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Two novel mononuclear neodymium alkoxides [Nd{OC-
(C14H11So)}s(thf)s]-thf (9) and [NA{OC(Cy6H13S)}s(thf)s]-thf
(10) have been prepared by the reaction between
Nd[N(SiMes),]3 and the tertiary alcohols HO-C(C14H{4S5) (3)
and HO-C(C¢H13S) (4). The geometry around the neodym-
ium metal is almost octahedral with a facial ligand arrange-
ment similar to [Nd{OC(CgHsS,)3}3(thf)s]-4thf (5), [Nd{OC-
(C4H3S)3}a(thf)s]thf (7) and ErfOC(C4H;S)sls(thf); (8) (X-ray
diffraction on single crystals). The cyclic voltammograms of
a series of neodymium and erbium alkoxides indicate that
the electrochemical properties are essentially dominated by
the organic ligands. In comparison to the carbinols HO-
C(CsHsS,)5 (1), HO-C(C4H3S); (2), HO-C(C14H11S5) (3) or
HO-C(C16H13S) (4), the oxidation peak potentials of the thi-
enyl units for the neodymium alkoxides [Nd{OC(CgHsS,)3}3-
(thf)s]-4thf (5), [Nd{OC(C4H3S)s}5(thf)s]-thf (7), [INd{OC-

(C14H11So)}s(thf)s]-thf (9) and [NA{OC(C16H135)}5(thf)s]-thi
(10) are marginally shifted towards higher values by 0.03-
0.10V, whereas for Er[OC(CgHsS,)3]3(thf) (6) and Er-
[OC(C4H;3S)5]5(thf); (8) a decrease of these potentials is no-
ticed. Repetitive cyclic voltammetry does not generate poly-
meric films for 7-10, as found for the free organic ligands 2—
4. Contrarily, the mononuclear precursors [Nd{OC(CgHsS,)3}3-
(thf);]-4thf (5) and ErfOC(CgHsS,);]5(thf) (6) are electro-oxid-
ized and electro-active polymer films are obtained and char-
acterized. To investigate the positions of the excited states of
the ligands, emission spectra of the carbinols 1-4 have been
recorded. The luminescence studies of the neodymium alk-
oxides reveal an energy transfer from the ligand to the metal
centre with a remarkable Nd emission efficiency upon ligand
excitation in the case of 5.

Introduction

During the last two decades, the photophysics of tri-
valent rare earth compounds have received much atten-
tion.['"2! Indeed, these types of materials are used in many
applications, for example as optical signal amplifiers,”! la-
sers,™ or as luminescence probes in biological systems and
ceramic clusters.’’) Unfortunately, trivalent lanthanide ions
have an intrinsic small molar absorption coefficient in the
UV/Vis/NIR spectrum due to their parity-forbidden intra-
configurational 4f—4f transitions. However, upon coordina-
tion with organic ligands acting as “antenna”, leading to a
transfer of absorption and transmission energy to the rare
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earth ion and thus increasing their luminescence efficiency,
lanthanide ions coordinated by large ligands are promising
candidates.®!

Investigations on transition metal complexes containing
thiophene-derived ligands have demonstrated that these
compounds possess attractive physico-chemical properties
and reactivities.”-'% Indeed, compounds with electron-rich
backbones are used for their high conductivities or electro-
luminescence.l'!l In contrast, lanthanide compounds inter-
acting with thiophene-functionalized ligands have been ex-
plored less in the past than their transition metal analogues,
but are nowadays receiving more and more attention, in
particular for their use as luminescent materials.['>-1¢] In
fact, effective emission from rare earth compounds contain-
ing thienyl substituents as chromophores has been recently
reported. These thiophene derivatives are promising candi-
dates as sensitizers.[142:17-20]

Our own efforts have focused on the synthesis of novel
lanthanide compounds containing ligands with thiophene
substituents,?'1 which are electrochemically active and can
even be electropolymerized in some cases.[>?l Moreover, the
compounds presented in this paper are assumed to be very
efficient as luminescent materials due to the lack of groups
like OH or NH in the ligand sphere, which usually lead to
quenching processes in the case of lanthanide ions emitting
in the NIR range.['a.23-26]
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In a previous paper,?!l we have presented the syntheses
and crystal structures of a series of rare-earth methoxides
of Nd'™! and Er'™ functionalized with thienyl substituents.
We now add the syntheses of two new neodymium alk-
oxides, their structural characterisation and report on the
electrochemical and photoluminescence properties of a
whole series of Nd and Er compounds.

Results and Discussions

The lanthanide alkoxides 5-8 were synthesized by follow-
ing the procedure described previously by the reaction be-
tween M[N(SiMes),]s (M = Nd3*, Er**) and the thiophenic
tertiary alcohols HO-C(CgH5S,)3 (1) or HO-C(C4H3S); (2)
according to Scheme 1.1

In this article two new derivatives of neodymium are pre-
sented. In comparison to 5 to 8 they have less thienyl and
more phenyl substituents.

[Nd{OC(C14H1 ISZ) } 3(thf)3]'thf (9) and [Nd{OC-
(Cy6H3S)}5(thf)s]-thf (10) were synthesized by reacting
three equivalents of the carbinols and one equivalent of silyl
amide [Nd{N(SiMes),};] in tetrahydrofuran for two days at
room temperature (Scheme 2). After concentration of the
solutions, blue air-sensitive single-crystals of 9 and 10 were
obtained in 60 and 34 % yield, respectively. Despite this col-
oration, which is most probably due to the weak f-f transi-
tions of the neodymium metal centres, the UV/Vis spectra
display only strong absorptions at 237 and 232 nm, respec-
tively, attributed to the m—mn* transitions of the aromatic
groups.

+  M[N(SiMe3),]s

. hf
+  M[N(SiMes),]3

Scheme 1. Synthesis of the rare earth thienyl methoxides 5-8.
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The '"H-NMR spectrum of 9 recorded in CDCl; exhibits
only broad peaks, probably due to the paramagnetic char-
acter of the neodymium metal centre. The broad signal at
7.3 ppm, which integrates for 21 H, is attributed to the fif-
teen hydrogen atoms of the phenyl groups and the six 5-H
of the thienyl units. Another aromatic signal, at 6.9 ppm,
integrating for 12 H, corresponds to 4-H and 3-H of the
thienyl groups. The spectrum displays four other broad sig-
nals at 3.7, 1.8, 1.2 and 0.8 ppm due to the different hydro-
gen atoms of the tetrahydrofuran molecules, with or with-
out bonding to neodymium. As noticed for the other neo-
dymium alkoxides (5, 7 and 9),>!1 the '"H-NMR spectrum
of 10 displays broad signals at room temperature in CDCl;.
Three aromatic signals are present at 7.3, 6.9 and 6.7 ppm.
The first one, which integrates for 33 H, corresponds to the
three 5-H of the thienyl units and to the thirty protons of
the six phenyl groups. The second and the third ones, inte-
grating each for 3 H, are attributed to the 4-H and 3-H of
the thienyl groups, respectively. The remaining other signals
at 3.6, 1.7, 1.2 and 0.8 ppm are assigned to the different
hydrogen atoms of the tetrahydrofuran molecules ligated or
not to the metal centre.

X-ray Structure Determinations of the Rare Earth Thienyl-
Substituted Methoxides

According to the X-ray diffraction studies presented in
our previous paper,?!! the coordination spheres around the
metal centres are approximately octahedral for
[Nd{OC(CsH5S5)5}5(thf)s]-4thf  (5), [Nd{OC(C4H;5S)5}5-
(thf)s]-thf (7) and ErfOC(C4H5S);]5(thf); (8), whereas a tet-
rahedral geometry around the erbium ion was established
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Scheme 2. Synthesis of the neodymium thienyl-substituted methoxides 9 and 10.

for ErffOC(CgHsS,);]5(thf) (6). Single-crystal X-ray struc-
ture determinations were also performed for compounds 9
and 10, which both crystallize at 5 °C from tetrahydrofuran
as blue crystals. Selected bond lengths and angles are sum-
marized in Table 1. Unfortunately, for 10 the differentiation
between the thienyl and phenyl groups is difficult. This may
be attributed to the fact that the crystallization process has
taken place with a disordered arrangement of the thienyl
and phenyl groups.

Table 1. Selected bond lengths [A] and angles [°] for 9 and 10.

9 10
Nd-O(1) 2.184(4) 2.178(4)
Nd-0(2) 2.635(4) 2.595(6)
o(1)-C(1) 1.388(6) 1.397(7)
O(1)-Nd-O(1)  100.0(2) 102.1(2)
O(1)'Nd-0(2)  93.2(2) 90.4(2)
0(2)-Nd-0(2)  73.6(2) 76.9(2)
C(1)-O(1)-Nd  168.9(4) 173.9(4)

The structure determinations of 9 and 10 confirm the
formation of mononuclear compounds with an approxi-
mately octahedral geometry around the neodymium atoms.
The metal centres are surrounded by three phenylbis(2-thi-
enyl)methoxido or diphenyl(2-thienyl)methoxido ligands
and three tetrahydrofuran molecules in a facial arrange-
ment (Figure 1). The molecules are situated on threefold
axes in the crystals. Additional thf molecules are in the lat-
tice with no interaction with the central molecules. The
overall structures are similar to that of [Nd{OC-
(CsHsS2)515(thf)s]4thf (5), [Nd{OC(C4H;S)s}5(thf)s] thf
(7),21 Sm(0-2,6-iPr,C¢Hs)5(thf);?”!  and  Sm(02,4,6-
MG3C6H2)3(thf)3.[28] The Nd*OC(C14H1182) and Nd-OC-
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(C16H,5S) distances are in the range of 2.184(4) A (9) and
2.178(4) A (10) comparable to those obtained for [Nd{OC-
(CsHsS5)s15(thf)s]-4thf (5) [2.193(5) Al, [Nd{OC(C4H;8)3}5-
(thh);]thf  (7) [2.186(1) ALPY  Nd(OCtBu,CH,PMe,);
[2.174(2) A],2 or for the five-coordinated neodymium in
Nd(tritox);(CH;CN), [2.149(5)-2.171(5) A].B% The Nd-
O(thf) distances range from 2.635(4) A (9) to 2.595 A (10)
and compare with those found for [Nd{OC(C4H;S)s}s-
(thf)s]thf (7) [2.620(2) AJ2Y or [Nd5(p3-OrBu)y(py-OrBu)s-
(OrBu),(thf),] [2.661(4) A].BY The O-Nd-O bond angles
for 9 and 10 are in the range of those observed for
[Nd{OC(C4H;S)5}5(thf);]thf (7).2'] Nevertheless, some
variations of angles compared to those in [Nd{OC-
(CsHsS,)3} 5(thf)5]-4thf (5)!1 can be rationalized by the
weaker steric repulsion exerted by the ligands in 9 and 10.

Figure 1. Molecular structures of [Nd{OC(C4H;;S,)}5(thf);]-thf
(9) and [Nd{OC(C,cH5S)}s(thf);]-thf (10). Thf lattice molecules
and hydrogen atoms are omitted for more clarity. For 9, the sulfur
atoms S(2) are found in two split-positions [S(2A) and S(2B)]. For
10, the thienyl and phenyl units are found in different positions
[S(1) and S(2)] as well as the carbon atoms of the thf.
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In conclusion, these structural studies demonstrate that
a variation of the number of thienyl groups of the meth-
oxides does not affect the nuclearity and geometry around
the neodymium metal centre. Only some minor variations
of the bond lengths are noticed, whereas the angle values
are somewhat more affected due to the different steric bulk
of the ligands.

Electrochemical Studies

Nowadays, the electropolymerization of thiophene and
its derivatives is a well-established routine technique to gen-
erate polymeric films on the surface of electrodes or semi-
conducting surfaces.[3?7331 Since the last decade, the incor-
poration of transition metal centres into the polythiophene
film has emerged as interesting extensions, thus combining
the intrinsic properties of transition metal ions with those
of polythiophenes. One method to achieve the generation
of metal-containing polymers consists in the elaboration of
thiophene-functionalized ligands, which are subsequently
coordinated to a transition metal and are finally electropo-
lymerized in the last step. For example, Beley et al. coordi-
nated thiophene-functionalized terpyridines on Ru!l. The
electropolymerization of the resulting chelate complexes
lead to the generation of an electroactive layer, which could
be deposited on the electrodes.'”! The groups of Wolf et al.
and Constable et al. demonstrated in a series of papers the
possibility to electropolymerize thiophene-functionalized
complexes of Os', Pd" and Aul.l’-834 Others used more
simple model compounds to study the influence of the
metal on the oxidation process. For example, Lin et al. have
synthesized some ferrocenyl-Pd/Pt complexes with thio-
phene spacers. They found that oxidation of theses com-
plexes leads to a voltammogram where the wave of ferro-
cene is shifted to negative values. This shift is due to a delo-
calization of electrons from the metal on ferrocene over the
spacer.[*3 The influence of a metal on the position of the
oxidation waves of metal-containing polymers was also ad-
dressed.[7-8:36-37]

In contrast, the electropolymerization of suitable lantha-
nide complexes is barely documented.['?l Therefore, it ap-

peared tempting to probe whether our thiophene-function-
alized complexes 5-10 are electrochemically active and may
be used as precursors for electropolymerization studies. To
evaluate the influence of the lanthanide(III) ion on the tar-
geted polymeric materials, we used both spectroscopy and
electrochemistry as tools. Unfortunately, the interpretation
of the results obtained with these two techniques was not
trivial to rationalize (spectral broadening, additional elec-
trochemical peaks).

The values of the peak potentials for the organic ligands
1, 2, 3 and 4 and its derived rare earth alkoxides 5-10 are
given in Table 2.

Organic Ligands 1-4

The cyclic voltammogram of 1 at 100mVs™' (or at
500 mVs!) shows two oxidation waves at 0.92 and 1.68 V
(or 0.97 and 2.02 V) (Figure 2, a). The first peak potential
is attributed to the oxidation of the dithienyl units forming
the radical cation;*® the second could be assigned to the
oxidation of the radical cation leading to a dicationl*2-3°P]
and/or to the oxidation of the oligomers formed during the
polymerization process. The intensity of the first oxidation
peak appears very weak compared to the second one. This
phenomenon has been already observed for the compound
5,5'-bis([2.2]paracyclophanyl)-2,2'-bithiophene.[*?! In our
case, the high intensity and the shape of the second oxi-
dation wave seem to indicate an adsorption process on the
working electrode.?* The reduction wave at 0.38 V (or
0.56 V) corresponds to the reduction of the dication and/or
of the oligomers and this at —-0.25V (or -0.39 V) to the
reduction of the carbocation. Indeed, during the oxidation
process, some H™ are liberated and can react with the carbi-
nol to form a stable carbocation (Scheme 3).1*?! The electro-
chemical studies of 1 are in agreement with those obtained
in previous experiments.[>240]

The oxidation of 2 between —0.50 and +2.00 V on a plati-
num electrode at 100 mVs™! leads to an irreversible wave
(Figure 2, b) at 1.48 V. This peak is assigned to the oxi-
dation of the thienyl units and the value is in agreement
with other compounds containing thienyl units (for exam-

Table 2. Values of standard potentials or compounds 1-10 in dichloromethane (vs. Ag/AgClO,4) deduced from cyclic voltammetric mea-

surements.
Compounds 100 mVs! 500 mVs!

Epa [V] Eye [V] Eya [V] Eue [V]
HO-C(CgH5S,); (1) 0.92141, 1,681 0.381¢1, _0.25(d 09760, 2,021 0.56¢1, —0.39I
[Nd{OC(CsHsS,)s ! 5(thf)]4thf (5) 0.950, 1,411 0.95¢ _0.4211 1,130, 1,550 0,891, 0,461
Er{OC(CsHsS,)5]s(thf) (6) 0.81E1, 1,190 0,641 _0.66[4 0.79%0, 1,220 0,661, —0.641
HO-C(C,H.S); (2) 14801 ~0.20 15001 ~0.2114
[Nd{OC(C4H:S)s} 2(thf)s]thf (7) 1,530l - 15981 ~0.271
Er[OC(C4H:S)5](thf); (8) 1.39%] 0.3 1 4401 0,374
HO-C(Cy4H,,S,) (3) 1.430 0,191 1,660 0,201
[Nd{OC(C,4H,,S,)} 5(thf)s]-thf (9) 1,530 0,191 177 ~0.26[41
HO-C(C,¢H,S) (4) 16411 0,201 17280 0,17t
[Nd{OC(C,H,39)} 5(thf)s]-thf (10) 16612 0,10 17980 ~0.211

[a] Oxidation of the thienyl units forming the cation radical. [b] Oxidation of the radical cation leading to a dication and/or oxidation of
the oligomers. [c] Reduction of the dication and/or of the oligomers. [d] Reduction of the carbocation.
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Figure 2. Representative cyclic voltammograms recorded on a
platinum electrode in a dichloromethane solution containing a) 1
(1073 M) b) 2 (1073 M) and [NBuy][PF¢] (0.1 M), vs. Ag/AgClO,, scan
rate 100 mVs™.

Scheme 3. Formation of carbocation by protonation and water ab-
straction from HO-C(CgHsS,); (1).

ple 3,4-propylenedisulfanylthiophene).[*'1 A second wave is
observed on the cyclic voltammogram at —0.20 V and corre-
sponds to the reduction of the carbocation generated dur-
ing the process. By repetitive oxidation of a solution of 2,
no formation of a polymeric film was observed. This find-
ing may be explained by the difficulty in generating a stable
radical cation with thiophene units.[4>3

The behaviour of 3 or 4 towards oxidation is similar to
what is observed for 2. The oxidation peak is located at
1.48V for 2, 1.43V for 3 and 1.64V for 4 at 100 mVs .
The introduction of phenyl group(s) instead of thienyl
group(s) does not lead to a significant variation of the oxi-
dation values. Therefore, it can be concluded that the elec-
tronic effects of the phenyl or thienyl groups in the electro-
chemical behaviour of these types of compounds are quite

Eur. J. Inorg. Chem. 2010, 879-889
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similar. Nevertheless, compared with 1, the oxidation peak
potentials of 2-4 are shifted towards higher values. Indeed,
generally, extending the length of a m-system results in a
decrease in the oxidation potential.[7>-4]

Rare Earth Alkoxides 5-10

Neodymium Alkoxides

The cyclic voltammogram of 5 at 100 mV s~! exhibits oxi-
dation waves assigned to the bithienyl units and two re-
duction waves are measured which are attributed to the re-
duction of the dication or to the reduction of the oligomers
and to the reduction of the carbocation (see below). The
same observations have been made at 500 mVs!. No oxi-
dation or reduction waves due to the metal centre have been
observed. The oxidation peak of 5 is shifted towards higher
potentials, compared to the oxidation peak of 1. There are
two factors which may contribute to this shift: the inductive
effect of the metal and the change in the interannular conju-
gation within the structure of the metal alkoxide.!”"!

When the potential is cycled with compound 5, at
500 mVs~! for example, the deposition of a material on the
electrode is observed (Figure 3, a) via the coupling of the
a-position of the terminal dithienyl rings.l’ From the sec-
ond cycle, a new oxidation wave at 0.40 V is present due to
the oxidation of an unknown product formed during the
cycling. The resulting thin film obtained after five cycles is
characterized by an electrochemical experiment in a solu-
tion containing only the solvent and the supporting electro-
lyte, without monomers. It displays an electroactive charac-
ter analogous to polythiophene,*®#7 with a broad revers-
ible peak at an average potential of 1.23 V and a reduction
wave at —0.70 V assigned to the carbocation (Figure 3, b).
The presence of the carbocation indicates a de-coordination
of the neodymium alkoxide. However, no further proofs
confirming a metal deposition in the polymer film can be
added at this time. Nevertheless, when comparing the inten-
sity of the oxidation wave of 5 and the intensity of the re-
duction wave of the carbocation, we can conclude that only
a small part of the metal is eliminated. The curves shown
in Figure 3 (parts a and b) are characteristic of the forma-
tion of electroactive polythiophene polymers.[*23848 Note
that an oxidation wave at 0.13 V is observed corresponding
to an unidentified species formed during the deposition.

The cyclic voltammograms of 7, 9 and 10, at 100 mV s},
lead again only to an irreversible peak due to the oxidation
of the organic ligands and a reduction wave due to the re-
duction of the carbocation (excepted for 7: the lifetime of
this species is not long enough to be reduced during the
experiment at this scan rate). No polymeric film is obtained
during the cycling in accordance with their corresponding
carbinols.

The oxidation values of the metal derivatives are margin-
ally increased in comparison with the carbinols 1-4 (by
0.03-0.10 V, see Table 2). We can conclude that a weak elec-
tronic transfer inside the molecule exists.’?>1% In our case,

www.eurjic.org 883
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Figure 3. a) Repetitive cyclic voltammetry recorded on a platinum
electrode in a dichloromethane solution containing 5 (103 M) and
[NBuy][PF] (0.1 M), vs. Ag/AgClOy,, scan rate 500 mVs!; b) cyclic
voltammogram of polymeric 5, prepared by five oxidation-re-
duction cycles on a platinum electrode at 500 mV's™!, in dichloro-
methane [NBuy][PF¢] (0.1 M), vs. Ag/AgClO,, scan rate 500 mVs!.

the electron-rich groups have a donor-effect on the neodym-
ium leading to a more difficult oxidation process of the di-
thienyl or thienyl heterocycles.

Erbium Alkoxides

The cyclic voltammogram of erbium compound 6 dis-
plays at 500 mVs! (or at 100 mVs™!) two oxidation waves
at 0.79 and 1.22V (or 0.81 and 1.19 V) corresponding to
the oxidations of the dithienyl units, as well as two re-
duction waves at 0.66 and —0.64 V (or 0.64 and —0.66 V)
due to the reduction of the dication and/or of the oligomers
and the carbocation, respectively. No oxidation or re-
duction waves at the metal centre have been obtained. Con-
trarily to the neodymium alkoxide S, the oxidation peak is
shifted to lower values in comparison with compound 1.
When the potential is cycled at 100 or 500 mVs™, a poly-
meric film on the platinum electrode is deposited (see Sup-
porting Information). From the second cycle, a new oxi-
dation wave (-0.41 V at 500 mVs!) is present due to the
oxidation of an unknown product formed during the cy-
cling. The resulting thin film obtained after four cycles at
500 mVs! is characterized by an electrochemical experi-
ment in a solution containing only the solvent and the sup-
porting electrolyte, without monomers. It displays, as its
neodymium analogue (see above), an electroactive character
with a broad reversible peak at an average potential of
1.02V and a reduction wave at —0.64 V assigned to the

884 www.eurjic.org
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carbocation (see Supporting Information). As mentioned
above for 5, the observed carbocation implies again a de-
coordination of the erbium alkoxide. Moreover, an oxi-
dation wave at —0.12 V is observed corresponding to an un-
identified species formed during the deposition.

The cyclic voltammogram of the erbium compound 8 at
100 mVs™' (or at 500 mVs') shows an irreversible oxi-
dation wave at 1.39 V (or 1.44 V) attributed to the oxidation
of the thienyl and a reduction peak at —0.32 V (or -0.37 V)
due to reduction of the carbocation.

By comparison with the carbinols 1 and 2 and contrarily
to the results obtained for the neodymium alkoxides, the
oxidation values of the bithienyl (6) or thienyl (8) units are
shifted towards lower values (0.14 and 0.09 V, respectively).
Again, an electronic transfer inside the molecules is present.
But here, the erbium metal centres have a donor-effect giv-
ing rise to an easier heterocycle oxidation process which
translates as a decrease of the oxidation potentials.

Luminescence Studies

Recently, several studies have demonstrated that thio-
phene-derived ligand systems can be promising candidates
for sensitizer chromophore in lanthanide compounds.['’-2%
In these examples, the complexes possess a conjugation be-
tween the donor (the ligand) and the acceptor (the lantha-
nide ion). But in our case, the conjugation is interrupted by
the methoxido group and no interaction via m-conjugation
between the thiophene units and the lanthanides are present
(spatial distance from the aromatic groups to the metal:
ca. 5 A). Therefore, it was intriguing to study, if, in these
conditions, an antenna effect is possible or not.

All luminescence spectra were recorded in the solid state
to limit the dissociation of the compounds during the mea-
surements. Nevertheless, the investigations of Er-
[OC(CgH;sS,)3]5(thf)  (6) and  Erf[OC(C4H;S);]5(thf); (8)
could not be performed due to a photodegradation during
the experiments, indicated by a colour change of the erbium
alkoxides.

Carbinols

First the carbinols were investigated to get more infor-
mation about the ability of the methoxido ligands to act as
chromophore and about the position of the electronic ex-
cited states.

The luminescence spectra of the compounds HO-
C(CgH5S,)3 (1) and HO-C(C4H3S)5 (2) are depicted in Fig-
ures 4 and 5. Both compounds show broad emission bands
which can be assigned to m*—m transitions of the thienyl
units. The maxima are located at about 488 and 538 nm (1)
as well as at 430 nm (2), respectively. As expected, the red
shift of the maxima of 1 compared to those of 2 is due to
the increased size of the m-system in the latter.°! Excitation
spectra are also shown in Figures 4 and 5. The excitation
spectrum of 2 has a maximum at 356 nm, while for com-
pound 1 two maxima at about 423 and 464 nm were found
with emission detection at energies of the two emission
bands. This clearly shows that these emission bands do not
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belong to one thiophenic unit, but must be assigned to two
units with different conformations with regard to one an-
other.

Intensity

— T T T ' — T T T T
300 350 400 500 550 600 650 700

A [nm]

T
450

Figure 4. Room temperature solid-state luminescence spectra HO-
C(CgH5sS5); (1). Left: excitation spectrum, 4., = 470 nm; Centre:
excitation spectrum, 4,,, = 560 nm. Right: emission spectrum, A,
=400 nm.
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Figure 5. Room temperature solid-state luminescence spectra of
HO-C(C4H5S); (2). Left: excitation spectrum, A, = 410 nm.
Right: emission spectrum, /., = 280 nm.

The luminescence behaviour of 3 or 4 is quite similar to
what is observed for 2 (n*—m transitions of the thienyl and
phenyl units). The emission maxima are located at 430 nm
for 2, 402 nm for 3 and 392 for 4: the introduction of phenyl
group(s) instead of thienyl group(s) leads to a blue shift of
these emission bands.

Neodymium Alkoxides

Room temperature emission spectra of [Nd{OC-
(CsHsS5)3}3(thf)s]-4thf (5) and [Nd{OC(C4H;3S)3}5(thf);]-
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thf (7) in the NIR range upon excitation of the ligands (see
below) are depicted in Figure 6. Typical Nd** 4>—4f> tran-
sitions are detected which can be assigned to emission from
the excited *%F;, state to (around 900 nm),
“I11» (1070 nm), and “I;55» (1350 nm) ground states (the
same observations have been made for 9 and 10, see Sup-
porting Information).[’%32 Compared to the pure inorganic
Nd compounds, the bands are relatively broad and no crys-
tal field splitting is resolved. The clear spectrum is typical
for an “antenna effect”, resulting in an energy transfer from
the ligand to the lanthanide centre.’3! No ligand emission
bands could be detected in the visible region of the spec-
trum leading to the assumption of relatively efficient energy
transfer processes.

4I9/2

Intensity

)
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A}
1)
L}
\}
L]
L
L}
L}
L}
\
.
)

.

T 4 T T L T v
800 1100 1200 1300 1400

A [nm]
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900 1000 1500

Figure 6. NIR solid-state emission spectra at room temperature for
compounds 5 (dotted line) and 7 (solid line), 4., = 373 (5) and
347 nm (7).

The respective excitation spectra monitoring the
4F3,—*1,,,» transition (Figure 7) consist of bands corre-
sponding to Nd3* f-f transitions, as well as broader bands
due to the ligand transitions (the same observations have
been made for 9 and 10, see Supporting Information). The
maxima and assignments of the compound 7 are listed in
Table 3. Due to the multiplicity of excited 4f states in the
visible region, some transitions to different states are not
resolved and, again, the bands are relatively broad com-
pared to doped compounds.’¥ The ligand bands are lo-
cated at 373 nm (5) and 345 nm (7), respectively. Due to the
larger m-system, the maximum for 5 is at lower energy.[*"]
For 9 a similar value as for 5 (375 nm) is found whereas 10
has a maximum at 360 nm (see Supporting Information).

The energy transfer from the ligand to Nd is proven by
the presence of ligand excitation bands while monitoring
the Nd emission. Moreover, the differences of the relative
intensities of the ligand and Nd excitation bands give fur-
ther information about the energy transfer efficiency. For 7
(or 9 or 10 see Supporting Information), the intensity of
the Nd 4f bands is much higher than those of the ligand
bands. Therefore, Nd emission intensity is more important
if exciting Nd directly than exciting the ligands, especially
885
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Figure 7. Solid-state excitation spectra at room temperature for
compounds 5 (dashed line) and 7 (solid line), 4,,, = 1070 nm.

Table 3. Maxima and assignments of Nd3* {-f transitions of 7.

Transitions Wavelengths [nm]
Hop—*Fap 884
Lo—*Fspp 822
Hop—>*Fp 746
Ho—>*Fop 682
419/2—>4GS/2/2G7/2 585
Top—>*Grp0p”Kisp 530, 512
419/2—>4G9/2/ K 1572 436
419/2—>4Gl 12! 21)1/2 420

because 4f-4f transitions are forbidden and, thus, rather
weak. On the other hand, the absence of ligand emission
shows that the energy transfer is not inefficient or the ligand
emission is fully quenched. As the latter is not very prob-
able, the Nd emission may be rather quenched by some
amount after ligand excitation, but not after Nd excitation.
The situation is different in the case of 5, where the exci-
tation ratio I(ligands)/I(Nd) is much higher, showing a
much more efficient Nd emission after ligand excitation.
The reason for this is not known, and we are not able to
investigate the mechanism due to the lack of equipment to
measure lifetimes in the NIR range. The mechanism is,
however, most probably of the Forster type due to the large
spatial distances between the ligands and the Nd ions which
are in the range of 5 A.5! In general, the observation of
Nd NIR emission bands after ligand excitation shows the
applicability for the present ligands in this context due to
the lack of high-energy phonons.[>%

Conclusions and Perspectives

The reaction between the carbinol diphenyl(2-thienyl)-
methanol (3) or phenylbis(2-thienyl)methanol (4) and the
neodymium silyl amide yields the mononuclear alkoxides
[Nd{OC(C4H;S,)}5(thf);]'thf  (9) and  [Nd{OC-
(C16H3S)}5(thf)s]-thf (10), respectively. We have shown that
886

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the geometry around the neodymium metal centre is almost
octahedral with a facial ligand arrangement in accordance
with [Nd{OC(CgHsS,);}3(thf);]-4thf (5) and [Nd{OC-
(C4H38)3}5(thf);]thf (7).

The physico-chemical investigations of the series of neo-
dymium or erbium methoxides containing thienyl substitu-
ents have shown that the electrochemical properties are
above all dominated by the organic ligands. The repetitive
cyclic voltammetry of [Nd{OC(CgHsS,)s}3(thf);]-4thf (5)
and Er[OC(CgHsS,);]5(thf) (6) leads to the formation of
polymeric films which have an electroactive character. The
oxidation values of the thienyl units are marginally in-
creased for the neodymium alkoxides or decreased for the
erbium alkoxides, in comparison with their corresponding
carbinols: therefore, from an electrochemical point of view,
the electronic transfers from metal to ligands or from li-
gands to metal are weak. Nevertheless, the luminescence
spectra of the Nd3* alkoxides exhibit an energy transfer
from the ligand to the lanthanide centre. The more ex-
tended 7 ligand system of 5 leads to a considerably more
intense Nd emission.

The examination of the physico-chemical properties of
the polymeric films obtained and their characterization by
AFM microscopy and other techniques are in progress.
Furthermore, an extension on the reactivity of these carb-
inols towards other lanthanides (Eu’*, Tb3*, Sm3*) is un-
derway.

Experimental Section

General: All reactions were performed under nitrogen atmosphere
in a Schlenk apparatus. The solvents (thf, diethyl ether, toluene
and benzene) were distilled from sodium and kept under nitrogen.
Dichloromethane was distilled from CaCl, and kept under nitro-
gen. Nd[N(SiMe;),]; and Er[N(SiMes)]5,07 tris(2,2'-bithienyl-5-
yl)methanol (1),* tris(2-thienyl)methanol (2), phenylbis(2-thienyl)-
methanol (3) and diphenyl(2-thienyl)methanol (4)°” were prepared
according to the literature. The '"H NMR spectra were recorded on
a Bruker ACF-NMR (200 MHz) or a Bruker Avance 400 spectrom-
eter (400 MHz, H,H-COSY). The UV/Vis spectra were obtained
on a Perkin—Elmer Lambda 35 spectrometer. Analytical data were
measured with a LECO CHN-900 instrument.

Cyclic voltammetric experiments were performed at room tempera-
ture on an Autolab PGSTAT 20 Potentiostat Galvanostat (Eco-
chemie) equipped with a three-electrode assembly with 0.1 M
[NBuy][PF¢] (TBAF) as supporting electrolyte and CH,Cl, as sol-
vent. The working electrode was a platinum disk of 1 mm in dia-
meter. It was polished consecutively with polishing alumina and
diamond suspension between the runs. The reference electrode was
Ag/AgClO4 (0.1 M in CH3CN). A platinum disk was used as an
auxiliary electrode. The solvent was freshly distilled and the solu-
tions were prepared under nitrogen atmosphere and purged with
N, before the first scan. The scan rates employed were 100 and
500 mV's~!. The concentration of the monomeric substrates was ap-
proximately 103 M. Under these conditions, the E,, of Cp,Fe*"*
was found to be 0.16 V (CH,Cl,) vs. an Ag/AgClO, reference.

Solid-state emission and excitation spectra were recorded at room
temperature on a Jobin—Yvon Fluorolog-3 spectrometer equipped
with a 1000 W Xenon lamp, two double grated monochromators
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Table 4. X-ray crystallographic and refinement data for 9 and 10.
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Compounds

[Nd{OC(C4H,;S5)} 5(thf)s]-thf (9)

[Nd{OC(C,sH,38)} 3(thf)3]-thf (10)

Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group
a[A]

b[A]

¢ [A]

al’]

i

7

Volume [A3]

Z

Pcalc [mg/mS]

4 [mm ']

F(000)

Crystal size [mm?)

Theta range for data collection [°]
Reflexion collected

Independent reflections

Completeness to ¢ = 28.31° (9) and 27.18° (10) [%0]

Absorption correction
Data / restraints / parameters
Goodness-of-fit on F?

Ce1HesNdO;S6 Ce7H71NdO;S;
1246.73 1228.66

180(2) 150(2)
rhombohedral trigonal

R3 P3lc

14.135(1) 14.602(1)
14.135(1) 14.602(1)
24.897(2) 15.893(1)

90 90

90 90

120 120

4307.8(3) 2934.9(3)

3 2

1.442 1.390

1.174 1.045

1929 1274
0.44x0.3%x0.25 0.31X0.28 X0.18
1.85 to 28.31 1.61 to 27.18
33002 59099

4775 [R(int) = 0.0378] 4365 [R(int) = 0.0546]
99.9 100.0
multiscan multiscan
477519/ 210 4365/ 1/ 174
1.720 2.049

Final R indices [/>2o([)] .
Largest diff. Peak and hole [e A3

R1 = 0.0515, wR2 = 0.1372
2.182 and -1.327

R1 =0.0595, wR2 = 0.1646
1.012 and —0.755

for emission and excitation, respectively, and a photomultiplier
with a photon counting system. The emission spectra were cor-
rected for photomultiplier sensitivity, the excitation spectra for
lamp intensity and both for the transmission of the monochroma-
tors.

Crystallographic Details: The data collection was performed on a
X8 ApexIl CCD diffractometer with Mo-K, radiation (4 =
0.71073 A). All structures were solved by direct methods and re-
fined by full-matrix least square methods on F> with SHELX-97.[60]
The plots of the molecular structures were drawn with the Dia-
mond software.[®!]

The crystal growth of all products started at 5°C and continued
during one week. No sign of decomposition during storage under
nitrogen was observed. Crystallographic data for the structure de-
terminations are listed in Table 4, relevant bond lengths and angles
are given in Table 1.

CCDC-748659 (for 9) and -748560 (for 10) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

INd{OC(C4H,;S;)}3(thf);]-thf (9): To a solution of three equiva-
lents of phenylbis(2-thienyl)methanol (1.009 g, 3.70 mmol) in thf
(20 mL) was added one equivalent of NdA[N(SiMes),]s (0.771 g,
1.23 mmol) in thf (25 mL). The mixture was stirred at room tem-
perature for two days. The solution was concentrated. Blue crystals
were obtained at 5 °C several days later. The isolated yield is 60%
(897 mg). '"H NMR (400.13 MHz, CDCl;): 6§ = 7.3 (br. s, 21 H, 5-
H, ¢-H), 6.9 (br. s, 12 H, 4-H, 3-H), 3.7 (br. s, 8 H, thf), 1.8 (br. s,
8 H, thf), 1.2 (br. s, 12 H, thf), 0.8 (br. s, 4 H, thf) ppm. UV/Vis
(190-1100 nm, CH,Cl,, 10°wm): 41 = 237nm (¢ =
650 X 10> M tem™). CqHesNdO;Se (1246.73): caled. C 58.87, H
5.21, Nd 11.56; found C 58.41, H 5.11, Nd 11.00.
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© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

INd{OC(C,6H3S)}3(thf);]-thf (10): To a solution of three equiva-
lents of diphenyl(2-thienyl)methanol (0.634 g, 2.38 mmol) in thf
(20 mL) was added one equivalent of Nd[N(SiMes),]; (0.496 g,
0.79 mmol) in thf (20 mL). The mixture was stirred at room tem-
perature for two days. The solution was concentrated. Blue crystals
were obtained at 5 °C several days later. The isolated yield is 34 %
(328 mg). 'TH-NMR (400.13 MHz, CDCl5): § = 7.3 (br. s, 33 H, 5-
H, ¢-H), 6.9 (br. s, 3 H, 4-H), 6.7 (br. s, 3 H, 3-H), 3.6 (br. s, 5 H,
thf), 1.7 (br. s, 6 H, thf), 1.2 (br. s, 10 H, thf), 0.8 (br. s, 12 H,
thf) ppm. UV/Vis (190-1100 nm, CH,Cl,, 10> mM): 2 =232 nm (¢ =
787x 10> M 'em™). CgH7 NdO,S; (1228.66): caled. C 65.43, H
5.77, Nd 11.73; no satisfactory elemental analysis could be ob-
tained due to the extreme sensitivity of 10.

Supporting Information (see also the footnote on the first page of
this article): Examples of cyclic voltammogram for the compounds
6-9; excitation and emission spectra of 9 and 10.
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