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ABSTRACT: We present gas-phase dispersed photoluminescence spectra of europium-
(III) 9-hydroxyphenalen-1-one (HPLN) complexes forming adducts with alkali metal ions
([Eu(PLN)3M]+ with M = Li, Na, K, Rb, and Cs) confined in a quadrupole ion trap for
study. The mass selected alkali metal cation adducts display a split hypersensitive 5D0 →
7F2 Eu

3+ emission band. One of the two emission components shows a linear dependence
on the radius of the alkali metal cation whereas the other component displays a quadratic
dependence thereon. In addition, the relative intensities of both components invert in the
same order. The experimental results are interpreted with the support of density
functional calculations and Judd−Ofelt theory, yielding also structural information on the
isolated [Eu(PLN)3M]+ chromophores.

■ INTRODUCTION

Lanthanoid containing molecular complexes have found a wide
range of applications including organic electroluminescence,1,2

photovoltaic cell enhancement,3,4 and fluoroimmunoassays.5

Compared to standard chromophores, their emission is
relatively insensitive to the environment because it arises
from 4f−4f transitions. The effective shielding of the 4f
electrons by the filled 5s25p6 subshells as well as the parity
forbidden character of the electric dipole 4f → 4f transitions
govern the photophysical properties of lanthanoid emitters.6,7

This results in characteristic narrow-line emission bands,
relatively long luminescence lifetimes ranging from micro-
seconds to milliseconds,8 and extinction coefficients on the
order of 1 M−1 cm−1 for bare ions, 3−5 orders of magnitude
smaller than those of conventional organic chromophores.7 To
circumvent the ineffective direct excitation, organic or metal−
organic coordinative ligands characterized by a high molar
absorptivity are often used as light absorbing species with the
energy subsequently intramolecularly transferred to the
lanthanoid. This process is known as sensitization or the
antenna effect.7,9 The mechanisms proposed to account for the
sensitization of homonuclear lanthanoid complexes are typically
discussed in terms of localized ligand/lanthanoid based states.
For organic ligands, the most commonly accepted mechanisms

are electronic energy transfer from the triplet excited state of a
conjugated ligand via a Dexter-like10−16 or superexchange
mechanism;17,18 energy transfer involving intraligand charge
transfer (ILCT) states, either associated with a singlet excited
state pathway or collapsing to a triplet state acting as the
ultimate sensitizer state;19−25 and a stepwise double-electron-
transfer pathway between the ligand and the lanthanoid
(LMLCT), for the most readily reduced lanthanoids, e.g.,
Eu3+, Yb3+, Sm3+, and Tm3+.26−28 For transition metal
containing ligands there are additional possible mechanisms
including an energy transfer process involving triplet metal-to-
ligand charge transfer (3MLCT) states with the metal ions
sometimes additionally contributing to the efficient intersystem
crossing to the triplet state of the energy-donor via the so-called
“heavy atom effect”.1,29−34 In some cases relaxation to a metal
centered excited state also takes place and is followed by a
Förster like energy transfer to the lanthanoid ion.35−37

Sensitized Eu(III) typically emits from one of its two well
established emitting states, the 5D0 and

5D1 levels, respectively,
at 17 250 and 19 000 cm−1 compared to the 7F0 ground state.38
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Although some of the 4f → 4f transitions are electric
quadrupole or magnetic dipole parity allowed, the observed
intensities can only be accounted for by electric dipole
contributions.39−41 The relaxation of Laporte’s rule involves
noncentrosymmetric electric fields generated by the coordinat-
ing ligands, geometry fluctuations of the ligand shell/field
caused by vibrations, J-mixing or the mixing of states with
opposite parity involving, e.g., 5d orbitals or ligand
orbitals.42−49 The 9-hydroxy-phenalen-1-one (HPLN) ligand
was selected for its high absorption cross section ranging from
the near-UV to 475 nm in the condensed phase,50 its long-lived
(τ ∼ 25 ms) phosphorescence with origin near 17 350 cm−1,51

and its ability to coordinate lanthanoids and transfer energy to
coordinated europium atoms.52

This work is part of a systematic study of the intrinsic
properties of photoluminescent ionic chromophores in the gas
phase using mass spectrometric techniques.53 It aims at a better
understanding of the interactions between these chromophores
and their environment via direct comparison between measure-
ments and model computations, focusing in particular on
effects that allow the emission properties to be modified by
design. Inherent to this approach is the knowledge of the exact
stoichiometry of the noncovalent or coordinative complexes
studied. This is a significant advantage compared to solution
measurements for which the exact stoichiometry of the species
present is often not known and regulated by equilibria. The
present study is the first to make use of such mass
spectrometric capabilities to select and study the luminescence
properties of isolated europium complexes.
Different experimental setups have been developed for gas-

phase laser induced fluorescence measurements on trapped
molecular ions. They include ion cyclotron resonance cells,54,55

linear quadrupole traps,56 and quadrupole ion traps.57−60 Up to
now the focus has been almost exclusively on rhodamine and
similar organic fluorophore cations because of their high
fluorescence quantum yields, high absorption cross sections and
high photostabilities at commonly available laser wavelengths.
The present paper focuses on a range of photoluminescent
Eu(III) complexes cationized for mass spectrometric study by
adduct formation with alkali metal ions. Specifically, we have
studied how different alkali-metal ions influence the emission
properties of the respective adduct species. Systematic, alkali-
cation-dependent trends in the splitting of Eu(III) emission are
uncovered and related to ligand field effects with the help of
quantum chemical calculations.

■ EXPERIMENTAL AND THEORETICAL METHODS

Sample Preparation. All reagents and solvents used in this
study are commercially available and were used without any
further purification. Infrared spectra were recorded using KBr-
pressed pellets with a Perkin-Elmer Spectrum GX FT-IR
spectrometer. Elemental analyses were carried out on a Vario
Micro Cube.
Eu(PLN)3 was prepared as described before.52 Yield: 0.139 g

(51%). Elemental analysis (%) calculated for (C39H21EuO6·
3H2O): C, 59.09; H, 2.89. Found: C, 59.17; H, 3.44. FT IR
(KBr): 3432, 1631, 1588, 1561, 1521, 1428, 1425, 1402, 1385,
1347, 1257, 1242, 1181, 1139, 986, 852, 745, 484, 452 cm−1.
Na[Eu(PLN)4] and K[Eu(PLN)4] have not been previously

reported. They were prepared following a modified literature
procedure using Eu(H2O)6Cl3 instead of YbCl3 as used by Van
Deun et al. to prepare M[Yb(PLN)4].

61

K[Eu(PLN)4]: HPLN (0.2 g, 1 mmol, 4 equiv) was
suspended in EtOH (50 mL), and a solution of KOH (0.152
g, 2.7 mmol, 2.7 equiv) in 2 mL water was added. The
suspension was stirred and heated with an oil bath (T = 328K).
After 1 h, a solution of Eu(H2O)6Cl3 (93.3 mg, 0.254 mmol, 1
equiv) in EtOH was added. The reaction was allowed to
proceed overnight (17 h). The heater was then switched off and
the product was collected by filtration (after 5 h standing at
room temperature). The precipitate was washed three times
with 1 mL of water and dried at a membrane pump yielding
0.22 g of product (86%). Elemental analysis (%) calculated for
M·2H2O (C52H32EuKO10): C, 61.97; H, 3.20. Found: C, 62.12;
H, 3.26. FT IR (KBr): 3437, 1630, 1587, 1559, 1523, 1429,
1414, 1385, 1349, 1253, 1242, 1179, 1148, 985, 852, 844, 745,
481, 447 cm−1.
Na[Eu(PLN)4]: The reaction was carried out as described

for K[Eu(HPLN)4] but NaOH was used instead of KOH.
Yield: 0.2 g (81%). Elemental analysis (%) calculated for M·
H2O (C52H30EuNaO9): C, 64.14; H, 3.11. Found: C, 63.80; H,
3.20. FT IR (KBr): 3434, 1629, 1586, 1559, 1527, 1431, 1413,
1349, 1253, 1242, 1179, 1150, 986, 851, 745, 482, 450 cm-1.
The 1H NMR spectrum of a Eu(PLN)3 sample was measured

in DMSO-d6 (Figure SI-2, Supporting Information). In
comparison to the free HPLN ligand the proton signals of
the Eu(PLN)3 complex are shifted to higher fields. The four
resonances expected for PLN are observed, indicating that the
three PLN ligands in the complex are chemically equivalent. As
reported in the literature for Y-complexes of PLN, an additional
signal set is also observed with an intensity of one-ninth
compared to the Eu(PLN)3 signals.

61 This could be evidence of
the complex involvement in a dynamical equilibrium, these
signals being similar to those of the Na[Eu(PLN)4] complex. A
dynamical equilibrium involving DMSO and water adducts of
the Eu(PLN)3 complex, e.g., [Eu(PLN)3(DMSO)2] and
[Eu(PLN)3(H2O)2], is also possible.

Structure and Energy Level Modeling Using Density
Functional Computations and Judd−Ofelt Theory. The
structures of the complexes were initially explored at the PM6-
SPARKLE level.62 Following this first step, the structures and
the electron densities used for population analysis were
computed using density functional theory (DFT) employing
the B-P functional63 in combination with the def2-TZVPP basis
set64−66 as implemented in the TURBOMOLE program
package.67 The resolution-of-identity (RI) approximation was
applied in all calculations.64,68 A self-consistent-field con-
vergence threshold of 10−8 hartree and geometry convergence
thresholds of 10−8 hartree and 10−5 hartree/bohr for the total
energy and the Cartesian gradient, respectively, were used. The
numerical quadrature was performed on TURBOMOLE’s grid
5. These computations do not include spin−orbit coupling
effects nor do they allow for a direct assessment of the Stark
splitting of the europium energy levels by the ligand field.
Geometry optimizations have been carried out for both the 7F
and the 5D states and the structures are found to be in
reasonable agreement (about ±5 pm difference in Eu−alkali
and Eu−O distances). The xyz-coordinate files of all structures
presented in this work are provided as Supporting Information.
Due to the facts that the 5D state cannot be represented
properly by a single reference determinant and that the 7F state
appears to be qualitatively accessible via an unrestricted single
determinant Ansatz, the latter seems to be the preferred choice.
Therefore, in the following only results for the 7F ground state
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geometry of the molecules will be presented although the
emission originates from the 5D state.
A Eu3+ ion in free space has spherical symmetry, and each

energy level is characterized by its total angular momentum J,
which is (2J + 1)-fold degenerated. When Eu3+ is placed in a
ligand field, the degeneracy is at least partly lifted depending on
the point-group symmetry of the ion surroundings.69 To
simplify the resulting Hamiltonian, the ligands can be replaced
by point charges generating a ligand electrostatic field that upon
interaction with the 4f electrons induces a Stark splitting of the
corresponding spectroscopic levels. The ligand-field perturba-
tion that accounts for the experimentally observed splitting of
the 4f−4f hypersensitive band 5D0 → 7F2 can be expressed,
following Wybourne’s formalism, as HLF = ∑k,q,iBq

kCq
(k)(i) where

the Bq
k are ligand-field parameters, the Cq

(k) are components of a
tensor operator C(k) that transforms like the spherical
harmonics used for the analytical form of the 4f orbitals and
the summation involves all the 4f electrons of the ion of
interest. If one neglects the coupling to states of opposite parity
in higher lying configurations such as 4f(n−1)5d, the connected
angular momenta, l and l′, are equal to 3, and k is therefore
limited to the even values 0, 2, 4, and 6. As part of the total
Hamiltonian, HLF exhibits the same symmetry as coordinated
Eu3+ and q values are restricted to |q| ≤ k, with the cases |q| = 1
and |q| = 5 occurring only when there is no symmetry, as for C1.
Finally, the term with k = q = 0 can be neglected because it only
uniformly shifts all the levels in the configuration.69,70 The
McPHASE71 pointc module was used to calculate the relevant
real valued Wybourne normalized ligand-field parameters (Lkq,
appendix D.4 in ref 71) from the natural population analysis
(NPA)72 point charges computed using B-P/def2-TZVPP.
Point charge population analysis typically retains some arbitrary
character,73 and europium point charges were found to differ
from the expected charge (+3) independent of the point charge
model used. Therefore, the europium(III) point charge was
increased to +3 (the alkali charge was set to +1 although the
difference from the computed NPA charge is negligible) and
the compensating oxygen point charges were scaled corre-
spondingly so as to retain a total charge of +1 for the whole
complex. The Stark splitting of the 7F2 level resulting from this
ligand field as well as the related energy gaps were then
evaluated using the ic1ion module of McPHASE.71 Relative
transition probabilities are currently not accessible computa-
tionally. Finally, to assess the limitations of the point charge
analysis used, the NPA charges were also compared to Mulliken
charges.
Experimental Characterization. The experimental setup

is described in ref 60. In brief, gas-phase ions produced using a
nanoelectrospray source are stored in a temperature regulated
quadrupole ion trap held at 85 K throughout the experiment.
Ions mass selected using the stored waveform inverse Fourier
transform (SWIFT) method74 are thermalized by collisions
with a helium buffer gas at an approximate pressure of 0.2 mbar
held constant during the accumulation of luminescence spectra.
Under the experimental conditions (T = 85 K) a collision
probability of ∼10 MHz was estimated using the Langevin
expression. For dispersed luminescence measurements, trapped
ions (∼104) are excited by the 458 nm line of a continuous
wave (cw) Ar+ laser (Spectra Physics 2080-15S) orthogonal to
the ion trap axis. The laser beam is attenuated in discrete steps
by means of neutral density filters, spectrally cleaned by a
narrow band-pass filter (Semrock) and synchronized with the
experiment using an electromechanical beam shutter. The laser

beam is focused to the center of the ion trap by a f = 500 mm
lens, passed through 1.2 mm holes in the ring electrode and
finally dumped onto a photodiode for power measurement. At
the trap center, the laser beam was measured to be 0.2 mm in
diameter (1/e2). Typical irradiances are ∼1910 W/cm2 for Li
and Na adducts and ∼480 W/cm2 for K, Rb, and Cs. Ion
luminescence is collected perpendicularly to the excitation
beam by a microscope objective (Zeiss EC PlanNeofluor5x/
0.15) through a 3 mm diameter aperture in one of the end caps.
A long pass edge filter (Semrock) removes scattered excitation
light before being focused into a fiber and sent to a
spectrograph (Triax 190, 300 grooves/mm, Jobin-Yvon, Horiba
or 300i, 150 grooves/mm, Acton Research, Roper Scientific)
coupled to a CCD camera for detection (Newton DU970N-BV
EMCCD, Andor, or Idus DV401-A-BV, Andor).
In preparation for electrospray, the Eu(III) complexes were

dissolved in dimethyl sulfoxide (DMSO) to an approximate
concentration of 10−4 M. As can be directly assessed from the
positive ion mass spectrum of Figure 1, cationization typically

involves adduct formation with either sodium or potassium ions
depending on the inorganic base (NaOH or KOH) used during
the synthesis. To generate other alkali metal adducts, sodium or
potassium was displaced by adding 0.1% v:v of a saturated
DMSO solution of the corresponding alkali metal iodide (LiI,
RbI, CsI) to the stock solutions before electrospraying.

■ RESULTS
Composition and Coordination. Europium(III) coordi-

nation by 9-hydroxyphenalen-1-one can lead to the formation
of mononuclear [Eu(PLN)3] and [Eu(PLN)4]

− complexes. As
seen upon electrospraying from solution, both of these can be
easily cationized by one and two alkali metals, respectively.
Figure 1 displays a typical positive ion mass spectrum also
showing the corresponding alkali metal cation adducts (a
negative ion mass spectrum can be found in Supporting
Information). We mass selected the species of interest by
removing all other ions from the trap to study their intrinsic
photoluminescence properties separately. In this publication we
will be concerned with those [Eu(PLN)3]-derived species
having highest relative abudance and strongest photolumines-
cence, i.e., [Eu(PLN)3M]+ (M = Li, Na, K, Rb, and Cs).
Essentially four families of [Eu(PLN)3M]+ structures have

been identified by density functional calculations corresponding

Figure 1. Positive ion mode mass spectrum of europium 9-
hydroxyphenalen-1-one complexes electrosprayed from a DMSO
solution (NaOH synthesis). The species highlighted in red luminesce
strongly under 458 nm excitation.
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to C1, C2, C3, and Cs symmetries. The Cs family was found to be
either significantly higher in energy (∼40−150 kJ/mol) or, for
some of the alkali metal cations, to collapse to the C3 family
upon optimization. Therefore, only the first three types of
isomers will be explicitly considered in the following (Figure 2).
These families differ by their coordination shells and
consequently by their ligand fields. The NPA charges were
calculated for each structure and used to model the splitting of
the hypersensitive band 5D0 →

7F2.
The ion geometries can be described as follows: all of the

complexes under study have a 6-fold oxygen-coordinated
europium atom. The alkali metal is coordinated to three
oxygen atoms in the C3 and C1 structures and to two oxygen
atoms in the C2 structures. The alkali metal−europium
distances increase with both the ionic radius of the alkali
metal and the coordination symmetry of the europium atom
from (287−391 pm) for C3 to (285−400 pm) for C1 to (310−
417 pm) for C2. For a given symmetry, the B-P/def2-TZVPP
alkali metal binding energies decrease from 349 to 139 kJ/mol
for C3, from 308 to 123 kJ/mol for C2, and from 320 to 128 kJ/
mol for C1 in going from Li to Cs, respectively. The C3
structures evolve from a slightly distorted triangular prism with
one of the triangular bases smaller and slightly rotated (6°)
compared to the other one for Li, to a distorted triangular
antiprism (triangular bases rotated by −32°) for Cs.
Equivalently, the ligands of the C3 symmetric species show an
increasing axial tilt with respect to the C3 axis when going from
Li (3°) to Cs (28°). For the species featuring a C2 axis a nearly
constant ligand opening angle of about 140° is found, whereas
the almost planar ring systems of the ligands on the side of the
alkali metal show a decreasing dihedral angle (81° (Li) to 52°
(Cs)). The C2 structures are best described as distorted
octahedra. The angle subtended by the europium at the apex
and the oxygen atoms approximately orthogonal to the plane
defined by the alkali metal and its coordinating oxygen atoms,
decreases monotonically from 168° for Li to 161° for Cs. The
C1 structures are strongly distorted intermediates between a
triangular antiprism and an octahedron.
Dispersed Luminescence. Figure 3 shows typical

dispersed luminescence measurements recorded in the 550−
725 nm emission wavelength range upon 458 nm excitation.

The spectra show a clear 5D0 →
7F2 luminescence band split

into a lower and a higher energy component. The extent of this
5D0 →

7F2 hypersensitive band splitting changes systematically
upon variation of the cation adduct from Li to Cs. Both
components can be well fitted using Voigt functions. The line
width (full width at half-maximum) range is typically [55; 80]

Figure 2. C2, C1, and C3 symmetric structures optimized at the B-P/def2-TZVPP level together with their relative energies in kJ/mol (europium in
green, alkali metal in yellow, oxygen atoms in red). In the C3 case, the structures are propeller-like with the alkali metal sitting on the C3 axis.

Figure 3. Dispersed luminescence spectra of the [Eu(PLN)3M]+

complexes with M = Li, Na, K, Rb, and Cs. Excitation 458 nm,
temperature 85 K, He pressure ∼0.2 mbar, typical combined
acquisition durations ranged from 800 s for the particularly brightly
emitting Li to 4800 s for Cs, laser irradiance ∼1910 W/cm2 for Li and
Na; ∼480 W/cm2 for K, Rb, and Cs.
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cm−1 for the low energy component (E1) and [80; 105] cm−1

for the high energy component (E2). Resolution of finer
spectral structures could not be achieved using our present
experimental setup. A spectrum acquired with a coarser grating
(see the Experimental Characterization section for more
details) is displayed in Figure 4 for the [Eu(PLN)3Na]

+

complex. Although the 5D0 →
7F3 and

5D0 →
7F4 transitions

are now evident, no traces of the 5D0 →
7F0 and

5D0 →
7F1

transitions are detectable. This is not unexpected because the
5D0 → 7F1 transition is typically weak in complexes of C3

symmetry with polarizable ligands.75,76

Figure 5 illustrates how the energies of the two [Eu-
(PLN)3M]+ emission components depend on the ionic radius
of the alkali metal involved. Of the four principal scales of ionic
radii available in the literature, we chose to compare to Pauling
crystal ionic radii because they are usually preferred for
electrochemical and solvation problems.77 The smaller the
alkali-metal cation, the larger is the expected inductive effect on
the ligated molecule. Note also that the first ionization energies
of the alkali metal atoms (IE(M)) are linearly dependent on
their ionic radius and therefore that a plot of transition energies
versus IE(M) would look quite similar to Figure 5.
We observe a linearly increasing dependence of the transition

energy of the higher energy emission component, E1, on the
ionic radius. In contrast, the lower energy component, E2,
displays a seemingly quadratic dependence of its transition
energy on ionic radius (Figure 5a,b). Additionally, Figure 5c
shows that the ratio of E1 intensity (I(E1)) to the total intensity
of the 5D0 → 7F2 hypersensitive band (I(E1) + I(E2)) also
depends linearly on the ionic radii of the complexed alkali metal
cations.
To facilitate comparison of model and experiment, we also

summarize the experimental data in terms of a contour map
showing transition energies and relative intensities together
(Figure 6a). The corresponding theoretical energy splittings of
the 7F2 level calculated using McPHASE78 for the geometries
and NPA charges obtained at the B-P/def2-TZVPP level are
displayed in Figure 6b−d. As already stated above, intensities
cannot be obtained from these calculations. We therefore
assume identical amplitudes and mimic the experimental
broadening with appropriately scaled Gaussian functions.
Their superposition yields the maxima displayed.

■ DISCUSSION
We have carried out measurements of the dispersed photo-
luminescence of mass-selected [Eu(PLN)3M]+ cations stored in
a quadrupole ion trap (QIT) mass spectrometer to explore the
effect of varying the alkali metal adduct (M = Li, Na, K, Rb, and
Cs) on the emission spectra of the europium(III) coordination
complex. We find the luminescence properties to be
significantly dependent on the nature of the cations.
The spectra recorded in the emission wavelength range 550−

725 nm show a dominant hypersensitive band (5D0 →
7F2 at

about 612 nm), indicative of an asymmetric environment for
the europium ion. Furthermore, the hypersensitive band is split
into two components which are observed at about 16 090 and
16 300 cm−1 for all the alkali metal cation adducts studied
(Figure 3). Both the intensity ratio of the two components and
their respective spectral shifts show a systematic dependence on
the size of the alkali metal cation involved (Figure 5).
Two different plausible scenarios are able to qualitatively

explain the systematic variations induced by the alkali metal
cations: (i) for each complex, two populations of isomers
coexist with their proportion systematically shifting with the
ionic radii of the cations or (ii) a single isomer population is
always present and the observed splittings of the energy levels
are instead the result of two groups of optical transitions with
different probabilities of occurrence, one of which progressively
takes over when the cations change from lithium to cesium. To
further explore these scenarios, we have modeled the emission
performing calculations on various structural candidates as
described in detail above (Figure 6). We predict splittings and
alkali metal dependent trends consistent with the single isomer

Figure 4. Dispersed luminescence spectrum of the [Eu(PLN)3Na]
+

complex with improved signal-to-noise ratio. Excitation 458 nm,
temperature 83 K, He pressure ∼0.2 mbar, acquisition time 8000 s,
laser irradiance ∼1910 W/cm2.

Figure 5. Energies of the emission band components for [Eu-
(PLN)3M]+ complexes, E1 (a) and E2 (b), as a function of the ionic
radius of the alkali metal involved (M = Li, Na, K, Rb, and Cs); (c)
ratio of the intensity of E1 to the total intensity of the 5D0 → 7F2
hypersensitive band. The error bars correspond to the standard error
of the parameters extracted from the fit of the averaged data.
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hypothesis and therefore tend to rule out significant
contributions from other spectrally distinct isomers simulta-
neously present. Note that an alternative explanation of the
emission band splitting in terms of vibronic satellites is hard to
reconcile with the systematic shifts in intensity from one
emission component to the other observed upon changing M+.
Assuming that only a single isomer population exists, the

comparison of the experimental and calculated energy splittings
can be used to identify a best match among different candidate
structures. Experimentally, as stated above, the 2-fold split 7F2
level displays a linear increase in the emission energy of the
higher band component with increasing alkali metal ionic radius
and a concave dependence for the low energy band component.
The C1 structure (Figure 6d) can therefore be ruled out
because: (i) its high energy band component is itself

significantly split for Li and Na (with the mean of this splitting
decreasing with ionic radius) whereas (ii) the low energy band
component monotonically increases in contrast to our
observation. For the C2 structures (Figure 6c), the higher
energy band component decreases and the lower energy band
component shows a convex dependence on the ionic radius
unlike what is observed experimentally. Finally the high energy
band component of the C3 structures (Figure 6b) increases
monotonically (almost linearly) whereas the low energy band
component displays a concave dependence on the alkali metal
ionic radii. Therefore, although the absolute magnitude of the
splitting is currently not accurately reproduced by any of the
calculations, the experimental trend from Li to Cs is best
explained by a coordination shell with C3 symmetry (Figure
6a,b). Additionally, the C3 structures correspond to the lowest
energy isomers found at the B-P/def2-TZVPP level of theory.
We therefore conclude that the ions probed most likely
consisted of C3 isomers.
A luminescence sensitization pathway typical for complexes

like those studied herein, would involve a ligand triplet donor
state.48 However, the experimentally determined triplet energy
of the free neutral 9-hydroxyphenalen-1-one (T1 − S0 = 17 350
cm−1) is almost resonant with the Eu3+ 5D0 emission level (5D0
− 7F0 = 17250 cm−1). As extensively discussed for condensed-
phase experiments, such a small energy difference (<2000
cm−1) between the T1 energy level of the ligand and the 5D0
emitting level of the europium cation is considered unfavorable
for excitation transfer due to the possibility of a back energy
transfer to the triplet state.13 This does not necessarily preclude
energy transfer from a ligand based triplet state in the gas phase
because at 85 K, kT is only ∼59 cm−1 and both the
coordination of the europium as well as binding of the different
alkali metals by the coordinating oxygen atoms of the ligands
will lead to energy level shifts relative to the free ligand.
Conceivably, potential energy donating levels, e.g., the HPLN
T1 state, can be significantly upshifted by alkali metal cation
complexation in gas phase, thereby affecting sensitization.79

Another possible excitation mechanism could involve the direct
excitation of the Eu3+ 5D2 →

7F0 transition (∼21 470 cm−1 ≅
466 nm), for example, via a dynamic-coupling or ligand
polarization mechanism.80

Finally, although the complexes with small cations, such as Li
and Na, are found to be qualitatively brighter, a more
quantitative comparison of their relative photoluminescence
quantum yields requires optimal excitation of each complex.
This and associated studies of gas-phase absorption spectra will
follow in a subsequent paper.

■ CONCLUSION
In short, alkali metal cationization of [Eu(PLN)3] in the gas
phase appears to enhance europium sensitization by the 9-
hydroxy-phenal-1-one ligand with the enhancement being most
effective for lithium and sodium. Corresponding measurements
of the photoluminescence of mass selected [Eu(PLN)3M]+

species (M = Li, Na, K, Rb, and Cs) in the gas phase show a 2-
fold split of the 5D0 → 7F2 hypersensitive band. While the
higher energy emission component undergoes a linear blue
shift, the lower energy component undergoes an apparent
quadratic shift as a function of the alkali metal ionic radius.
These effects are best explained by the ligand fields of the
computed C3 symmetry structures. In combination with the
experimental approach described, further refinements of the
theoretical model used to calculate the energy level splittings of

Figure 6. (a) Experimental band positions and relative intensities for
the 5D0 →

7F2 transitions of [Eu(PLN)3M]+ with M = Li, Na, K, Rb,
and Cs. Splitting of the 7F2 level calculated using McPHASE for the C3
(b), C2 (c), and C1 (d) geometries and associated scaled NPA charges
obtained at the B-P/def2-TZVPP level (see text). The red lines are
splines used to highlight the trends.
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europium(III) ions would offer a unique tool to study the
coordination shell and optical properties of a wider range of
lanthanoid systems with well-defined stoichiometry. Gas-phase
luminescence lifetimes will be reported in a subsequent paper.
Ultimately, the aim is to gain a better insight on intramolecular
energy transfers mechanisms with a special focus on the
luminescence properties of hetero multinuclear lanthanoid
complexes.
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