-Nd1-N$ 93.6

N3-Nd1-N4 89.7

N4-Nd1-N5 825
NdI-N2 2.39 Nd1-N2-C9 111.1 C14-N4-Nd1-029 62.1
Ndi-N3 241 Nd1-N3-C12 1111 C14-N4-Nd1-024 90.8
Nd1-N4 2.65 Nd1-N4-Cl12 68.1 C14-N4-Nd1-N2 95.2
Nd1-N5 241 Nd1-N5-C17 1108 C14-N4-Nd1-035 1219
Nd1-033 2.27 N4-Nd1-026 70.7 C14-N4-Nd1-037 —89.5
Nd1-032 233 °  N4-Nd1-032 832  Cl4-N4-Nd1-026 67.0
Nd1-037 247 N4-Nd1-024 857  Nd1-N2-C20-C19 —61.9
Nd1-024 2.52 N4-038-029 414  Ndi-026-N6-028 —136.2
Nd1-035 2.55 032-033-Nd1 650  Nd1-026-N6-027 1109
Nd1-029 2.40 Nd1-024-025 1410  C20-C19-C18-N$ -57.0
Nd1-026 2.54 N5-Nd1-024 724  N3-Ci12-Cl13-Cl4 85.5

N3-Nd1-033 800  Cl12-C13-Cl4-N4 -57.6

029-Nd1-026 244  Cl4-N4-C5-Cl6~ -158.3

032-Nd1-037 29.1 030-N7-029-Nd1 1259

N3-Nd1-032 88.7

N5-Nd1-035 71.1

TABLE IV Selected bond lengths, bond angles, torsion angles of the monomeric unit of
Gd(IIT) compound

Bond lengths (A) Bond angles(°) Torsion angles (°)

N2-Gd1-N3 87.6

N2-Gd1-N4 168.0

N2-Gd1-5 87.2

N3~Gd1-N4 93.7

N4-Gd1-N$ 929
Gd1-N2 2.54 Gd1-N4-C15 115.5 C15-Gd1-033-N6 159.4
Gd1-N3 2.37 Gd1-N2-C20 124.9 C15-Gd1-N5-C12 20.7
Gd1-N4 2.38 C17-N5-Gdl 1208 C15-Gd1-N2-C20 -238
Gd1-N5 2.50 C9-N2-Gdl1 114.7 C15-Gd1-N3-C17 -82
Gd1-033 24 Gd1-037-C24 144.2 C12-C13-C14-N4 525
Gd1-034 2.36 N2-Gd1-034 355 Gd1-C9-N7-029 167.9
Gd1-037 2.54 037-Gd1-033 27.8 Gd1-025-N8-027 -17
Gd1-030 2.39 034-Gd1-N3 92.7 Gd1-027-N8-025 1.7
Gd1-027 2.28 033-Gd1-N2 91.6 Gd1-C13-C14-N4 126
Gd1-025 231 033-Gd1-039 154.8 Gd1-C19-C20-N2 ~126
Gd1-039 2.61 033-Gd1-027 126.7 Gd1-C16-C17-N5 14

033-Gd1-N5 95.1 N2-C9-C10-C11 —80.2

N3-Gd1-030 83.6 N3-C12-C13-C14 —~69.1

027-Gd1-025 528 N4-C15-C16-C17 68.2

025-Gd1-028 27.4 N5-C18-C19-C20 64.4

Gd1-037-030 69.2 C17-N5-C18-C19 139.9
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TABLE V Selected bond lengths, bond angles, torsion angles of the monomeric unit of

Er(III) compound
Bond lengths (A) Bond angles (°) Torsion angles (°)
N2-Er1-N3 86.4 N4-Er1-N3-Cl1 -84
N2-Erl1-N4 176.5
N2-Erl1-N5 90.7
Erl-N2 2.30 N3-Erl-N4 94.2
Erl-N3 2.32 N4-Er1-N5 87.7 N4-Er1-N5-C17 —176.0
Erl-N4 2.33 027-Er1-022 169.1 N4-Er1-N2-C8 —149.7
Erl-N5 2.49 027-Er1-N2 82.3 N4-Er1-N3-C10 -135.6
Frl1-027 2.25 N2-Er1-022 98.2 N4-Er1-N5-C16 79
Eri-022 234 N4-Er1-027 94.2 N5-Erl-N14-Cl14 19.7
Erl-024 224 027-Er1-N3 87.7 N5-Er1-N2-C19 19.8
Er1-026 2.21 N4-Er1-021 85.3 N4-Er1-N2-C19 83.5
N2-C8 1.47 Er1-022-C21 1210 N5-Er1-N2-022 180.0
N3-C10 1.48 Erl-N3-Cl1 115.7 N6-027-Er1-022 50.9
N4-Cl4 1.48 Erl-026-N7 102.5 028-027-Er1-Na -76.1
Erl-N7 2.82 Er1-C12-Cl11 63.9 Erl1-N2-C19-C18 —62.9
Er1-023 3.32 C19-N2-Erl 112.1 Fr1-N5-C16-Cl15 12
Er1-C18 3.51 Er1-C9-Cl10 63.5 Er1-N3-C10-C9 —63.4
Erl1-C19 3.17 Er1-N4-Cl14 110.6 Er1-024-N7-026 9.9
Eri—C9 3.55 C16-N5-Frl 125.6 N5-Erl-N4-C13 150.5
N5-Cl11 1.51 C16-N5-Erl 125.6

()

FIGURE 3(a)
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®)

FIGURE 3(b)

2.51A, in the case of Er—hexacyclen complex they are between 2.51 and
2.61 A, and in the case of the Nd—hexacyclen complex they are between 2.65
and 2.75 A. It is interesting to note that in Ln-(DOTA) derivatives'*** and
related compounds,'® the experimental Ln—N bond lengths are within the
same range.

If we compare these distances with our calculated results, in the case of
the Er(III)-tetraazacyclohexadecane they are found to be 2.30 and 249A
and in the case of the Nd(III)-tetraazacyclohexadecane they are between
2.40 and 2.65 A. In our case these distances are shorter and the range among
the distances is larger. This could be the result of the extra methylene groups
between the nitrogen donors in the macrocycle. Therefore, this ligand
acquires different conformations'! from those of cyclen and cyclen-deriva-
tive ligands. The distorted arrangement prevents stabilization of the mono-
mers; in addition the versatile mode of coordination of nitrate!>**18 and
formate!>* ligands contribute to stabilize these compounds as polymers.
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© o2 &8

FIGURE 3(c)

FIGURE 3 (See Colour Plate at back of issue.) Perspective view of the molecular structure
of the elemental unit of (a) Nd([16]-ANE-N,)(INO3);3CH,0,, (b) GdA([16}-ANE-N)(NOs):4
CH,0; and (¢} Er(]16)- ANE-Ng(NO3)(CHO,), as visualized by Cerius.

The molecular mechanics calculations for our complexes are similar to
those reported by ab initio calculations for Gd(DOTA) derivatives.'®

As mentioned in the experimental section, the molecular weight determi-
nations indicate that these compounds are polymers; therefore, the mini-
mum energy configurations were also performed for the polymeric
compounds and the structures of the polymers built. Figure 4 is an example.
From these results the intermolecular metal-metal distances are found to be
6.98, 7.35, 7.56 and 7.89 in the case of the neodymium compound. For the
gadolinium compound the distances are 4.64, 7.94, 10.63 and 12.31. In the
case of the erbium complex the distances are 5.97, 7.11, 7.72 and 13.81 A. As
can be seen, the metal-metal distances vary significantly within the same
polymeric compound and also among the different polymers. This supports
the fact that the polymers are not linear and that each one keeps its own
properties.
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FIGURE 4 (See Colour Plate at back of issue.) Perspective view of the molecular structure
of the polymeric compound (a) [NA([16}-ANE-N)(INO3)3;3CH,02], as visualized by Cerius.

This could be an explanation of the unusual magnetic properties found
for these lanthanide complexes, which will be discussed below.

EPR Spectroscopy

The powder X-band EPR spectra at 4.2K were recorded for NA(III),
Gd@ID, TbdM) and Er(IIl) complexes. From all these spectra, it is
important to note that the spectrum of the neodymium compound covers
the whole field studied, namely from 0 to 10,000 G, while for the rest of the
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lanthanide ¢omplexes the features appear in the range 0 to about 5,000 G.
The spectrum of the neodymium compound (Figure 5) is the only one that
shows hyperfine splitting, even though all the other nuclei have a nuclear
spin abundance higher than that for neodymium.'® From these considera-
tions, we may suggest that the observed splitting must be due to a
superhyperfine interaction between the paramagnetic neodymium and the
nitrogen ligands.

The spectrum may be described as axial with g, = 2.7 (linewidth = 200 G),
and g = 0.9 (linewidth = 600 G). Only the parallel component shows super-
hyperfine splitting. Thus, the Hamiltonian that describes the spectrum is:

H = BS.gyH, + Bg. (SxHy + S,H,) + 4;S. L,

where the first and second terms correspond to the axial electronic Zeeman
interaction and the third term corresponds to the superhyperfine interac-
tion, where A stands for the superhyperfine coupling constant. The simu-
lated spectrum yields 4;=0.0567cm™' and may be indicative of an
interaction between the nitrogen orbitals and those of the neodymium ion.
The sequential broadening of the superhyperfine features with increasing

[

06

04

simulation

arbitrary units
o
o

experimental

04 |-
06 L P - 4 1 " ] L 1 M | 3
0 2000 4000 6000 8000 10000
H (Gauss)

FIGURE 5 Powder EPR spectrum at 4.2K of the mononuclear neodymium(III) macrocyclic
polymer.
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applied magnetic field is indicative of g-strain broadening.?® The Nd(III) is a
Kramer ion in which g, > g has been observed in compounds in which the
J=9/2 manifold lies lowest for the doublet ground state,”® which is con-
firmed in our case.

The terbium and erbium complexes at 4.2K have a highly asymmetric
feature without hyperfine splitting, which is indicative of a highly aniso-
tropic crystal field, as expected.?>12>

The gadolinium complex at 42K shows a typical axial spectrum with
g;=6.1 (linewidth=200G), and g, =1.9 (linewidth =500G) (Figure 6).
The spectrum was simulated with the following Hamiltonian:

H = (3S.gyH; + fg. (SxHx + SyH,)

The simulation counsidering a Lorentzian line shape fits well with the
experimental spectrum. In this complex the anisotropy in g (Ag=4.2) is
substantially larger than that found in the neodymium species (Ag=1.8),
which may be due to a larger zero-field splitting in gadolinium.

simulation

experimental

arbitrary units

-

(i 2000 - 4000 6000 8000 10000
H (Gauss)

FIGURE 6 Powder EPR spectrum at 4.2K of the mononuclear gadolinium(IIT) macrocyclic
polymer.
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Magnetic Susceptibility

The magnetic properties also provide insight on the chemical bonding of
these new mononuclear lanthanide(III) macrocyclic polymers. Magnetic
susceptibilities for each compound were measured, and the molar magnetic
susceptibility corrected from diamagnetic contribution (xme:) Was used to
determine the experimental effective magnetic moments (je) of the com-
pounds by pegr=2.828(xXmac* T)'/% The results are shown in Table VI. The
calculated values were obtained according to the equation, Meg=
glJ(J + 1)]'/%. These polymeric compounds show some important differences
to the calculated magnetic moments, normally expected for Ln(III) com-
pounds.®*%° In order to understand this unusual magnetic behavior, we
studied the magnetic susceptibility as a function of temperature and mag-
netic field for the gadolinium and europium complexes to give insights into
their magnetic properties and the nature of their chemical bond.

For most of the trivalent lanthanide jons the ***'L; free ion ground state
is so well separated in energy from the first excited state that only this
ground state is thermally populated at room temperature and below.

Gadolinium The ground state arising from the 4/ configuration is Sy,
Since L =0, there is no spin—orbit coupling. Furthermore, the first excited
state is located at some 3 x 10*cm™" above the ground state. The zero-field
splitting within this ground state is very weak (of the order of 1072cm™)
and not detectable with magnetic measurements except at very low tempera-
tures. Thus the magnetic susceptibility for gadolinium is almost isotropic
and follows the Curie-Law xT=Ng?8>S(S+ 1)/3k, in this case yT=
2INB*k=7.88cm®>Kmol™'?® However, we obtained xT=28.91 cm’K
mol~! at room temperature in a Faraday balance (and 9.5 cm® K mol~! with
a SQUID magnetometer). Because of this unexpectedly large magnetic
value, the gadolinium(IIl) compound was synthesized and characterized

TABLE VI Effective magnetic moments, pg {(BM) of the mononuclear
lanthanide macrocyclic polymeric compound

Compounds Hesr
Experimental Calculated
Nd([16]-ANE-N)(NO3):3CH0, 3.88 362
Eu([16]-ANE-N,)(NO;);:4CH,0, 3.40 3.61*
Gd([16)-ANE-N4)(NO;):4CH,0; 8.91 7.94
To([16}-ANE-N4g)(INO;);2CH,0,CH,CN 9.72
Er([16)-ANE-N)(NO3),(CHO,) 8.54 9.57
Lu(f16}FANE-N,)(NO;);CH,0,3CH,CN 0.0 0

*The p . was calculated by mixing of the ground and the highest levels.
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again and the magnetic moment was reproduced. The measurement was
repeated with a SQUID magnetometer as a double check. From Figure 7
there can be observed an example of Curie— Weiss behavior which was fitted
by using 6, =—1.44K. This is indicative of a very low antiferromagnetic
behavior. The plot of x7 vs. T(Figure 8) shows this behavior. The high
observed value for the product xT could be interpreted in terms of a spin—
spin exchange coupling mechanism due to the branched polymeric nature of
the compound.

Europium The free-ion excited states are thermally populated for euro-
pium(III). The F ground term is split by the spin~orbit coupling into seven
states 'F), with J taking the integers values from 0 to 6.°>%” In this case, the
spin—orbit coupling parameter is of the order of 300cm™’, quite small
indeed. The effective magnetic moment of 3.40 BM found for compound 2 is
very close to that reported for Fu(III) ions by Van Vleck,?” who considered
the mixing of ground and higher energy terms as well as the independent

T J T v T y T M T T T T T
Data: Gd~
250 % Model: Curie-Weiss 7
| fit Chi-square=0.00011 4
20 Levenberg-Marquardt algorithm
| H=500 G i
£=1.9069
i $=3.8664::0.01422 A
g 18 -9, ~1.439670.02956 K
£ L ¢ -
g
=1or -
0.5 m
0.0 I m
L ] . 1 : 1 L 1 . 1 R 1
0 50 100 150 200 250 300
TEMPERATURE (K)

FIGURE 7 Molar magnetic susceptibility vs. temperature of the mononuclear gadolinium
(IIT) macrocyclic polymer.
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FIGURE 8 XT product vs. temperature of the mononuclear gadolinium(IIT) macrocyclic
polymer.

term of temperature. As for other Eu(III) compounds, our europium(III)
complex does not show Curie—Weiss behavior.>?*? In Figure 9 we show
x~! vs. T, where the linear part of the curve extrapolates to negative Weiss
8., from room temperature to about 150 K. Nevertheless, the plot of M vs.
H, Figure 10, shows a superparamagnetic behavior which increases at
low temperature, thus indicating a ferromagnetic nature of the powder
compound.

Luminescence
Emission Spectrum

The emission spectrum of the mononuclear europium(Ill) compound 2
(Figure 11) was obtained by irradiating the sample at a constant excitation
wavelength of 393 nm, that is, exciting to the 5L (395 nm) level and emission
lines Dy — "Fy, Dy — "F;, Do — 'F; and *Dy — 'F, were observed. These
four transitions are normally observed in europium(IIl) compounds, and
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FIGURE 9 Inverse of the molar magnetic susceptibility vs. temperature of the mononuclear
enropium(III) macrocyclic polymer.
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FIGURE 10 Magnetization vs. magnetic field of the mononuclear curopium(IIl) macro-
cyclic polymer.
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the intensity and multiplicity have served to elucidate the environment of
the europium site.

The transition Dy — ’Fy (577—581nm) is a nondegenerate forbidden
transition which gains intensity through J-mixing in C,, C, and C,,, symme-
tries.! The multiplicity of this signal can be used to diagnose the site sym-
metry around the metal ion.?® The signal cannot be split by any crystal field;
therefore, the number of peaks in this region of the spectrum is indicative of
the number of non-octahedral emitting species in the sample, which is the
number of different species in the compound. In our Eu(III) complex, a
medium broad band is present around 580 nm. The considerable width of
this band which is common in polymeric compounds, suggests that more
than one peak comprises the signal which indicates more than one coordina-
tion environment around the metal centers in the polymer. The latter can be
inferred from Figure 4 and the related discussion which indicates that the
arrangement of the elemental units in the polymer is not linear and that the
metal centers do not have exactly the same symmetry sites. Although, it is
not possible to assign a specific symmetry site for the europium complex,
our evidence suggests the existence of a single polymeric compound.

The transitions: °Dg— 'F; (585-600nm) and the *Dg—’F, (610-
625nm) observed in 2 can be taken as evidence that the metal ion is not on
an inversion center in this complex. The origin of these bands has been
already discussed.’!*

The transition Do— 'F, (680-710nm) is sensitive to the environ-
ment of the europium(III) ion. Compound 2 shows a broad and slight struc-
tured band at 300K and for this reason it was studied at 20K. It did
not change at low temperature, suggesting that the broadness of this signal
is due to the polymeric nature of the sample and not to vibronic transitions
or impurities.

Intrinsic Emission Spectrum

It has been established that intrinsic emission is an important aspect in lan-
thanide coordination compounds because it reflects the metal-ligand inter-
actions.”” In the europium(III) compound, 2, discussed in this paper,
we observe a significant intrinsic emission. When the Eu(III) compound is
excited at 393nm, a very broad band at 436nm is observed, which was
assigned to an intrinsic emission (Figure 11), since the free macrocyclic
ligand exhibits no emission spectrum nor do the other ligands. This emission
is a particular feature of compound 2 where, energy transfer between the
metal ion and the ligands occurs. The elemental units are joined through the
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FIGURE 11 Emission spectrum of the mononuclear europium(IIl) macrocyclic polymer
at 300K.

formates, nitrates and the macrocyclic ligand forming a nonlinear mono-
nuclear polymer, one metal ion per one macrocyclic ligand in each elemental
unit (see Figure 4). Intrinsic emission was also observed in the previously
studied dinuclear polymeric compounds of Eu(III) and Th(III),'* two metal
ions per one macrocyclic ligand in each elemental unit, with intramolecular
bonds between the metallic centers in the elemental unit and the inter-
molecular bonds among the metallic centers in the polymer responsible for
the observed intrinsic emission.’* Hence, the intermolecular interactions
among the metallic centers of the elemental units in the mononuclear
macrocyclic complex give rise to the intrinsic emission, supporting the
proposed nature of the polymer. From analysis of the whole emission
spectrum, we conclude that the metal centers in our europium(1II) polymeric
compound are not in equivalent sites.

CONCLUSIONS

The results reported in this paper show the first preparation of mononuclear
lanthanide(IIT) polymeric compounds formed with the [16]-ANE-N,4 macro-
cyclic ligand. Each lanthanide compound showed specific and unusual
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magnetic properties which were assigned to the particular arrangement of
the elemental units in each polymer. The magnetic behavior of the obtained
complexes and the emission spectra of compound 2, give evidence of the
branched nature of these polymers. Due to the characteristic emission spec-
trum of 2 we conclude that the europium centers are not in equivalent sites.
The EPR spectrum of Nd(III) and NMR spectra of Er(IIl) compounds are
indicative of the covalent character in the chemical bonding.

The results of the calculated molecules for the elemental units and for the
polymers, by means of the force—field method support the magnetic and
spectroscopic findings of the prepared complexes and our proposals.

From all the previous results, then, we propose that the 4 f~electrons par-
ticipate with a substantial covalent character in the chemical bonding of
these novel complexes.
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