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ABSTRACT: Gas-phase measurements using mass-spectrometric techniques allow w17 1 /(10301@") “
determination of the luminescence properties of selected molecular systems with 1 - ' — v
knowledge of their exact composition. Furthermore, isolated luminophores are
unaffected by matrix effects like solvent interactions or crystal packing. As a result, the
system complexity is reduced relative to the condensed phase and a direct comparison
with theory is facilitated. Herein, we report the intrinsic luminescence properties of
nonanuclear europium(III) and gadolinium(III) 9-hydroxyphenalen-1-one (HPLN)—
hydroxo complexes. Luminescence spectra of [Euy(PLN);s(OH),,]* ions reveal an
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europium-centered emission dominated by a 4-fold split Eu(IIl) hypersensitive 4 | l, L ¥as
transition. The corresponding Gd(III) complex, [Gdy(PLN),;(OH),o]", shows a broad  0-emduere VLW%M',“’W"MW
emission from a ligand based triplet state with an onset of about 1000 wavenumbers in %% 600 ;800 700 750
excess of the europium emission. As supported by photoluminescence lifetime [Eug(PLN)lG(OH)m]+
measurements for both complexes, we deduce an efficient europium sensitization via

PLN-based triplet states. The luminescence spectra of the complexes are discussed in terms of a square antiprismatic europium/

gadolinium core structure as suggested by density functional computations.
SECTION: Spectroscopy, Photochemistry, and Excited States

he high processability and cost effectiveness of lanthanoid exact stoichiometry of the noncovalent or coordination
coordination complexes make them attractive materials complexes studied. Compared with condensed-phase measure-
for a broad range of applications extending from light emittin% ments where the exact stoichiometry is often not known or

diodes' and plastic optical fiber amplifiers” to memory devices.

Some applications are affected by lanthanoid-specific restric-
tions. For example, the extremely low absorption cross sections
of the 4f—4f transitions of lanthanoid cations hinder their direct
optical excitation. For others such as time-resolved bioassays,
UV excitation is best avoided due to the strong absorption of
shorter wavelengths by nucleic acids, aromatic amino acids, and

regulated by equilibria, it also provides information on the
impact of the environment on the properties of the investigated
systems.

Our interest is presently focused on stable and discrete
polymetallic complexes because such systems may exhibit new

functions that depend on intermetallic communications.”” ">

reduced pyridine nucleotides.* In such cases, lanthanoid Polynuclear lanthanoid—oxo/hydroxo complexes obtained by
sensitization is best achieved via intramolecular energy transfer ligand-controlled hydrolysis of a lanthanoid salt are particularly
from efficiently visible light absorbing antennas complexed to interesting in this regard. In the present Letter, we contrast the
the weakly absorbing emitters. If the specific spectroscopic photophysical properties of the structurally similar
properties of the free lanthanoid ions are mostly retained upon [Eug(PLN),s(OH),]* and [Gdy(PLN),;(OH),]* complexes,
antenna complexation, they can nevertheless be fine-tuned via a each of which uses the light-harvesting properties of PLN

S o s . .
close control of the ions’ coordination shells.” Herein, effective ligands to different advantage.

sensitization o'f Eu(III) was achieve.d by making use of the [Eus(PLN),4(OH),,]Cl and [Gdo(PLN),;(OH),]Cl were
advantageous light harvesting properties of the deprotonated 9- synthesized as detailed in the Supporting Information. The

hydroxyphenalen-1-one ligand (PLN™) allowing effective ) ] ) ] :
sensitization at wavelengths extending from the UV into the experimental setup used is described in ref 13, with a short

visible region.6
This work is part of a systematic study of the intrinsic

overview provided in the Supporting Information.

properties of photoluminescent ionic chromophores in the gas Received: March 28, 2014
phase using mass spectrometric and, in particular, ion trapping Accepted: May 1, 2014
techniques.”® Inherent to this approach is the knowledge of the Published: May 1, 2014
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Figure 1. ESI mass spectrum in positive ion mode of the
[Eug(PLN),s(OH),0]" complex sprayed from a dichloromethane
solution (SYNAPT G2S HDMS, Waters).

An ESI mass spectrum of the europium compound is shown
in Figure 1. Photoluminescence measurements were performed
on the cation corresponding to the stoichiometry of
[Eug(PLN),4(OH)o]*. The compound probed in the gas
phase was completely free from contaminations due to smaller
nuclearities. Ion mobility measurements performed on
[Eug(PLN),4(OH)o]* using a separate setup (see Supporting
Information) revealed no indication of multiple isomers.

Structural information about [Euy(PLN),;(OH),,]* was
inferred from density functional computations. The X-ray
crystal structure determined for a similarly synthesized
[Tbe(PLN),((OH),o]* complex was used as the starting
point for the corresponding structure optimization (to be
published separately). Specifically, all solvent molecules were
removed from the unit cell and Tb(III) was replaced by
Eu(Ill). The optimization was performed without symmetry
restrictions using the B-P functional'* in combination with the
def2-SVP basis set'>' employing the TURBOMOLE program
package.'” The resolution-of-identity (RI) approximation was
applied in all ground-state energy calculations."'® The xyz
coordinates of the structure are provided as Supporting
Information.

The resulting structure is shown in Figure 2. The (Eu(III)),
core is hourglass-shaped with the central Eu(III) cation in a
square-antiprismatic coordination environment, a structural
motif well known for nonanuclear hydroxo—lanthanoid
complexes.'”™** [Euy(PLN),4,(OH),]* has two different Eu-
(II) coordination sites (see Figure 2). The central Eu(III)
occupies a highly symmetric (~D,4) site, whereas the remaining
eight Eu(Ill) ions are located on low local symmetry sites
(~C,,). Two sorts of PLN™ ligands are distinguishable: eight
pairwise stacked terminal ligands form a belt around (Eu(III)),
core, each binding to a Eu(III) cation in either the top or the
bottom of the hourglass core; the remaining eight PLN™ are
almost perpendicularly oriented with respect to each other and
bind two adjacent metal ions on the same square face at the top
and bottom of the hourglass (Eu(Ill)); core. Adjacent
europium ions in both square faces are also linked by one
#4—OH moiety, and each triangular face is additionally capped
by another y;—OH group.

The gas-phase luminescence spectrum of
[Euy(PLN),4(OH)o]* shown in Figure 3 reveals the character-
istic metal centered emission bands *D, — "F, (17 240 cm™),
D, = "F, (16920 cm™), D, — F, (16 010—16 320 cm™")
Dy — "F; (15 320 cm™) and D, — “F, (14350 cm™),
dominated by the hypersensitive D, — ’F, band. The weak
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Figure 2. (a) Molecular structure of the [Eug(PLN);(OH),,]* ion
computed at the RI-B-P/def2-SVP level: stacked terminal ligands
forming a belt around the ion center (orange), bridging ligands
(black), and hydroxyl groups (violet). (b) (Eu(II))," core (green)
with the first coordination shell (red oxygens).

nondegenerate *D, — ’F, transition at 17240 cm™' can be
indicative of the number of differently coordinated Eu(III)
ions.”® This feature is unimodal at the resolution of the
measurement, even though the cluster has two different Eu(III)
sites. The pseudo-D,4 symmetry of the central Eu(IIl) however
leads to symmetry-forbidden Dy — F, and D, — F,
transitions”” and, therefore, this central cation does not
contribute to these transitions (to first order). Consequently,
the strong hypersensitive band *D, — ’F, originates from the
eight outer Eu(Ill) ions. The intensity ratio of the Dy — 'F,
transition to the D, — ’F,, transition is found to be about 20.
Even if efficient sensitization of the central Eu(Ill) occurred
and a deviation from D 4 symmetry took place, its contribution
would nevertheless be diluted in those of the eight outer
europium ions. The D, — ’F, transition comprises four well-
separated subbands starting at 16010 cm™" with splittings on
the order of 300 cm™’, even though five subbands are expected
for C,, sites. Because our experimental resolution is limited, the
fifth band may be hidden or too weak to be detected. Note that
the total number of observed bands for the hypersensitive
transition is another indication of the presence of a single
isomer. Overall, the number of subbands, as well as their
intensity distribution, is in good agreement with the suggested
structure.
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Figure 3. Luminescence spectra of (a) [Eug(PLN),s(OH),,]" (55 W/
cm?, 476.5 nm, 83 K, corrected) with the hypersensitive band
measured at a higher resolution (inset) and (b)
[Gdy(PLN);,(OH)0]* (1975 W/cm?, 476.5 nm excitation, 83 K).

The high quality of the gas-phase [Eug(PLN),s(OH)o]*
luminescence spectrum suggests that the energy transfer from
the ligands to the europium centers is highly efficient. The
generally accepted sensitization pathway for Eu(Ill) complexes
involves the excitation of a ligand-based singlet state followed
by intersystem crossing into a ligand-based triplet state, which
is succeeded by a resonant energy transfer to levels belonging
to an excited state centered on an europium ion. For this
mechanism to be efficient, the ligand-centered donating level
needs to be nearly equal or slightly above the emitting level of
the lanthanide ion to prevent energy back-transfer to the
ligand-based triplet manifold.**** Other possible mechanisms
include a direct energy transfer from a ligand based excited
singlet state to the energy levels of the europium ion, although
the short lifetime of the sin§1et excited state typically prevents
efficient energy transfer,>* ™% or a direct photoexcitation of a
ligand based triplet state (with an extremely low grobability)
followed by energy transfer to the lanthanoid ion.?

A way to probe the energy of the ligand-based levels and to
assess the likelihood of their involvement is to measure the
phosphorescence spectrum of the analogous Gd(III) com-
pound.**7¢ Gd(III) cannot provide an appropriate acceptor
state for antennas in the near-UV/vis range because its first
excited state (°P;/,) lies ~32 000 cm™" above its ground state.
Hence, the chemical similarity of Gd(III) and Eu(IIl)—their
ionic radii differ by less than 1%-—allows the study of
intraligand phosphorescence for a ligand topology very close
to that of the actual Eu(Ill) complex. The measurement
performed on [Gdy(PLN),;(OH),o]" shows a strong emission
band extending from about 550 to 620 nm (Figure 3b) and is
attributed to phosphorescence from the lowest triplet state T
of the ligand. A more detailed explanation, that is, of the
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observed structured emission with peaks at ~16 270 and 17 610
cm™, requires further measurements and computations also of
homologues containing different numbers of Ln(III) ions and
PLN" ligands. These go beyond the scope of this Letter. We
note that such structure may reflect the two topologically
different PLN™ ligands or may be caused by excitonic states,
indicating strongly coupled ligands.>”~** The emission onset is
at ~18200 cm™!, ~960 cm™ above the D, emission level of
Eu(Ill) but also ~1000 cm™' lower than its D, 3-fold
degenerated level. The absence of detectable ligand-based
phosphorescence in the case of the Eu(Ill) complex as well as
the observation of only *D, — ’F; transitions suggests a
competitive energy transfer mechanism from the lowest ligand-
based triplet state directly to the D, level. The involvement of
the SD; sublevels, however, cannot be precluded.

In order to further characterize the emission of the
[Gdy(PLN),;,(OH),0]" and [Eug(PLN),4(OH);,]* complexes,
we performed luminescence lifetime measurements in the gas
phase. For this purpose, an ensemble of trapped ions was
pumped using a gated diode laser until a constant
phosphorescence level was reached. The luminescence decay
after gating the laser off is very well fitted by a monoexponential
decay.

Typical luminescence lifetime measurements for the
[Eug(PLN);4(OH);0)* and [Gdg(PLN),((OH),o]* complexes
are shown in Figure 4. The corresponding luminescence

14
2
‘»
c
g
£
el
Q
N
T
£
o
b4
0_

0 1 2 3 4
a time / (10%s)
(R
2z
‘»
=
g
£
el
(9]

N

T

E

o

P4

0_

b0 10 20 30 40 50 60

time / (10%s)

Figure 4. Luminescence lifetime measurements (black) of (a)
[Eug(PLN)4s(OH) 0]* (445 nm, gated 128 W/cm? 83 K) and (b)
[Gdy(PLN),,(OH),]* (445 nm, gated 128 W/cm? 83 K). The
intensity profile of the excitation is indicated in blue. The red curve is a
monoexponential fit to the data.

lifetimes at 83 K are 7, = 312 + 20 us and 7gq = 44 + 0.4 ms,
respectively. The more than one order of magnitude longer
phosphorescence lifetime measured for the Gd(III) complex
supports our interpretation of efficient (PLN)S, — (PLN)T,
— (Eu(Il))°D, energy transfer in the case of the Eu(III)
complex at cryogenic temperatures. In contrast, the Gd(III)
complex has no such relaxation path available and the PLN-

dx.doi.org/10.1021/jz500614x | J. Phys. Chem. Lett. 2014, 5, 1727—1731
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based triplet state lives correspondingly longer before decaying
by phosphorescence.

To conclude, we have reported experimental luminescence
measurements on nonanuclear Eu(IlI) and Gd(III) PLN-
hydroxo complexes in the gas phase. We have shown that mass
spectrometric techniques allow isolating stoichiometrically pure
substances that are unaffected by counterions and that have
well-defined charge states. Such measurements are not affected
by matrix effects like crystal packing, solvent, or medium
polarization effects and, therefore, enable direct comparison
with theory. The gas-phase luminescence spectrum of
[Eug(PLN),4(OH),,]* displays emission bands characteristic
of Eu(Ill) in low coordination sites. A more complete analysis
of the crystal field splitting for the [Euy(PLN),,(OH),0]*
complex with the support of quantum chemical calculations
will be given in a forthcoming paper. From the phosphor-
escence spectrum of [Gdy(PLN);c(OH),,]*, the energy of the
ligand-based triplet state was inferred to be ~1000 cm™" above
the emitting level of Eu(IIl). Corresponding lifetime measure-
ments support the involvement of such a state. Gas-phase
measurements like the ones presented here are likely to provide
useful information complementary to existing condensed phase
probes of molecular lanthanoid emitters because they can
unravel heterogeneous broadening and superposition phenom-
ena of various kinds.
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A description of the synthesis and experimental setup, the
emission spectra with abscissa (in cm™), an ion mobility
measurement, a solution spectra of both the Eu(III) and of the
Gd(III) compounds, and the coordinates of the
[Eug(PLN);4(OH),o]* structure. This material is available
free of charge via the Internet at http://pubs.acs.org.
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