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The unique absorption properties of the 9-hydroxyphenalen-1-one
(HPHN) ligand have been exploited to obtain visible-light-
sensitizable rare-earth complexes in 1:3 and 1:4 metal-to-ligand
ratios. In both stoichiometries (1:3, tris, Ln(PHN);; 1:4, tetrakis,
AJLn(PHN),], with Ln being a trivalent rare-earth ion and A being
a monovalent cation), the complexes of Nd(lll), Er(lll), and Yb(lIl)
show typical near-infrared luminescence upon excitation with visible
light with wavelengths up to 475 nm. The X-ray crystal structures
of the tris complexes show solvent coordination to the central rare-
earth ion, whereas in the tetrakis complexes, the four PHN™ ligands
form a protective shield around the central ion, preventing small
solvent molecules from coordinating to the rare-earth ion, at least
in the solid state.

the triplet level of the ligand is situated slightly above the
accepting energy levels of the lanthanide ion (ideally about
1500 cnml). Because the accepting energy levels of the
visible luminescing lanthanides are all situated at relatively
high energy positions (typically between 17 000 and 23 000
cm™Y), it is obvious that the absorption bands of the antenna
are likely to be located in the UV region. By careful selection
of the antenna chromophore, however, it is possible to allow
visible light sensitizatiod! '* Earlier, we illustrated this for
red Eu(lll) luminescencé.

In this Communication, we show that the 9-hydroxy-
phenalen-1-one (HPHN) ligand is a good antenna for the
visible-light sensitization of near-infrared (NIR) emission in
rare-earth complexes. Additionally, we comment on the
influence of two different stoichiometries and look at the
effect of a solution versus a powdered sample.

The electronic absorption bands of the organic molecules  The chemical structure of the HPHN molecule is depicted
mostly used as ligands in coordination complexes of trivalent in Figure 1. It can be considered as a “polycycfictiiketone,
lanthanide ions are often situated in the ultraviolet (UV) part in which the large delocalization of theelectrons accounts
of the electromagnetic spectrunt. Direct sensitization of  for a shift of the absorption bands to longer wavelengths
rare-earth luminescence by excitation in the lanthanide’s 4f than those, for example, in dibenzoylmethahg-Diketones
levels is inefficient because of the small molar absorptivity are well-known as ligands for rare-earth compleXe&’
€ (typically lower than 10 M*' cm™), unless powerful Furthermore, the absence ofafH atom is beneficial for
excitation sources such as lasers are l§§&heref0re, the NIR luminescence because-& bonds in close proximity

large molar absorptivity of the organic ligands is often used to the rare-earth ion can easily deactivate the excited states
to absorb a great deal of light and transfer this energy to thein a nonradiative wayl2t

central metal ion. This process is known as trgenna
effect’~1° For this process to be efficient, it is important that
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Figure 1. Chemical structure of HPHN, including the numbering scheme.

To obtain complexes in a 1:3 metal-to-ligand ratio, 3 equiv
of the ligand HPHN was dissolved in ethanol containing a
few drops of a 30% ammonia solution at 8D. An ethanolic
solution of 1 equiv of the rare-earth chloride was added
slowly to this solution, and the resulting complex, obtained
as a yellow powder, was collected by filtration, washed, and
dried thoroughly. In the case of the 1:4 metal-to-ligand ratio,
4 equiv of ligand was used, with NaOH or NBH (Et =
ethyl) as the base. If one would use ammonia as the base i

the tetrakis reaction, the ammonium counterion would donate

a H atom to one of the ligands, resulting in the formation of
significant amounts of the tris complex. In the case of the
Na" and NE§* counterions, this cannot occur. This am-
monia—ammonium equilibrium has also been observed in
tetrakis rare-earth quinolinate compleXé®8oth synthetic
procedures (to obtain both tris and tetrakis complexes) yield
pure materials. No mixtures were formed.
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Figure 2. Molecular structure of the tetraethylammonium ytterbium(lIl)

I,{etrakis(phenalenonate) (the tetraethylammonium counterion has been

omitted for clarity).

diethyl ether into a dimethylformamide solution of the
complex. The X-ray diffraction data confirm the presence
of a tetrakis complex (Figure 2). The crystallized compound
has the composition NEYb(PHN),]-Et,O (PHN = 9-hy-
droxyphenalen-1-onate). The Yb(lll) ion is surrounded by
four PHN™ ligands and exhibits a coordination number of 8
with a strongly distorted quadratic antiprismatic coordination

Elemental analysis results of the tris complexes suggestsphere. The ligands are coordinated in a bidentate fashion.

the presence of small amounts of water in the compounds,

which is in agreement with the crystal structure that was
reported earlier for the Eu(lll) compléX However, also in

No evidence of solvent coordination to the central lanthanide
ion was found in the crystal structure. This indicates that
the water molecules found by CHN analysis are most likely

the case of the tetrakis complexes, the calculated andpresent as water of crystallization.
experimental elemental analysis results match only whenone  The complexes exhibit characteristic NIR luminescence

takes into account the presence of one to four water
molecules? Indeed, the materials were found to be hygro-
scopic.

Single crystals of tetraethylammonium ytterbium(lll) tet-
rakis(phenalenonate) were obtained by slow diffusion of
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upon excitation with visible light of 460 nm. This wavelength
corresponds to absorption from the ground state to the lowest
singlet level of the ligand. The absorption spectra of the tris
and tetrakis complexes look similar. This indicates that the
energy levels of the ligands are unaffected by the stoichi-
ometry of the complex. The combined absorption and
emission spectra of tetraethylammonium tetrakis(phen-
alenonate) complexes of Nd(lll), Er(lll), and Yb(lll) in
tetrahydrofuran (THF) are shown in Figure 3. In this figure,
the black solid line depicts the absorption spectrum of the
tetrakis Nd(lll) complex, whereas its emission spectrum is
shown as the blue solid line. It contains three characteristic
emission bands at 895, 1060, and 1335 nm, corresponding
to the*Fs, — “l; lines O = %5, Y5, and¥/,). The emission
spectrum of the Er(lll) complex is shown as the dotted red
line and exhibits one characteristic band at 1530 nm,
corresponding to thél 3, — 411512 line. Finally, the Yb(IlI)
complex, drawn as the green dashed line, exhibits one
emission band at 970 nm, corresponding to’fRg — 2F7»
line.

The luminescence decay times of the Nd(IAf4), Er-
(1) (“11312), and Yb(Ill) @Fsp) levels in Ln(PHN) and NE}-
[Ln(PHN)4 have been recorded in THF and dimethyl
sulfoxide (DMSO). The resulting values are given in Table
1. The order of magnitude of these decay times is comparable
with that of other rare-earth complexes in similar solvents,
although comparison of the decay time values of the tetrakis
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temperature, the dynamic nature of the complex was
evidenced by the appearance of peaks from the tris complex
Y(PHN)s. Integration of the peaks at equilibrium indicated
the presence of 11% of the tris complex and 89% of the
tetrakis complex. The luminescence decay times for the
solution measurements in Table 1 are, therefore, average
values. Evidence for the fact that the tetrakis complexes do
indeed show superior luminescent properties in comparison
to their tris counterparts is given by the observation of the
powdered samples. Although the increase in the lumines-
cence decay time from tris to tetrakis is not spectacular, it
is, nevertheless, significant (ranging from a 25 to 60%
increase). The reason why the difference is not that striking

. . . e could be found in the presence of-& groups in close
Figure 3. Combined absorption and emission spectra of tetraethylammo-

nium tetrakis(phenalenonate) complexes of Nd(Ill) (absorption spectrum
as the solid black line; emission spectrum as the solid blue line), Er(lll)
(emission spectrum as the dotted red line), and Yb(lll) (emission spectrum

proximity to the lanthanide ion: indeed, especially the H
atoms in the 2 and 8 positions on the ligand are rather close
to the rare-earth ion. Nevertheless, the decay time values of

as the dashed green line) in THF at room temperatusg € 460 nm;c ~

105 mol L% signals are not to scale). the tetrakis powders compare well to the previously reported

values of tetraphenylimidophosphinate (tpip) complexes,
indicating that the rare-earth ions are efficiently shielded from
the environment by the four PHNIligands?>2¢ The Nd-

(PHN); complex has been successfully doped into a thin film

Table 1. Luminescence Decay Times (in Microseconds) of the Nd(llI)
(*Fsr2), Er(Il) (Y132, and Yb(Ill) (Fsi2) Levels in Ln(PHN} (tris) and
NEu[Ln(PHN)4] (tetrakis) Complexes

Nd Er Yb . . . ) .
: . . _ : _ produced by polymer solution spin-casting techniques, yield-
s terakis Wis  tewrakis  tis  terakis 4 5 working organic light-emitting device and showing its
THF 0.70 0.73 1.50 1.54 9.12 9.31 . .
DMSO 143 134 542 253 15.6 16.1 In conclusion, we have shown that the HPHN ligand can

be used to sensitize NIR emission in rare-earth ions.
Furthermore, because of its large delocalization, the ligand
allows visible-light sensitization with wavelengths of up to

complexes in DMSO with those of tetraethylammonium rare- 475 nm. The drawback of the dynamic nature of the
earth tetrakis(5, 7-dichloroquinolinate) complexes in the same complexes in solution could be overcome by using solid-
solvent indicates that the tetrakis(phenalenonates) are slightlystate processing techniques. The luminescence decay times
superior (quinolinates: Nd(lIl) 1.18s, Er(lll) 2.30us, and of the tetrakis powders compare well to the excellent times
Yb(lll) 15.6 us)?* of the tpip complexes published earlier.
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