ROYAL SOCIETY

OF CHEMISTRY

PCCP

View Article Online
View Journal | View Issue

Correlation of the structural information obtained
for europium-chelate ensembles from gas-phase
photoluminescence and ion-mobility spectroscopy
with density-functional computations and
ligand-field theoryf

CrossMark
& click for updates

Cite this: Phys. Chem. Chem. Phys.,
2017, 19, 6105

Jean-Francois Greisch,*® Jiti Chmela,° Michael E. Harding,#*® Dirk Wunderlich,*
Bernhard Schafer,? Mario Ruben,®® Wim Klopper,®° Detlef Schooss® and
Manfred M. Kappes®®

We report a combined investigation of europium(i9-oxo-phenalen-1-one (PLN) coordination complexes,
[Eu(PLN),AE]* with AE = Mg, Ca, and Sr, using gas-phase photoluminescence, trapped ion-mobility
spectrometry and density-functional computations. In order to sort out the structural impact of the alkali
earth dications on the photoluminescence spectra, the experimental data are compared to the predicted
ligand-field splittings as well as to the collision cross-sections for different isomers of [Eu(PLN),AE]*. The
best fitting interpretation is that one isomer family predominantly contributes to the recorded luminescence.
The present work demonstrates the complexity of the coordination patterns of multicenter lanthanoid
chelates involved in dynamical equilibria and the pertinence of using isolation techniques to elucidate
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Introduction

Lanthanoids can be found in optical materials, lasers, glasses, and
molecular assays. In most cases, the related applications involve
photoluminescence and rely on the efficient population of the
emitting levels via an energy transfer from one or more ligands,
the so-called sensitization."™ In addition, lanthanoids can also
be used as structural probes: in NMR, for example, lanthanoid
shift reagents have been used for the spectral simplification and
interpretation of molecules possessing various functional groups,
and for the determination of enantiomeric purity.>”
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The ligand-field splitting of lanthanoid levels can be monitored
via their luminescence, which allows probing the local structure of
their binding sites. This is particularly relevant for calcium binding
species since europium (and other lanthanoids) can serve as
calcium analogues.® For example, europium complexation by
gramicidin A, in a water-methanol mixture, has been shown to
lead to direct f-f absorption lines consistent with two specific
binding sites, one of C;, symmetry, thereby restricting the
number of possible ion-gramicidin conformers.’

In this work, we further pursue our gas-phase investigation
of the intrinsic properties of photoluminescent lanthanoid
complexes using mass spectrometric techniques.*'>'" Inherent
to the present approach is the knowledge of the gas phase of the
compound’s exact stoichiometry, often not known or regulated
by equilibria in solution. Structural information is also obtained
using trapped ion mobility spectrometry'>™* thereby providing
additional insight into the gas-phase photoluminescence of
europium complexes.

The heterodimetallic complexes'>'® [Eu(PLN),AE]" with
AE = Mg, Ca, and Sr studied here involve a Eu(m) ion and an alkaline
earth dication bridged by deprotonated 9-hydroxyphenalen-1-
one (PLN, see Fig. 1). B-Diketonates, such as PLN, are
among the most important ligands for applications involving
lanthanoids emitting in the visible range due to the ability of
diketonates to combine a high absorption cross-section in the

Phys. Chem. Chem. Phys., 2017, 19, 6105-6112 | 6105


http://crossmark.crossref.org/dialog/?doi=10.1039/c6cp04656h&domain=pdf&date_stamp=2017-02-11
http://rsc.li/pccp
http://dx.doi.org/10.1039/c6cp04656h
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP019008

Published on 27 January 2017. Downloaded by KIT Library on 11/01/2018 08:04:46.

Paper

OH O
Fig. 1 Sketch of a protonated 9-oxo-phenalen-1-one (H-PLN) ligand.

near-UV or visible range with efficient sensitization of Eu(m),
Tb(m), Sm(m), and Dy(um)."”*®

The photoluminescence spectra of Eu(m) complexes are typi-
cally dominated by transitions from the D to the “F manifolds.
Both manifolds are split by spin-orbit coupling into ***'L; multi-
plets: seven for the “F ground state manifold and five for the *D
manifold. All the **'L, multiplets with J # 0 are liable to further
splitting into 2/ + 1 Stark levels due to the electrostatic field
generated by the ligands."'*' While electron repulsion and
spin-orbit coupling within the f-shell induce splittings on the
order of several thousand wavenumbers, the ligand-field splitting
is typically less than a few hundred wavenumbers mainly due to
the shielding of the Eu(m) 4f-electrons by completely filled outer-
lying electron shells. The most intense radiative transition occurs
between the °D, and the “F, levels, which corresponds to approxi-
mately 16200 cm™" (x615 nm) photons. This “hypersensitive”
transition is particularly sensitive to the ligand field and vanishes
when the Eu(m) site possesses a center of inversion or is of D,q
symmetry,”” making it a highly suitable probe for the structural
investigation of Eu(m) (or analogous metal ion) binding pockets.
Typical coordination numbers for Eu(m) are eight or nine.>***
The species studied in the present work involve six-fold coordi-
nated Eu(m) ions and can therefore be seen as coordinatively
unsaturated due to the absence of solvent molecules under
gas-phase conditions.?

The present work is part of a series in which we attempt
to tune the properties of Eu(mr) complexes having PLN as common
structuring and energy-harvesting ligands by allowing them to
interact with a range of small “spectator” cations. The scope of
the present paper is twofold: (i) assess the sensitivity of lanthanoid
luminescence towards structural changes induced by alkaline
earth ions via the combination of photoluminescence measure-
ments with ligand-field theory, and (ii) illustrate the importance of
identifying the isomers and resolving the complexity of europium
coordination patterns using high resolution trapped ion mobility.
The °D, — ’F, transitions are analyzed and their splittings are
tentatively correlated to structures identified using trapped ion
mobility via the determination of the corresponding Stark levels
using a combination of density-functional computations and
ligand-field theory.

4,10,11

Experimental and
computational methods
Sample preparation

The alkaline earth complexes are formed either by adding minute
volumes of saturated DMSO solutions of iodide/chloride salts
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of alkaline earth metals to an approximately 10~* M solution of
K[Eu(PLN),] whose synthesis is described in ref. 4, or by direct
synthesis using Mg(OH), and Ca(OH), in the case of Mg[Eu(PLN),],
and Ca[Eu(PLN),], as described in the ESLt It is noteworthy
that both approaches yield the same gas-phase data.

Trapped ion mobility spectroscopy

The ion mobility measurements were carried out at room tempera-
ture on a timsTOF instrument, Ze. a trapped ion mobility (TIMS)
time-of-flight mass spectrometer combination (Bruker, Bremen,
Germany) using nitrogen as a carrier gas. Briefly, the ions of
interest were generated in an orthogonal electrospray source,
transferred into the instrument via a glass capillary, and deflected
into the entrance funnel before being focused into the TIMS cell
where the carrier gas (gas flow velocity defined by the pressure
difference between the entrance funnel, 2.56 mbar, and the exit
funnel, 0.923 mbar) and a counteracting electric field (entrance
voltage of 240 V and exit voltage of 45 V) were used to hold the ions
stationary according to their mobility. After an ion accumulation
time of 400 ps, a change in the deflection plate potential was
used to prevent further ions from entering the cell after which
the stored ions were released by reducing the counteracting
electric field strength. The ions exiting the TIMS cell were then
focused by the exit funnel assembly into a transfer quadrupole
prior to being analyzed by a time-of-flight analyzer.

The experimental mobilities of the ions sequentially released
from the TIMS cell after trapping can be described by a trapping
electric field window E + AE value directly related to the ion
mobility K + AK and the velocity of the carrier gas v, via

k=leo A 1)
E Utelease — Uout
where A is a calibration constant, Upeease 1S the voltage at
which the ions are released from the TIMS cell, and Uy, is the
voltage applied to the tunnel exit. The calibration constant A is
determined from previously reported mobility values reported
for calibration standards.'>**2¢

Reduced mobility values, Ky = P 27315

101325 T
to collision cross-sections () using the Mason-Schamp equation:

K, were converted

Q=

2
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where ze is the charge of the ion, kg is the Boltzmann constant, N,
is the number density, and m, and m,, refer to the masses of the ion
and bath gas, respectively. The reported mobility resolutions
correspond to Q/AQ ratios determined from the position and FWHM
of Gaussian fits of the features present in the TIMS distributions.
The comparison of computations and structural assignment was
performed via the scaling of the helium cross-sections computed
using the trajectory method as implemented in MOBCAL?""*®
(version provided by Matt Bush) with Eu(m) described using
the same parameters as iron.”’ The scaling relationship,
Qn, = 53.9 + 1.110-Qy,, was inferred from the comparison of
the He and N, cross sections reported for denatured polyalanine
by Bush and coworkers.*°
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Gas-phase luminescence

The experimental setup used is similar to the one used in
ref. 31. Briefly, it consists of a temperature-regulated stretched
quadrupole ion trap held at 85 K in which electrosprayed ions
are (i) mass-selected, (ii) thermalized by collisions with a He
buffer gas held at a constant pressure of approximately 0.2 mbar
during photoexcitation, and (iii) photoexcited by the focused
458 nm line of a continuous wave (cw) Ar'-laser (Spectra Physics
2080-15S) orthogonal to the ion trap axis. The photolumines-
cence of ensembles of about 10* trapped ions is recorded with no
or negligible fragmentation upon photoexcitation. The ion lumi-
nescence is collected perpendicular to the excitation beam by a
microscope objective (Zeiss EC PlanNeofluor 5x/0.15) through a
3 mm diameter aperture in one of the end caps. The collected light
passes through a long-pass edge filter (Semrock) that removes
scattered excitation light, before being focused into a fiber and
sent to a spectrograph (SpectraPro 300i, Acton Research, Roper
Scientific/Triax 190, Jobin-Yvon, Horiba) equipped with a CCD
camera (Idus DV401A-BV, Andor/Newton EMCCD A-DU-970N-BV,
Andor). The spectral resolutions of both the spectrograph and
camera combinations used were 0.7 and 2.4 nm, respectively.

Density-functional computations

Neither crystal nor NMR structures exist for the species investi-
gated in the present work. Candidate structures for the europium
complexes were therefore systematically generated at the semi-
empirical PM7-SPARKLE level*” using openMopac.**”** Following
this first step, the structures were reoptimized and the electron
densities used for population analysis were calculated using
DFT employing the B-P functional®® in combination with the
def2-TZVPP basis set**® as implemented in the TURBOMOLE
program package.* The resolution-of-identity (RI) approximation
was applied in all calculations.>**® A self-consistent-field conver-
gence threshold of 107® Hartree and geometry convergence
thresholds of 10~® Hartree and 10 Hartree Bohr " for the total
energy and the Cartesian gradient, respectively, were used. The
numerical quadrature was performed on TURBOMOLE’s grid 5.
All energy differences were corrected for harmonic zero-point
vibrational energies.

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. The
computation of the transition energies is described in the
following section.

Ligand-field computations

Ligand field theory is at present the only practical model to
analyze and simulate the level structures of lanthanoid ions in
crystal hosts at an accuracy level of about 50 cm™*."***™8 In the
present work, the theoretical interpretation of the spectra was
achieved using McPHASE’s*"*> implementation of ligand-field
theory using the F* and { parameters optimized for the nonanuclear
[Eug(PLN);4(OH),]" complex.'*

The McPHASE* pointc module was used to calculate the rele-
vant realvalued Wybourne normalized ligand-field parameters

This journal is © the Owner Societies 2017
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(Lxp, Appendix D.4 in ref. 42) from the natural population
analysis*® point charges computed at the RI-B-P/def2-TZVPP
level of theory. As the Eu(m) point charges were found to differ
from the expected charge (+3), the Eu(m) point charge was
increased to +3, the alkaline earth dication point charge was
increased to +2, and the compensating oxygen point charges
were scaled correspondingly to retain a total charge of +1 for
the whole complex (cf: ref. 4). The Stark splitting of the “F, level
resulting from this ligand field as well as the related transition
energies was then evaluated using the icZion module of
MCcPHASE. The values of the F* and { parameters used in the
present work and optimized for the nonanuclear complex
[Eug(PLN)16(OH);0]" (constrained optimization)' are transfer-
able to other Eu(ur) complexes as illustrated both by the present
work and for the [Eu(PLN);A]" complexes with A = Li, Na, K, Rb,
and Cs (see the ESI of ref. 11).

Symmetry assessment

In order to quantify the distortion of the coordination site with
respect to idealized polyhedra for six-fold coordinated Eu(m)
ions, we made use of the shape analysis method as defined in
ref. 50. The ligand atoms coordinating the lanthanoid form the
vertices of a polyhedron whose m dihedral angles along the edges,
A; defined as the angles between the normals of adjacent faces
of the polyhedron, can be compared to the dihedral angles, B;
of ideal polyhedra. The degree of distortion from an ideal case
is evaluated by determining the “shape measure”

S = min [1 / 2’": (4, — B)? 3)

which is the minimal (all possible superpositions considered)
mean deviation of the dihedral angles along all edges. The smallest
S value corresponds to the ideal polyhedron most suitable for
describing the actual symmetry of the complex.

The figures of the computed structures were generated using
Platon.”

SRS

Results
Computed structures

Geometry optimizations yielded four possible motifs for all
three alkaline earth dications investigated (motifs 1, 2, 3, and 4
in Fig. 2 and enlarged in the ESI-17). Motifs 1 and 2 correspond
to six-fold coordinated Eu(m) ions and five-fold coordinated
alkaline earth ions, while motifs 3 and 4 correspond to four-fold
coordinated alkaline earth ions and six-/seven-fold coordinated
Eu(m) ions, respectively.

Motif 1 corresponds to structures where one PLN unit
coordinates with solely the Eu(um) ion, while the other three
are bridging ligands between the Eu(ui) ion and the alkaline
earth ion. The tilt of the non-bridging ligand with respect to
the europium-alkaline earth atom line slightly decreases (from
27° (Mg) to 23° (Sr)).

In motif 2, three ligands form a propeller-like unit centered
on the Eu(m) ion, similar to those found for the [Eu(PLN);A]"

Phys. Chem. Chem. Phys., 2017, 19, 6105-6112 | 6107
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Fig. 2 Structures computed at the RI-B-P/def2-TZVPP level. Motif 2 has
the lowest energy except for the species containing magnesium. Energy
differences at the RI-B-P/def2-TZVPP level given in kJ mol™, including
harmonic zero-point vibrational corrections. Eu atoms are represented in
green, AE in yellow, and oxygen atoms in red. Enlarged as Fig. SI-1 (ESI¥).

species,” while the fourth one only coordinates with the alka-
line earth ion sitting on top of the propeller along its symmetry
axis. The alkaline earth coordinating ligand is tilted with
respect to the Eu-AE atom line in the Mg containing complex
(14°), while the same tilt angle in the Ca and Sr containing
species is smaller (~4-5°). The propeller subunits are very
similar with only the Mg containing complex showing a small
deviation from the three-fold symmetry. Motif 2 structures are
lower in energy by 7-9 kJ mol ™" at the RI-B-P/def2-TZVPP level
except for [Eu(PLN)4Mg]", where the motif 1 structure is found
to be lower in energy by 8 k] mol~". These very small energy
differences (making the two motifs practically isoenergetic) are
also supported by B2PLYP/def2-TZVPP** single point computa-
tions at the respective geometries (the energy differences amount
to +1, —12, and —11 kJ mol™* for Mg, Ca, and Sr containing
structures, respectively; for the MP2 part of the computations the
auxiliary basis functions described in ref. 38, 53 and 54 were used).

The Eu-alkaline earth distances increase with the ionic radius
of the metal as one would expect. The distances are about 1%
larger in motif 2 (322-375 pm) than in motif 1 (318-372 pm). The
Eu-oxygen distances in the oxygen coordination sphere however
are the same for all complexes (ranging from 223 to 246 pm, with
an average of 234-236 pm). To further check the suitability of the
employed BP functional, we also performed geometry optimiza-
tions and the subsequent ligand field computations of motif 1
and motif 2 structures using the BHLYP functional®*>>>°
augmented with the D3 dispersion correction®” employing
Becke and Johnson damping.’® The results do not differ
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significantly from those obtained employing the BP functional
and are provided in Fig. SI-2 of the ESIf, as well as the
corresponding xyz coordinates.

Motif 3 is a higher energy motif corresponding to more open
structures where two PLN units coordinate only with the Eu(u)
ion, while the other two are bridging ligands between the
europium and alkaline earth ions.

Motif 4 is an even higher energy motif corresponding to
cross-shaped structures where one PLN unit coordinates only
with the Eu(w) ion, two ligands serve as bridging ligands, while
the fourth one mainly but not exclusively coordinates with the
alkaline earth ion.

The local coordination symmetry of the Eu(m) ion is
provided via an estimate of the degree of distortion from ideal
6-coordination polyhedra using the “shape measure” criterion S.>°
The ideal polyhedra relevant to the present work are an octahedron
(On) and a trigonal prism (Djy,), as defined in ref. 59. In our shape
measure calculations we consider only the oxygen atoms around
the Eu(im) ion. The results of the analysis are presented in Table 1,
small values of S indicate coordination sites approaching the
corresponding ideal polyhedra.

The results in Table 1 allow ordering the structures system-
atically: motif 1 complexes are closer to an octahedral configu-
ration, which becomes more pronounced as the size of the
alkaline earth ion increases. At least in the case of Ca and Sr, it
is appropriate to call the coordination a distorted octahedron.
In contrast, motif 2 complexes are distorted trigonal prisms.
The octahedral character of motif 2 is weak, however it also
increases with the increasing size of the alkaline earth ion. The
motif 3 coordination site can be described as approaching Oy,
while motif 4 strongly deviates from both Oy, and D;}, as can be
expected from a seven-fold coordinated site.

Trapped ion mobility

The results of the trapped ion mobility measurements are
displayed in Fig. 3. Several isomers are observed in all three
cases (Mg, Ca, and Sr).

Comparing the computed cross-sections listed in Table 2
with those extracted from the measurements - and assuming
(systematic) deviations between experiment and computations
less than or equal to 2 A® - the following assignments are possible:

(a) [Eu(PLN)4Mg]": at the achieved resolution, at least two
different isomers are observed. The slightly less abundant peak
with a cross-section of 301.6 A can be assigned to motif 3,
while the dominating peak with a cross-section of 305.6 A” is
consistent with motifs 1, 2, and 4;

Table 1 Calculated shape measure criteria for all the complexes

Motif 1 Motif 2 Motif 3 Motif 4%
] S(On) SDsn) SOn) SDsn) SOn) SDsn) SOn) SDsn)
Mg 21 27 44 5 14 33 41 43
Ca 15 34 38 8 13 35 40 43
Sr 12 37 33 12 12 36 40 43

“ The symmetry analysis does not correctly apply to motif 4 since it has
a 7-fold coordination symmetry.

This journal is © the Owner Societies 2017
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Fig. 3 Mobilograms of the [Eu(PLN)4AE]" coordination complexes with
AE = Mg, Ca and Sr plotted as ion intensity versus inverse mobility
and obtained using trapped ion mobility spectroscopy (TIMS). The TIMS resolu-
tions are (109, 81) for Mg, (112, 137) for Ca, and (130, 134, 135) for Sr peaks.

Table 2 Comparison of the measured and computed cross-sections for
all the complexes

Exp. (A%) Motif 1 (A%) Motif 2 (A%) Motif 3 (A%) Motif 4 (A%)
Mg 301.6/305.6 307.0 306.4 301.0 307.0
Ca 305.3/309.6 307.8 3123 301.0 307.9
Sr 307.0/312.0/ 308.2 315.0 301.2 307.9
315.9

(b) [Eu(PLN),Ca]": the cross-section of the dominant peak is
consistent with motif 2, while the minor peak corresponds to
motif 1 and/or motif 4;

(c) [Eu(PLN),Sr]": three different peaks are experimentally
resolved. The most abundant is again consistent with motif 2,
while the least abundant is consistent with motifs 1 and 4. The
intermediate peak remains to be assigned.

Due to the similarity of some of the calculated cross-sections
and the associated uncertainties, a unique assignment of all

View Article Online
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the peaks of Fig. 3 is currently not possible. It is however
apparent that the species dominating the TIMS spectra are
those with the largest cross-section and that their cross-
sections match those of the motif 2 isomer family best. Only
in the [Eu(PLN),Mg]" case the TIMS data does not rule out
contributions from motifs 1 and 4 to the dominant peak.

Gas-phase luminescence spectra

[Eu(PLN),AE]" with AE = Mg, Ca, and Sr luminesce in the gas
phase upon excitation at 458 nm (Fig. 4). These complexes show
some of the characteristic narrow emission bands of the Eu()
ion corresponding to the D, — “F, transitions with J = 2, 3, and
4. The °Dy — "Fj, lines are either not observed or very weak
(see Fig. SI-3, ESIt for a spectrum acquired at higher irradiance
and lower resolution leading to a better signal to noise ratio).

The dominating °D, — ’F, hypersensitive bands of each
Eu(PLN),AE" (about 620 nm) are split into two components.
These components display a systematic trend with the alkaline
earth ion radius characterizing the studied species (Fig. 5)
similar to the case of the alkali adducts, [Eu(PLN);A]" with
A = Li, Na, K, Rb, and Cs reported in ref. 4.

The very low probability of the system to undergo a °Dy, — "Fq
transition may be explained by the symmetry of the Eu(m)
coordination site as discussed later, while the magnetic dipole
allowed °D, — ’F; band (see Fig. 4 and Fig. SI-3, ESIt) is too
weak to be analyzed. The following discussion therefore focuses
on the hypersensitive band as in the case of ref. 4.

The results of the ligand-field computations for the °D, — “F,
band are presented in Fig. 6b, ¢ and Fig. SI-4b-e (ESI). To facilitate
comparison with the experiment, we summarize the experimental
data in terms of a contour map showing transition energies and
relative intensities together (Fig. 6a and Fig. SI-4a, ESIt). We
assume identical amplitudes for the transitions belonging to the
°Dy, — ’F, band as intensities are currently not accessible, and
mimic the experimental broadening with appropriately scaled
Gaussian functions, whose width corresponds to the experimental
resolution and whose superposition yields the maxima displayed.
It is noteworthy that the experimental linewidths of the high

-
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Fig. 4 Spectra of (a) [Eu(PLN),Mg]*, (b) [Eu(PLN)4Cal™, and (c) [Eu(PLN)4Srl* recorded at 85K under 780 W cm™~2 excitation at 458 nm and a ~ 0.2 mbar
He buffer gas pressure. The spectral resolution is 0.7 nm. Accumulation time 12000 s. The >D, — ’F, hypersensitive band fitting involved two Voigt

profiles (red and green).
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emission band of the [Eu(PLN)4AE]* complexes as a function of the ionic
radius of the alkaline earth ion (AE = Mg, Ca, and Sr).

and low energy components evolve from (1.72, 2.55) nm for Mg,
(1.47, 2.68) nm for Ca, and (1.45, 2.43) nm for Sr, respectively.
The variation of the experimental linewidth is consistent with
the existence of a third unresolved intermediate energy compo-
nent — expected for the coordination site symmetries investi-
gated here - as well as with the superposition of the
contributions of different isomers.

From Fig. SI-4 (ESIY), it is obvious that motifs 3 and 4 do not
match the observed splitting in terms of the number and position of
sublevels. If one considers only the Ca and Sr adducts, motifs 1 and
2 reproduce the observed D, — ’F, transitions equally well. The
spectra computed for motifs 1 and 2 do however significantly differ
for the [Eu(PLN),Mg]" species. In that case, the two components of
motif 2 agree significantly better with the experimental results than
motif 1. Admittedly, to decide between motifs 1 and 2 one would
need accurate computed intensities. A superposition of the different
motifs with the experimental data is provided as Fig. SI-6 (ESIt).

Discussion

A comparison of the experimental results with the computed
photoluminescence spectra and collision cross-sections leads

Mg Ca ©Sr
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us to conclude that contributions of motif 3 and 4 isomers
appear to be negligible.

The experimental data point instead towards motif 1 and/or
motif 2 being the main contributors to the observed photo-
luminescence. Under the assumption that only one structural
family significantly contributes to the observed photolumines-
cence, only motif 2 remains. This interpretation is in agreement
with the computed relative energies (Fig. 2): motif 1 and 2
isomers are isoenergetic within the expected computational
uncertainties, while motifs 3 and 4 are significantly higher in
energy (>20 kJ mol™ ).

The TIMS measurements show that motif 2 isomers are
the dominant species for Ca and Sr. In the Mg case, the
computed cross-sections do not allow us to decide between
motifs 1, 2 and 4. Besides the issue of unknown differences in
photoluminescence brightness between the different motifs,
it is worth mentioning that the isomer populations might
be slightly different in the gas-phase luminescence and ion
mobility experiments due to the different ion source conditions
pertaining.

In short, we cannot exclude that several structural motifs
contribute to the measured photoluminescence spectra. Never-
theless, if we assume that only one structural motif contributes
significantly to the observed photoluminescence, these bright-
est [Eu(PLN),AE]" ions are best described as consisting of a
neutral propeller subunit, Eu(PLN)z;, with a six-fold europium
coordination site attached to a [AE(PLN)]" monocation (motif
2). The observed Stark splitting of the “F, level is also consistent
with the near D}, trigonal prismatic configuration of the oxygen
atoms of motif 2, while this arrangement is also consistent with
the absence of the detectable °D, — ’F, transition which is
forbidden under both Ds,, and D; symmetries.*® The linewidth
trend of the components of the °D, — “F, hypersensitive band
can subsequently be explained by a small distortion caused by
the presence of the alkaline earth dications: with the ligand
field being effectively C; (approaching D;), the D, — ’F,
hypersensitive band is expected to display, resolution allowing,
three components instead of two for a D; (approaching Djy)
coordination site.*’

Mg Ca Sr Mg Ca Sr
1 1 1 1 1 1 25

0.5

T T T T

65 99 113 65 99 113
lonic radius (pm) c. lonic radius (pm)

Fig. 6 (a) Experimental band positions and relative intensities for the °Dy — ’F, transitions of [Eu(PLN),AE]* with AE = Mg, Ca, and Sr. (b and c) Computed
transitions from the ®Dg, level to the split ’F, level manifolds calculated using McPHASE for the motif 1 (b) and motif 2 (c) geometries (see text). Red lines are
used to highlight the trends. The absolute values of the computed transitions are given in the ESI.{ Motifs 3 and 4 are provided in the ESI,} see Fig. SI-4. For
the sake of comparison, the corresponding contour plots for the BH-LYP-D3/def2-TZVPP geometries of motifs 1 and 2 are provided in Fig. SI-5 (ESI¥).
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Conclusions

The photoluminescence measurements of the mass-selected
[Eu(PLN),AE]" species (AE = Mg, Ca, and Sr) show a two-fold
split of the D, — ’F, hypersensitive band. A weak blue shift is
observed for both energy components of the °D, — ’F, band
when changing the adduct dication from Mg to Ca and from Ca
to Sr, thereby similar to the trend observed for the alkali ions
adducts of small ionic radius.* The trends observed are best
explained by the ligand fields of structures consisting of a six-fold
coordinated Eu(m) ion part of a neutral propeller-like chelate,
Eu(PLN);, attached to a positively charged [AE(PLN)]" subunit.
Based on shape factor analysis, the Eu(m) coordination site is then
close to trigonal prismatic. Compared to our previous study of the
alkali complexes,’ the computed transition energies are now
accurate to within about 50 cm™" using the Slater integrals, F*
and spin-orbit parameter, {, derived from the fitting procedure
applied to the [Eug(PLN),(OH);,]" complex.'®'! Nevertheless, our
current spectral resolution and sensitivity do not allow us to
completely rule out that more than one isomer family contributes
to the observed photoluminescence.

We have demonstrated that trapped ion mobility analysis
provides valuable information regarding the interpretation of
gas-phase photoluminescence measurements. However, a unique
one-to-one correlation between the experimentally inferred cross-
sections and the computed structures is not always possible in the
present case. This is due to the computed cross-sections being
essentially identical for some of the candidate structures and
the uncertainties affecting them. While the isomer populations
might be slightly different in the gas-phase luminescence and ion
mobility spectra due to different source conditions, the high
resolution achieved in the TIMS measurements shown here high-
lights the next technical challenge for gas-phase photolumines-
cence measurements (on complex molecular ions): prior to the
isolation of homogeneous ensembles of structural isomers.

A way to achieve this and thus to resolve potentially over-
lapping spectral contributions from different isomers would be
to couple a trapped ion mobility cell to a trapped ion photo-
luminescence setup. Such coupling of ion mobility pre-selection
with subsequent spectroscopy has so far only been realized in the
context of (multi-)photon dissociation®*®® and photoelectron®">
spectroscopies (albeit at lower ion mobility resolutions than
those now accessible using TIMS).
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