Impact of Symmetry and Donor Set on the Electronic Energy Levels in Nine-
coordinated Eu(lll) and Sm(lll) Crystals Structures Determined from Single Crystal

Luminescence Spectra

Sabina Svava Mortensen, Villads R. M. Nielsen, and Thomas Just Sgrensen*

Lanthanide luminescence is characterised by “forbidden” 4f-4f transitions and a complicated electronic structure. Our understanding of trivalent lanthanide(lIl)

ions luminescence is centered on Eu®* because absorbing and emitting transition in Eu* occur from a single electronic energy levels. In Sm3* both absorpbing

and emitting multiplets have a larger multiplicity. A transition from the first emitting state multiplet to the ground state multiplet will result in nine lines for a

Sm3* complex. In this study, high resolution emission and excitation spectra were used to determine the electronic energy levels for the ground state multiplet

and first excited state multiplet in four Sm3* compounds with varying donor set and site symmetry. This was achieved by the use of Boltzmann distribution

population analysis and experimentally determined transition probabilities from emission and excitation spectra. Using this analysis it was possible to show

the effect of changing three oxygen atoms with three nitrogen atoms in the tricapping donor set for compounds with the same Trigonal Tricapped Prism (TTP)

site symmetry on the crystal field splitting in both Eu3* and Sm3* crystals. This work celebrates the 40 year annivesary for the first report of [Eu(ODA);]*

luminescence by Kirby and Richardson.

Introduction

Lanthanide luminescence fascinates as it is characterised by
sharp bands in the luminescence spectra and forbidden
transitions with long luminescent lifetimes.2® The similar
properties, explained by the similar electron configuration of
the lanthanide(lll) ions,% 3 are exploited in applications including
bioassay, bioimaging, and anti-counterfeiting technologies.> &
10-16 The applications rely on our ability to understand of the
complicated molecular and electronic structure of the
lanthanide(lll) ions.* 13.17-22\While the electronic splitting caused
by the strong spin-orbit coupling observed as bands in the
luminescence spectra has been extensively studied for the
lanthanide(lll) ions, & 23. 24 the spectral fine structure from the
crystal field splitting of the electronic energy levels of the spin-
orbit defined 5L, multiplet into the individual electronic states,
defined by mj, still remains a puzzle.? 9 25

The site symmetry, the coordination geometry, and the donor
atoms of a lanthanide(lll) complexes—their molecular
structure—determines the crystal field splitting.26 If the
symmetry is low, more lines will be resolved in the
luminescence spectra, while higher symmetry creates
degenerate states and fewer bands.?’-30 The knowledge of
trivalent lanthanide(lll) ions photophysics is still centred around
the Eu3*ion.13.24,27,3133 For Eu3* the transition from the ground
state (’Fo) to the first emitting state (°Do) can be observed as a
single line, as both states are non-degenerate.3* 35> This makes
the interpretation of Eu3* ion luminescence spectra simpler
than for other lanthanide(lll) ions.?”- 3¢ The non-degenerate
ground and emitting state combined with the fact that the Eu3*
ion has been comprehensively studied, makes it a good starting

point for broadening the understanding of other trivalent
lanthanide(lll) ions.13, 24,27, 31-33

In contrast to Eu3*, Sm3* has ®Hs/, as absorbing state multiplet
and “Gss; as the emitting state multiplet.> 28-30, 3638 Both
multiplets contains tree Kramers levels. For Eu3* the site
symmetry can be evaluated directly from the number of
observed lines in a given band, as this depends on the site
symmetry.24 27, 31, 39, 40 |n general, for Sm3* the maximum
splitting of a multiplet in the absence of a magnetic field is
expected, calculated as (2J+1)/2) for the Kramers ions/half
integer J lanthanide ions.? 37 This eliminates the possibility of
understanding the effect of site symmetry only from the
number of lines present in a multiplet. A transition from the
emitting multiplet to the lowest energy multiplet: Gs/, = ®Hsy,
will result in nine lines for a Sm3* complex.?! Determining the
spectral fine structure for the electronic transitions can be
difficult and Sm3* luminescence remains less explored.37, 4145
The other bands in the Sm3* luminescence emission spectrum
has maximum splitting of twelve, fifteen, and eighteen for ¢H;/,,
%Hg/2, and ®Hi4/; respectively. As the multiplets of Sm3* contain
more than one level, there will be a difference in the population
between these states. The population of a certain state is given
by the Boltzmann distribution, which depends on the energy
between the states and the temperature. The spectra can be
simplified using cryogenic temperatures e.g. at 77 K only some
of the three +m, levels in 4Gs/> and ®Hs/> will be populated and
thus transitions from higher electronic energy levels may not
have an observable intensity in the spectra. The intensity of any
line depends on both transition probability and population. In
the ideal case, the spectra originates from a single state and
only the energy levels in the final multiplet is observed.? 37, 46-49
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Further, analysis relying on the Boltzmann distribution can be
used to resolve the electronic structure if both emission and
excitation spectra are available.*?

To investigate the electronic structure of Sm3*, four compounds
with different symmetry and the donor sets, but with the same
coordination geometry were prepared and crystallised, see
Figure 1. To be able to contrast and compare, we also prepared
corresponding Eu3* compounds. By using what is known for Eu3*
as a symmetry probe,2% 27, 31,39,40 the Eu3* model system allow
us to expand the knowledge about Sm3+.

The series is composed of two compounds with a Trigonal
Tricapped Prismatic TTP coordination geometry,
Nas3[Ln(ODA)3]-7H,0 and Cs3[Ln(DPA)3]-9H,0, but with different
donor sets and symmetries. The Nas[Ln(ODA)s]-7H,0
compound has a donor set consisting of nine oxygen atoms. The
Cs3[Ln(DPA)3]-9H,0 compound a donor set with three nitrogen
atoms in the capping layer and six oxygen atoms in the two
trigonal layers.17. 18 50, 51 The other half of the series is two
compounds with capped square-antiprismatic cSAP geometry
with different donor sets: Na[Ln(DOTA)H,0]-4H,O0 and
Na[Ln(EDTA)(H20)s]-5H,0. The Na[Ln(DOTA)H,0]-4H,0
compound has a donor set consisting of four nitrogen atoms,
four oxygen atoms, and a capping oxygen, and
Na[Ln(EDTA)(H,0)3]-5H,0 compound has a
oxygen/nitrogen donor set without any apparent symmetry.
The single crystal structures were determined, and
luminescence spectra were recorded from single crystals and
microcrystalline powders. To quantify the symmetry of each
compound, both geometry and symmetry deviation values
were computed and used to determine the deviation from the
ideal TTP and cSAP geometry and the corresponding D3, and Cay
point group symmetires.>2 While the compounds have high
symmetry and geometries closed to the idealised coordination
polyhedra, none of the four compounds were found to have the
previously reported empirically determined crystal field
splitting.36

mixed

Na;[Sm(ODA),]-7 H,0 Cs;[Sm(DPA),]-9 H,0

Figure 1. Polyhedra depicting coordination around the Sm3* ion and molecular structure of the compounds:

Na[Sm(DOTA)H,0]-4H,0, and Na[Sm(EDTA)(H,0)s]-5H,0.
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Experimental Section
Synthesis

All chemicals were used as received without further
purification.

0.2 M Eu(CF3S03); Stock Solution

Eu(CF3S03)s3 (2.40 g, 4.00 mmol) (98% from STREM Chemicals)
was used to create a 0.20 M stock solution by dissolving the salt
in water creating a solution with a volume of 20.0 + 0.04 ml.
Naz[Eu(ODA);]-8H,0 Crystallisation

H,ODA (0.538 g, 4.01 mmol) (H,ODA 98% from Sigma Aldrich),
H,ODA = 2,2’-oxydiacetic acid/diglycolic acid was used to create
a 0.20 M stock solution by dissolving the acid in water to create
a solution with a with a volume of 20 £ 0.04 ml with pH =5 using
NaOH (1.0 M). Nasz[Eu(ODA)3]-9H,0 was created by adding 0.5
ml of the 0.20 M Eu(CF3S0s)s to a sample vial with 1.5 ml of the
0.20 M H,ODA stock. The sample was heated at 80°C for 1 h.
The sample vial was placed in container with acetone, placing a
lit and left for an acetone diffusion. After 3 day crystals had
formed (N = 3).

Cs3[Eu(DPA)3]-9H,0 Crystallisation

H,DPA (0.669 g, 4.01 mmol) (H.DPA from Riedel-De Haén
Seelze-Hannover), H,DPA = pyridine-2,6-dicarboxylate was used
to create a 0.20 M stock solution by dissolving the acid in water
to create a solution with a with a volume of 20 + 0.04 ml with
pH =7 using NaOH (1.0 M).

Cs,C03 (0.326 g, 1.00 mmol) (Cs2CO3 99% from Sigma Aldrich)
was used to create a 0.10 M stock solution by dissolving the salt
in water to create a solution with a with a volume of 10 + 0.06
ml.

Cs3[Eu(DPA)3]-9H,0 was created by adding 0.5 ml of the 0.20 M
Eu(CF3S03);3 stock to a sample vial with 1.5 ml of the 0.20 M
H,DPA stock and 2.0 ml of the 0.20 M Cs,CO3 stock. The sample
was filtered through a Q-Max RR syringe filter from Frisinette
and transferred to a sample vial. The sample was heated at 80°C
for 1 h. The sample vial was placed in container with acetone,

Na[Sm(DOTA)H,0]-4 H,0 Na[Sm(EDTA)(H,0);]5 H,0

Nas3[Sm(ODA);]-7H,0, Cs3[Sm(DPA);]-9H,0,
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placing a lit and left for an acetone diffusion. After 3 day crystals
had formed (N = 3).
Na[Eu(DOTA)H;0]-4H;0 Crystallisation

H,DOTA (0.80918 g, 2.001-mmol), (HsDOTA from CheMatech)
H4sDOTA = 1,4,7,10-tetraazacyclododecane-N,N’,N”’,N’"’-
tetraacetate was used to create a 0.10 M stock solution by
dissolving the acid in water to create a solution with a with a
volume of 20 + 0.04 ml with pH = 8 using NaOH (1.0 M).
Na[Eu(DOTA)H,0]-9H,0 was created by adding 1.0 ml of the
0.20 M Eu(CF3S03)3 stock to a sample vial with 2.0 ml of the 0.1
M H4DOTA stock. The sample was heated at 80°C for 1 h. The
sample vial was placed in container with acetone, placing a lit
and left for an acetone diffusion. After 1 day crystals had formed
(N =3).

Na[Eu(EDTA)(H20)3]-5H,0 Crystallisation

H4EDTA (0.26888 g, 0.8045 mmol) (H4EDTA 98% from STREM
Chemicals), H4EDTA = (2,2',2",2""-(ethane-1,2-
diyldinitrilo))tetraacetic acid was used to create a 0.20 M stock
solution by dissolving the acid in water to create a solution with
a with a volume of 20 £ 0.04 ml with pH = 8 using NaOH (1.0 M).
Na[Eu(EDTA)(H,0)3]-5H,0 was created by adding 1.0 ml of the
0.2 M Eu(CF3S03)3 stock to a sample vial with 1.0 ml of the 0.20
M H4EDTA stock. The sample was heated at 80°C for 1 h. The
sample vial was placed in container with acetone, placing a lit
and left for an acetone diffusion. After 1 day crystals had formed
(N =3).

0.2 M Sm(CF3S03)3 Stock Solution

Sm(CF3S0s)3 (2.39 g, 4.00 mmol) (98% from ABCR) was used to
create a 0.20 M stock solution by dissolving the salt in water
creating a solution with a volume of 20.0 + 0.04 ml.
Nas[Sm(ODA)s]-7H,0 Crystallisation

H,ODA (0.538 g, 4.01 mmol) (H,ODA 98% from Sigma Aldrich),
H,DPA = 2,2’-dioxyacetic acid was used to create a 0.20 M stock
solution by dissolving the acid in water to create a solution with
a with a volume of 20 £ 0.04 ml with pH =5 using NaOH (1.0 M).
Na3[Sm(ODA)s]-7H,0 was created by adding 0.5 ml of the 0.20
M Sm(CF3S0s3)s3 to a sample vial with 1.5 ml of the 0.20 M H,ODA
stock. The sample was heated at 80°C for 1 h. The sample vial
was placed in container with acetone, placing a lit and left for
an acetone diffusion. After 3 day crystals had formed (N = 3).
Cs3[Sm(DPA)3]-9H;0 Crystallisation

H,DPA (0.669 g, 4.01 mmol) (H,DPA from Riedel-De Haén
Seelze-Hannover), H,DPA = pyridine-2,6-dicarboxylate was used
to create a 0.20 M stock solution by dissolving the acid in water
to create a solution with a with a volume of 20 + 0.04 ml with
pH =7 using NaOH (1.0 M).

Cs,C0O3 (0.326 g, 1.00 mmol) (Cs,CO3 99% from Sigma Aldrich)
was used to create a 0.10 M stock solution by dissolving the salt
in water to create a solution with a with a volume of 10 + 0.06
ml.

Cs3[Sm(DPA)3]-9H,0 was created by adding 0.5 ml of the 0.20 M
Sm(CF3S0s3)3 stock to a sample vial with 1.5 ml of the 0.20 M
H,DPA stock and 2.0 ml of the 0.20 M Cs,CO3 stock. The sample
was filtered through a Q-Max RR syringe filter from Frisinette
and transferred to a sample vial. The sample was heated at 80°C

for 1 h. The sample vial was placed in container with acetone,
placing a lit and left for an acetone diffusion. After 3 day crystals
had formed (N = 3).

Na[Sm(DOTA)H,0]-4H,0 Crystallisation

H,DOTA (0.80918 g, 2.001-mmol), (HsDOTA from CheMatech)
H4sDOTA = 1,4,7,10-tetraazacyclododecane-N,N’,N”’,N""’-
tetraacetate was used to create a 0.10 M stock solution by
dissolving the acid in water to create a solution with a with a
volume of 20 + 0.04 ml with pH = 8 using NaOH (1.0 M).
Na[Sm(DOTA)H,0]-4H,0 was created by adding 1.0 ml of the
0.20 M Sm(CF3S03); stock to a sample vial with 2.0 ml of the 0.1
M H;DOTA stock. The sample was heated at 80°C for 1 h. The
sample vial was placed in container with acetone, placing a lit
and left for an acetone diffusion. After 1 day crystals had formed
(N =3).

Na[Sm(EDTA)(H20)s]-5H,0 Crystallisation

H4EDTA (0.26888 g, 0.8045 mmol) (H4EDTA 98% from STREM
Chemicals), H4EDTA = (2,2',2",2""-(ethane-1,2-
diyldinitrilo))tetraacetic acid was used to create a 0.20 M stock
solution by dissolving the acid in water to create a solution with
a with a volume of 20 £ 0.04 ml with pH = 8 using NaOH (1.0 M).
Na[Sm(EDTA)(H,0)3]-5H,0 was created by adding 1.0 ml of the
0.2 M Sm(CF3S03)3 stock to a sample vial with 1.0 ml of the 0.20
M H4EDTA stock. The sample was heated at 80°C for 1 h. The
sample vial was placed in container with acetone, placing a lit
and left for an acetone diffusion. After 1 day crystals had formed
(N =3).

Single Crystal X-ray Diffraction

Single-crystal X-ray diffraction data was collected using a Bruker
D8 Venture diffractometer with a PHOTON 100 CMOS detector,
a Mo Ko high brilliance IuS X-ray tube (A = 0.71073 A), a
multilayer X-ray mirror, and the temperature keptat 100 K using
an Oxford Cryo system.

The structure was solved using Olex2%3 with the ShelXT
program>* using intrinsic phasing. Refinement was done using
the ShelXL refinement package with least square minimisation.
Aromatic hydrogens were added automatically using a riding
model all other hydrogens were added manually to residual
peaks. All other atoms were refined anisotropically.

Symmetry Deviation Analysis

Symmetry deviation values were calculated using AlinglIt>> after
manual rotational optimisation in Mercury.>® The geometry in
lanthanide(lll) complexes were compared to ideal model
polyhedral and the values were scaled with the average bond
length in the coordinating lanthanide(lll) polyhedral. The
coordination number (in this case N = 9 for all lanthanide(lll)
complexes) were used to normalise the results. Alignlit
implements Eq. 1, after manual rotational optimisation in
Mercury, to calculate a symmetry deviation value, Gigear:>®

10k = Pel? 100 Eq.1

. P - = _ .
Jldéal( Q) 4 |Qk _ Q0|2 N
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where P is a point in the ideal structure, and Q is a point in the
distorted structure. Qo is the origin in the distorted model. For
two identical structures, the symmetry deviation value will be
Z€ro, Oigeal = 0.5°

Point Group Symmetry Analysis

In addition to the geometrical deviation analysis, the fit and
structural deviations to symmetry point groups were
evaluated.! The deviation from symmetry is evaluated with
equation 2.

N Eq.2

7om(6,0) = Zw

s=1

where 0igea(Q, 0S,Q) is the geometry deviation defined in Eq. 2
between the coordinate set of structure Q and the same set of
coordinates that has been operated with the specific
symmetry operation Os. The sum is over all N symmetry
operations in a point group, G.

Crystal Powders

For both PXRD and Optical spectroscopy the crystals that
precipitated in each sample, were collected by vacuum
filtration. The crystals were removed from the filter and crushed
to a powder.

Powder X-ray Diffraction

The samples for PXRD were filtered crystals crushed to a
powder. Data was collected using a Bruker D8 Advance
diffractometer using a Cu Ko source (A = 1.5406 A) at 293 K with
an integration time of 1 s and a resolution of 1500. Samples
were measured using a low background silica sample holder.
Spectroscopy for Crystals Crushed to a Powder

After recording PXRD diffractograms, the crystal powders were
added to a 5.0 mm diameter NMR quartz tube from Bruker
loaded with  2-methyltetrahydrofuran. The resulting
suspensions were cooled using liquid nitrogen and measured in
a quartz dewar.

Solid-State Single Crystal Spectroscopy

Solid-state single crystal spectroscopy was measured for Eu3*
complexes at 293 K. The spectroscopy settings described before
were used to measure emission and excitation, respectively. A
single crystal was mounted on a crystal mounting loop. The
crystal mounting loop was then placed inside the spectrometer.
The setup is the same as in our Eu(DPA) paper.>’

Optical Spectroscopy for Eu3* Samples

Emission and excitation spectra were measured with a xenon
arc lamp as the excitation source on a PTI QuantaMaster8075
from Horiba Scientific. For emission spectroscopy an excitation
wavelength at 394 nm (25400 cml) was used. Emission was
detected from 575 nm (17400 cm1) to 765 nm (14000 cm-1). The
emission slits were kept at 1.0 nm for the two outermost slits
and 5.0 nm for the middle slit for all samples. The excitation slits
were all kept at 4.0 nm for the powder in a glass setup, and 8.0
nm when using single crystals. The voltage bias was kept at
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3.200 V for the reference detector. The integration time was
keptat 1swithastepsize of 0.1 nm. For excitation spectroscopy
an emission wavelength at 614 nm (16900 cm) was used.
Excitation was detected from 310 nm (32300 cm) to 585 nm
(17100 cm-1). Emission slits were all kept at 3.0 nm and
excitation slits were kept at 1.0 nm for the two outermost slits
and 5.0 nm for the middle slit. These settings were used for both
the powder in a glass setup and single crystals. The voltage bias
was kept at 6.800 V for the reference detector. The integration
time was kept at 1 s with a step size of 0.1 nm.

Optical Spectroscopy for Sm3* Samples

For all samples used for optical spectroscopy and luminescence
lifetimes, crystals were crushed to a powder and added to a 5.0
mm diameter NMR quartz cylinders from Bruker with 2-methyl
tetrahydrofuran glass.

Emission and Excitation on a PTI QuantaMaster8075 from Horiba
Scientific

Emission and excitation spectra were measured with a xenon
arc lamp as the excitation source on a PTI QuantaMaster8075
from Horiba Scientific. For this set-up spectra were recorded at
77 K using liquid nitrogen to cool the samples and measured
using a quartz dewar . For emission spectroscopy an excitation
wavelength at 401 nm (24900 cm) was used. Emission was
detected from 550 nm (18200 cm) to 760 nm (13200 cm1). The
emission slits were kept at 1.0 nm for the two outermost slits
and 5.0 nm for the middle slit for all samples. The excitation slits
were all kept at 8.0 nm. The voltage bias was kept at 3.200 V for
the reference detector. The integration time was kept at 1 s
with a step size of 0.1 nm. For excitation spectroscopy an
emission wavelength at 598 nm (16700 cm) was used.
Excitation was detected from 250 nm (40000 cm) to 590 nm
(16900 cm-1). Emission slits were all kept at 8.0 nm and
excitation slits were kept at 1.0 nm for the two outermost slits
and 5.0 nm for the middle slit. The voltage bias was kept at
6.800 V for the reference detector. The integration time was
kept at 1 s with a step size of 0.1 nm. Emission and excitation
spectra measured using this set-up can be found in supporting
information.

Emission and Excitation on a Custom Build Spectrometer with a
Supercontinuum Laser

Emission and excitation spectra was measured using a custom
build spectrometer,>® equipped with a supercontinuum laser
(NKT SuperK Fianium FIU-15) coupled to a tunable band pass
filter (NKT LLTF Contrast VIS/SWIR HP8). Samples were
measured both at 298 K and cooled to 77 K using liquid nitrogen
to cool the samples and measured in a quartz dewar. For
emission spectroscopy an excitation wavelength at 463 nm
(21600 cm-1) was used with 90% laser power and a maximum
repetition rate (78MHz). A 500 nm (20000 cm-1) long pass filter
was used. The centre wavelength was set to 640 nm (15600 cm-
1). The integration time was kept at 1 s, with 10 exposures per
frame and a 0.54 nm resolution. The slit was kept at 5 um. The
intensity was calibrated using the procedure described in ref 38,
Excitation spectra were measured by scanning the excitation
source at 100% laser power from 520 nm (19200 cm™1) to 580
nm (17200 cm) through a Python code that connects to the
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tuneable band pass filter (NKT LLTF Contrast VIS/SWIR HP8)
with a 880 nm (11400 cml) centre wavelength. A 750 nm
(13300 cm) long pass filter was used.

The exposure time per data point was 2 s with 1 exposure per
frame, and the step size was set to 0.25 nm. The slit was kept at
15 um. The set-up is described in more detail in ref.49. 58

Luminescence Lifetimes for Eu3* Samples

The luminescence lifetimes were determined using a PTI
QuantaMaster8075 from Horiba Scientific. The excitation
wavelength was 394 nm (25400 cm), and the emission
wavelength 598 nm (17100 cm-1). The slits were all kept at 5 nm
for both emission and excitation. The time window was from
200 ps to 3000 ps with an integration time of 28 ps. The
luminescence lifetimes were fitted using a mono-exponential
decay function using the software Origin Lab Pro’s ExpDecl
function.>® These settings were used for both the powder in a
glass setup and single crystals.

Luminescence Lifetimes for Sm3* Samples

The luminescence lifetimes were determined using a TCSPC
FluoTime300 from PicoQuant. The excitation wavelength was
405 nm (24700 cm), and the emission wavelength 600 nm
(16700 cm-1). The luminescence lifetimes were fitted using a
mono-exponential decay function using the PicoQuant EasyTau
2 software.®0

Deconvoluting the Electronic Energy Levels in the Sm3*
Compounds using Boltzmann population analysis

To determine which transitions originated from which
electronic energy levels (m,) in the ground state multiplet (°Hs/2)
and the first emitting state multiplet (*Gs/2), the we used our
Boltzmann analysis procedure.*® Briefly summarised: The
calculated population from the Boltzmann distribution was
compared to the observed difference in emission and excitation
intensity. The observed relative transition intensities for
emission and excitation were extracted from the Voigt
functions. The relative emission intensity for a transition from j
to i is assumed to be proportional to the population of the state,
Jj, at a given temperature and the relative emission transition
probability. The same is assumed for the excitation intensity.
Aisjis the absorption transition probability for a from jto i,

and Bj¢j is the emission transition probability for a fromitoj. It
is assumed that the ratio of transition probability between two
levels i and j is the same for emission and excitation. For Sm3*
specifically, the observed thermal population for the ground
state multiplet, ®Hs/,, and the emitting state multiplet, *Gs/,, can
be expressed as (Eqg. 3 and Eq. 4):%°

rel rel
6H5/2 __ Ii—>j _ Ii—>j Eq.3
iob, TN . prel T rel
ovs N - B B,
and
rel rel
4G5/2 _ 1i<—j _ 1i<—j Eq. 4
Jjob. T N . ogrel T T rel
obs N -ATE AT

This observed thermal population is compared to the calculated
Boltzmann distribution (Eq. 5):4°
—Ei Eq.5
system _ ekl

lcalc Zsystem el:TE’Ii'
L

where is E;is the energy of the i states in either the ground state
multiplet, ®Hs/,, or emitting state multiplet, *Gsj,. If each line in
the emission and excitation spectra corresponds to a single
electronic transition, the calculated and observed thermal
population should be the same.*® The observed population is
evaluated by the use of a loss function. The model for the
electronic energy levels described by the lowest loss value
describes the system the best.

6HS/2 _ .6H5/2)2

L= Z 100. (P
i

Eq. 6

lecalc

N

4G5/2 _

+Z 100 - (Pi"’”
i

P4GS/2)2

icalc

N

This was used to resolve ambiguities in the interpretation of
splitting of the energy levels determined from the spectra. Here
the loss function is used to determine which of the different
calculated populations agree with the observed population the
best.

Results and discussion

To ensure reproducible results, all compounds were prepared
in triplicates, and the unit cell determined for the crystals
selected for investigation from each preparation, see the ESI for
details.

Crystal Structure and Coordination Geometry

For all eight Eu3* and Sm3* compounds the single crystal
structure was determined. Crystallographic information can be
found in the ESI. Nas[Eu(ODA);]-9H,0 crystallises in the
monoclinic C2/c space group (CCDC deposition number
2291817) and was found to be isostructural to previously
reported compound (CCDC entries DOFXIF 1143446 and
DOFIX01 209363).5% 62 The Naz[Sm(ODA)s]-7H,0 compound
crystallises in  the monoclinic Cc space group.
Naz[Sm(ODA)3]-7H,0 (CCDC deposition number 2291821) was
found to be isostructural to the Nas[Ln(ODA)s]-7H,0
compounds, which has previously been reported for Eu3* and
Gd3* (CCDC entries DOFXIF 1143446, DOFIX01 209363, and
QUMYON 721017).6163 Figure 2a illustrates the donor atoms
type and placement around the central Sm3* ion. For both
Nasz[Eu(ODA)3]-8H,0 and Nasz[Sm(ODA)s]-7H,O three [ODA]%
ligands coordinate to the central lanthanide(lll) ion making it
nine-coordinated. The complex is reported as having TTP
coordination geometry.5% 62 The donor set is very symmetric
and consists of nine oxygen atoms all originating from three
[ODA]% molecules. Figure 2b shows the asymmetric unit, and
Figure 2c illustrates the two Nas[Sm(DPA);]-7H,0O complexes
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placed within the cell. Nas[Eu(ODA);3]-9H,0 and
Nas3[Sm(ODA)s]-7H,0 differs by the space group, with a larger
asymmetric unit for Nas[Sm(ODA);]-7H,O and less water
molecules included in the structure. The crystallographic
differences between the compounds are obvious, but let us

consider the details.

unit
)
)

a) b
d) e

antiprism plane, and five oxygen atoms, with four originating
from the [DOTA]* in the upper square antiprism layer and a
single water molecule in the capping position.
Na[Eu(EDTA)(H,0)3]-5H,0 (ccbC deposition number
2291811)and Na[Sm(EDTA)(H20)s3]-5H,O0 (CCDC deposition
number 2291820) were found to be isostructural and
crystallises in the orthorhombic Fdd2 space group. They are
isostructural to previously reported compounds.’277
Na[Sm(EDTA)(H20)3]-5H,0 is described in literature as having
cSAP coordination geometry.’8 The lanthanide(lll) the donor set
consist of two nitrogen atoms, with one occupying the capping
position and the other being placed in the first square antiprism
layer, and seven oxygen atoms, with four originating from
[EDTA]* and the other three from water molecules. As the
structures of the eight compounds were determined, the site
symmetry of the nine-coordinated Sm3* polyhedral, could then
be examined.

Table 1: 0j4.q values from Alignlt, for oxygen only coordination polyhedra for the Eu3*
compounds.

Figure 2. a) Polyhedra depicting coordination around the Sm3* ion in
Nas[Sm(ODA)3]-7H,0. b) molecular structure of Naz[Sm(ODA)s]-7H,0. c) The unit
cell for the Na3[Sm(ODA)s]-7H,0 crystal structure. d) Polyhedra depicting
coordination arou.nd the Sm3* ion in C53[Sm}DPA)3]v9HZO. e) Molec.ular structure
of Cs3[Sm(DPA);3]-9H,0. f) The unit cell for the Cs;[Sm(DPA)3]-9H,0 crystal
Durple Tiyarogen storme omitted for \darin Tharmal Slisoids are ot S0%
probability.

The Cs3[Eu(DPA)3]-9H,0 crystallises in the orthorhombic C222;
space group. The crystal created in the experimental section
was found to twin, and the structure could not be determined.
The Bravais lattice and unit cell agreed with the previously
reported structure,5! and this crystal was used for single crystal
luminescence measurements. However the structure analysis
was done using the crystal structure by Brayshaw et al. (CCDC
entry YOZRUA 1306070).51 The Cs3[Sm(DPA)3]-9H,0 crystallises
in the orthorhombic C222; space group (CCDC deposition
number 2291822). Cs3[Sm(DPA);]-9H,0 was found to be
isostructural to the Cs3[Ln(DPA)3]-9H,0 compounds, which has
previously been reported for Ce3*, Eu3*, Tb3*, and Yb3* (CCDC
entries FEMPUL, YOZRUA 1306070 1497223, HOYTEV 622323,
and HOYTIZ 623104).50.51, 64

Figure 2d illustrates the donor atoms type and placement
around the central Sm3+ion. In Cs3[Ln(DPA)3]-9H,0 three [DPA]%
ligands coordinate to the central lanthanide(lll) ion in a nine-
coordinated TTP coordination geometry.34 51,6568 The donor set
consist of three nitrogen atoms placed in the tricapping layer,
and six oxygen atoms in the two trigonal layers. All donor atoms
originate from three coordinating [DPA]2 molecules. Figure 2e
shows the asymmetric unit. Figure 2f illustrates the two
Cs3[Sm(DPA)3]-9H,0 complexes placed within the unit cell. The
four TTP systems differ by lanthanide—Eu3* and Sm3—and the
donor set: Two compounds with oxygen only and two
compounds with three nitrogen six oxygen.

The Na[Eu(DOTA)H,0]-4H,0 (CCDC deposition number
2291807) and Na[Sm(DOTA)H,0]-4H,O (CCDC deposition
number 2291819)compounds were found to be isostructural.
They crystallise in the trigonal P-1 space group as previously
reported.®® 70 The compounds are reported to have the cSAP
coordination geomtry.%% 70 71 71 |n the DOTA compounds, the
donor set consists of four nitrogen atoms in the lower square

6|

e/

o4

CSAP (Ca) TTP (Dsn)
' Nas[Eu(ODA)s]-8Hz0 1.26 0.76
' Cs[Eu(DPA);]-9H,0 1.87 0.89
‘ Na[Eu(DOTA)H,0]-4H, 0.38 148
)
Na[Eu(EDTA)(H:0
[Eu(EDTA)(H.0):] 0.63 0.96
-5H.0

Evaluation of Coordination Geometry and Site Symmetry

The site symmetry of a lanthanide(lll) complexes affects the
crystal field splitting. Here a continuous symmetry measure was
used to determine the coordination geometry and site
symmetry. First, ideal geometry is
calculated. A continuous shape measure determines the

the deviation from

distance between the real structure and ideal model polyhedra
to find the most representative ideal structure, quantified by
the symmetry deviation value, Oigear. The smallest Oigeas Value
determines the ideal model that most closely resembles the real
observed structure.23 This is achieved by the use of the Alignlt
methodology.>>

Table 1 compares the relevant ideal polyhedra to create a
comparative scale of different deviation values. Additional
in ESI. Nine-
coordinated lanthanide(lll) complexes are usually described as

symmetry deviation values can be found
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having either a cSAP or a TTP coordination geometry.”9, 80
Inspection of Table 1 shows that Nas;[Eu(ODA);]-8H,0 and,
Cs3[Eu(DPA)3]-9H,0 were found to have lowest Ojgeqs Values
against the ideal TTP structure, in agreement with litterature.3%
51,65-68 The ODA complexes have the lower gjgeq Values, than the
DPA complexes. As the Ln-N and Ln-O bond distances differs by
0.3 A this is in good agreement with the more symmetric all
oxygen donor set.58 81 For the DOTA and EDTA complexes the
lowest Tigeas Was observed against the ideal cSAP geometry,
note that the EDTA donor set is asymmetric and will have no
symmetry, but retains the shape of the model polyhedrons.”%. 78
The 0Oigeas deviation value made by Alignlt assumes an oxygen
only donor set and uses uniform bond distances. As most
lanthanide(lll) compounds have a mixed donor set that vary in
bond lengths, the gigearvalue does not describe the symmetry
well, Gigeas reports on geometry compared to a model geometry.
To analyse the point group symmetry of the compounds, as
point group symmetry deviation value or osy,m was used. This
method takes both coordination geometry and donor set into
account.® Table 2 show the osm-values calculated in the six
relevant symmetries for both the donor set and the relevant
molecular structure.

For the two compounds with TTP  geometry.
Na3[Ln(ODA)s3]-:8H,0 and Css3[Ln(DPA)3]-9H,0, both the inner
sphere coordination polydhedra are best described by D3
symmetry. For D3, a higher osym-value was found, which indicate
that none of the compounds contain a horizontal mirror plane.
Interestingly, Css[Ln(DPA)3]-9H,0 has a perfect osm value
against D3, which may be caused by the biding angle of the
ligands or the more rigid nature of the [DPA]? ligand compared
to [ODA]Z. If we expand the evaluation to include the ligand
backbone, we can see the [ODA]? backbones are disordered,
while the rigid [DPA]? ligand also has high symmetry.

Na[Ln(DOTA)H,0]-4H,0 was found to have high symmetry as
the donor set is have C4 point group symmetry, while the
molecular structure perturbs the vertical mirror planes as these
are not present in the [DOTA]* ligand backbone. For
coordination geometry of Na[Ln(EDTA)(H,0)s]-5H,0 the osym
values are large, as the position of two nitrogen atoms results
in only a single symmetry operation is present: a vertical mirror
plane (C,). If the EDTA ligand is included in the analysis
Na[Ln(EDTA)(H,0)3]-5H,0 has no symmetry. The symmetry
analysis were done for both Sm3* and Eu3* compounds, see
table 2. In the symmetric compounds, Nas[Sm(ODA)s]-8H,0 is
slightly more disordered than Nas[Eu(ODA)s]-8H,0, while the
molecular structure of the [EDTA]* complexes are different not
in all cases fully asymmetric. Following this analysis the
Nasz[Ln(ODA)3]-8H,0 and, Css3[Ln(DPA)3]-9H,0 compounds have
TTP geometry with D3 symmetry, Na[Ln(DOTA)H,0]-4H,0 has
cSAP geometry with Cs symmetry, and
Na[Ln(EDTA)(H,0)3]-5H,0 has cSAP geometry with no (C:)
symmetry.

Table 2: Point group symmetry deviation values (os,m)* for the real coordination polyhedra and the molecular structure for the Eu* compounds and the Sm3* in parenthesis.

Light pink indicates the point group with highest symmetry that describes the system.

Nas[Eu(ODA)3]-8H.0 Cs3[Eu(DPA)3]-9H.0 Na[Eu(DOTA)H20]-4H,0 Na[Eu(EDTA)(H20)s]-5H.0
A
. | ) —
AP 5 YY _JF
Point % > ,\
rou P
group — L7 4 L
Molecular Molecular Molecular Molecular
Inner sphere Inner sphere Inner sphere Inner Sphere
structure structure structure structure
Cav 3.2(3.7) 23.5(23.3) 25.1(24.9) 30.7 (30.1) 0.8 (0.8) 5.8(5.7) 31.1(26.6) 36.0(38.9)
G 2.6(3.0) 27.2(27.1) 30.9(30.7) 35.7 (36.0) 0.1(0.1) 0.5 (0.5) 32.9 (31.4) 32.9(33.9)
Dsn 1.3(1.6) 12.0(12.5) 1.7 (1.8) 11.5(11.1) 63.2 (63.1) 75.7 (77.6) 54.4 (54.1) 96.6 (91.6)
Ds 0.3 (0.4) 2.6(3.2) 0.0 (0.0) 0.1(0.1) 79.3(79.2) 85.0(85.0) 63.0 (62.5) 114.2 (109.8)
G 0.3(0.5) 3.3(3.9) 0.0 (0.0) 0.1(0.1) 16.7 (16.7) 14.4 (14.4) 25.9(26.0) 37.7 (39.3)
G 0.0(0.2) 0(1.0) 0.0 (0.0) 0.0 (0.0) 0.1(0.1) 0.3(0.3) 26.7 (23.5) 30.9 (41.0)
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Table 3: The number of bands empirically observed in the Do = 7F, emission for different
point group symmetries.?* The table is a modified version of ref. 27 The table also includes
the number of observed bands in a different ODA compound with same coordination by

Kirby et al. 82

J J J J J

Do>F J=0 = = = = =

1 2 4 5

Cswand C4 1 2 4 5 7 8

Dsn 1 2 3 5 6 7

Csvand Cs 1 2 3 5 6 7
C:2 1 3 5 7 9 11

Kirby et al. ODA®? 0 1 3 4 4 ?

Luminescence Spectra

To examine the effect of the crystal field on the electronic
structure of the central lanthanide ion emission and excitation
spectra and luminescence lifetimes were recorded for single
crystals at 298 K and microcrystalline powders at 77 K.

Eu3* Compounds. For Eu3* the number of lines is expected to be
related to the point group symmetry of the compound,3 24. 27,
3133 3s illustrated by the number of lines in each 5Dy = 7F,
multiplet in specific symmetries compiled in Table 3 Eu3*. Eu3*
compounds are useful model system for a crystal field analysis

as both the ground state (’Fo) and emitting state (°Do) are non-
degenerate,34 35 but it must be recognised that the most of our
analytical framework is empiric in nature,2* 27 3% gnd with
improved instrumentation we are now arriving at different
results.26:4° This is also the case here.

The two Eu compounds with cSAP geometry:
Na[Eu(DOTA)H,0]-4H,0 and Na[Eu(EDTA)(H,0)3]-5H,0, were
analysed first. In the luminescence spectre, shown in Figure 3,
one line was observed for both the Do - 7F¢ band for both of
the two cSAP species. This is predicted in Table 3 and also
indicates that only one compound is present in the samples.?’
For the °Dg = 7F; band three lines were observed, which as
expected for C,, but higher splitting what is predicted for Cy,.
We are investigating crystalline samples at 77K with modern
equipment, which could explain why the empirical predictions
fail.2427.3% For the 5Dg = 7F, band three lines were observed for
Na[Eu(DOTA)H,0]-4H,0 and Na[Eu(EDTA)(H.0)s]-5H,0, which
is a lower splitting than what is expected for both symmetries,
showing that coincidental degeneracy also has a role to play.
Due to low intensity, the Do = 7F3 and °Dg = 7Fs band is seldom
resolved enough to include in an analysis. Here, the >Dg = 7F3
band consist of two lines for both cSAP species, and only two
lines are resolved in the °Dp > 7Fs band for
Na[Eu(DOTA)H,0]-4H,0 and three lines for
Na[Eu(EDTA)(H20)3]-5H,0. The resolution and total splitting of
these multiplets makes it hard to differentiate between real and
coincidental degeneracy. Finally, the >Dg = 7F4 band has five

Wavelength (nm)

571 588 606 625 645 667 690 714 741 769 800 833
4 5 | " 1 " 1 " 1 " 1 I 1 " 1 I 1 1 1 " 1
o Dy—'F,
4.0 - Na[Eu(EDTA)(H,0)5]-5 H,0
| SDO—)7F1 SDO_)7F4 cSAP

; 3.5 4 °D—>7Fy 5Dof’7F4 ‘ 5Do_l’7F5
8 ] 7 |
> 30 -1 ‘\
‘@ T A A ‘\‘ ‘l Na[Eu(DOTA)H,0]-4 H,0
& 25 M f (- CSAP
E 4 77\‘ l‘7 k L R = A L “L “f‘\r, , L
T 2.0
o)
2 1 Cs,[Eu(DPA)]-9 H,0
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) ] Aol
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Figure 3. Normalised single crystal emission at (excitation at 394 nm)

for Nas[Eu(ODA);]-8H,0, C53[Eu(DPA)3] 9H20 Na[Eu(DOTA)H,0]-4H,0 and
ion

Na[Eu(EDTA)(HzO)g] 5H,0 at 77 K. Spectra normalised to the highest peak. Polyhedral depicts coordination around the Eu3*
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observed lines in the Na[Eu(DOTA)H,0]-4H,0 spectra compared
and seven in the Na[Eu(EDTA)(H;0)s]-5H,0 spectra. Also here
the number of lines are lower than what is predicted for either
symmetry. Although the resolution is better here, the total
splitting larger, it is likely that the number of lines, can only be
resolved at even lower temperatures.

Single crystals Na[Eu(DOTA)H,0]-4H,0 has previously been
analysed by Thomsen et al. and Parker et al.83-8¢ Qur spectra are
consistent with the their spectra. The failure of the empirical
model given rise to the predictions in Table 3 has also been
previously described. 27 29, 52, 8-87 \We often find these
descriptors only work for some multiplet in a spectrum, and that
the symmetry reported by each multiplet in a spectrum can be
different.

In the species with TTP geometry, Naz[Eu(ODA)3]-8H,0 has a >Dg
- 7Fg line that cannot be observed, see Figure 3. This line is
often barely detectable for the other compounds ascribed TTP
geometry. The same is the case for Css3[Eu(DPA)s]-9H,0
spectrum, see Figure 3. The lack of at Dy = 7Fo band is often
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explained not by the TTP geometry but by the D3, symmetry.
The line is only observed if there is not mirror plane
perpendicular to the main rotational axis.2” Even though the
compounds was found to have D3 symmetry, a osym-values < 2
for the D3, symmetry is low enough that the luminescence
spectra have no °Dg -> 7Fg line.

Continuing the analysis of the TTP compounds, we move to the
Do - 7F1 band. Here, two lines were observed for
Cs3[Eu(DPA)3]-9H,0 indicating a splittingof m;=+1and m,=0
In contrast only one line was observed in the Dy = 7F; band of
Na3[Eu(ODA)3]-8H,0. This indicates that all the electronic
energy levels are degenerate, which is not predicted for any
symmetries lower than cubic (not included in Table 3). The
splitting of m, = +1 and m, = 0 should occur in compounds with
D3/Dsn symmetry, but the splitting of these levels are not
resolved in the data for Nas[Eu(ODA)3]-8H,0.9 24 27, 39, 82 Ap
alternative explanation is that transitions from the m, = 0 level
is forbidden, we observe the splitting of m, = +1, but there is
limited precedence for assuming that single m,-states are pure

Wavenumber (nm)
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Figure 4: Normalised emission (excitation at 463 nm) for Nas[Sm(ODA)3]-7H,0, Cs3[Sm(DPA);]-9H,0, Na[Sm(DOTA)H,0]-4H,0 and Na[Sm(EDTA)(H,0)s]- at 77 K and 298 K.
Normalised to the “Gs/; - ®Hs/, band. Polyhedra depicts coordination around the Sm3* ion.

| 9

https://doi.org/10.26434/chemrxiv-2024-w5sxn ORCID: https://orcid.org/0000-0003-1491-5116 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-w5sxn
https://orcid.org/0000-0003-1491-5116
https://creativecommons.org/licenses/by-nc-nd/4.0/

states and retain a nature that changes the transition
probabilities beyond the Do = 7Fq line.% 24 27. 3% |In D3/Ds,
symmetry the 7F; and 7F, m,-states could be pure states, and
with m, = 0 forbidden, only degenerate bands for m, =+ 1 and
m; = 2 would be observed. However, the 7Fs, 7F4, and 7Fs bands
does not contain a pure m, = 0 state as it must mix with the m,
= +3 states. In D3 symmetry (TTP structures) the following
crystal field parameters are needed: BZ , B, BS, B3, B, and
B¢. The off-diagonal terms results in m; mixing when Am, > 3.8
70, 86, 88

For Cs3[Eu(DPA)3]-9H,0 two and three lines were observed for
the >Do = 7F; and °Dg - “F4 band, respectively. This indicates a
larger splitting than what is predicted in Table 3 for D; point
group symmetry.% 24 27, 39 Even though the two compounds,
Na3[Eu(ODA)3]-8H,0 and Cs3[Eu(DPA)3]-9H,0, are both best
described by TTP geometry and both have D; symmetry, the
observed splitting in the emission spectra are different.
Overall, the Eu3* model compounds does not follow the
empirical predictions shown in Table 3, and beyond the
influence of horizontal mirror planes, we are left to determine
the electronic structure of the Sm3* compounds before we can
compare the properties of the two ions.

Sm3* Compounds. In Sm3* ion the simplest transition from the
emitting multiplet to the lowest multiplet, *Gs;, = ®Hs/, is a
multiplet with nine lines.*! This correspond to the first band in
the spectra shown in Figure 4. For the two Sm3* compounds
with cSAP geometry, Na[Sm(DOTA)H,0]-5H,0 and
Na[Sm(EDTA)(H,0)s3]-5H,0, fewer lines were observed in all
bands in the emission spectra at 77K compared to the two
compounds with TTP geometry.

For Na[Sm(DOTA)H,0]-4H,0 three lines were observed for the
4Gs/; > ®Hs/, band, indicating a maximum splitting of ®Hs/, and
only one of the m;, levels in *Gs/; with a significant population at
77 K, thus indicating a large crystal field splitting, resulting in the
lines origin from transition from higher m, levels in *Gs/, having
too small intensity to be observed. In support of this hypothesis,
four, five, and six lines were observed for the For the *Gs/; =
6H7/2, *Gs/2 = ®Hosz, and 4Gsy, = Hiy/, bands, respectivly. This
number of lines corresponds to the maximum splitting for 6Hs/,,
6H7/2, ®Hg/2, and ®Hi1/2, respectively.

For Na[Sm(EDTA)(H,0)3]-5H,0 four lines were observed for the
4Gs/; = ®Hs/z band. Also, for the 4Gs/, = ®Hyy,, *Gs/2 > ®Hgy,, and
4Gs;; = ©®Hji12 bands more lines were observed than the
maximum splitting in 6Hs/,, ®Hy/2, ®Hg/2, and Hy1/2, respectively.
This indicates that two m, levels in *Gs/; are populated at 77K,
but the splitting for the ground state multiplet, ®Hs/,, and the
first emitting multiplet, *Gs/2, might be quite similar, as this
would explain why six lines are not observed, but instead four,
for the 4Gs;; = ®Hs/; band. With similar splitting, some of the
lines will overlap, and four lines can be observed.

For the two Sm3* compounds with TTP geometry,
Na3[Sm(ODA)3]-7H,0 and Cs3[Sm(DPA)3]-9H,0, a similar
spectral shape was observed in the emission spectra, see Figure
4. The %Gs/; = ®Hs/; band shows three lines at 77K. The emission
spectra reflects the population of the three m;, levels in Gs/,
and for transitions to be observed with visible intensity, this
requires significant population of each m, levels. As the
transtion end in the ®Hs;; multiplet, transtions to all of these

10 |

states are expected to be observed independent of the
temperature.*® For three lines to observed for the 4Gs/2 = ®Hs)>
band this either indicates that only one state in the first emitting
multiplet 4Gs/, is populated or the ground multiplet ¢Hs/; does
not have the maximum splitting. If ®Hs;; does not have the
maximum splitting, this would indicate a more symmetric
nature of two compounds with TTP geometry and Ds/Dsp
symmetry than what was observed for the compound with
cSAP coordination geometry and C; symmetry (Table 2). This is
in agreement with the observations done ofr for the Eu3* model
compounds. Note that Na[Sm(EDTA)(H20)s]-5H,0 compound
has cSAP coordination geometry, but not symmetry and will not
be considered in symmetry arguments.
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Figure 5: Normalised emission (excitation at 463 nm) recorded at 77 K normalised

to the %Gs;; > fHs/, band. Normalised powdered excitation (emission scan from

520 nm to 580 nmﬁ recorded at 77 K normalised to the *Gs;, < ®Hs;; band. The

spectra were normalised to the transition from the lowest m, state in the ground

stgte )multiplet (°Hs/2) to the lowest m, state in the first emitting state multiplet
5/2)-

For the %Gs/, = ®Hy/; and 4Gs;; = ®Hg/2 bands more lines than
the maximum splitting for ®Hy/; and ®Hgy; (4 and 5 m, levels,
respectivly) is seen. This indicates that two of the states in *Gs/
is thermally populated to a degree where we easily observe
transitions from the levels. This is also confirmed by the fact
that the ammount of lines observed for each band in the
emssion spectra does not increase threefold at 298 K, see Figure
437,41, 48 The spectra at 298 K show how the thermal population
of the states changes as well as thermal broadening of the
peaks. Additionally, at 298 K the bands appear significantly
broader compared to at 77 K, indicating additional lines
appearing from a change in the population within the excited
state mulitplet population, see Figure 4. At 298 K all three states
in emitting *Gs;>; multiplet are populated at 298K. Considering
the two Sm3* compounds with TTP  geometry,
Naz[Sm(ODA)3]-7H,0 and Cs3[Sm(DPA)3]-9H,0, these display
the same spectral features, suggesting a very small splitting of
two of the electronic energy levels in the ®Hs;; multiplet. For a
Kramer’s ion such as Sm3* the maximum splitting of three would
be expected.? 37.46-48 When investigating the electronic energy
levels through a Boltzmann distribution, we found that the
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Figure 6. Top left: Normalised powdered emission (excitation at 463 nm) recorded of Na3[Sm(ODA)s]-7H,0 at 77 K normalised to the most intense line in *Gs/, > Hs),
band. The spectra has been fitted with two Voight functions where the splitting between the two lines are the splitting of the levels in ®Hs/,. Bottom left: Normalised
powdered excitation (emission scan from 520 nm to 580 nm) recorded of Nas;[Sm(ODA);]-7H,0 at 77 K where the spectra has been fitted with Voight functions with
shared parameters. Right top:From the spectral intensities an observed population (P) is determined from the relative intensities (1) and the relative transition probability
(A,B). Bottom right: Evaluation of three different models for the electronic structure of the ®Hs/, multiplet (1), (2), and (3). The black and red bars shows the calculated
Boltzmann population at 77 K (the red bar) and 298 K (the black bar) are shown along the calculated Loss number (L) for each model is shown.

splitting of both ®Hs,; and 4Gs;; multiplets is of a magnitude
where two of the three states (in both ®Hs;; and 4Gss,) be
observed. This assumption is confirmed by the excitation
spectra and supported in the other transitions in the emission
spectra. That only three and not six lines are observed for the
the 4Gs/, = Hs/, band could either be a result of this band being
weaker in intensity compared to some of the other emission
bands, which lead us to investigate further.

Deconvoluting the Electronic Energy Levels for Sm3*

Compared to Eu3*, the crystal field splitting in Sm3* compounds
cannot be “directly” estimated from number of peaks and the
energy splitting between them in the spectra.8 2 37, 41-44, 46, 48, 89-
92 |nstead, this requires the understanding of precisely which
electronic energy levels the transition happens from and to,
and what line each transition corresponds to. This requires good
spectral resolution, and the analysis can be made simpler by
having the spectra at different temperatures, where the
population of the electronic energy levels change. Here, we
record the spectra at 77 K and 298 K, see Figure 4. The lines in
the 4Gs/2 = Hs/, band are recovered from emission spectra and
the lines in the %Gs;; ¢ ®Hs/;, band are recovered from the
excitation, see Figure 5. Each band were fitted to a sum of Voigt
functions (see ESI for details), where each non-degenerate line
is described by a single Voigt function. In the fit, the Gaussian
width applied for is the instrumental broadening plus structural
fluctuations, and the Lorentzian broadening is associated with
the electronic transition. Fixing the Gaussian width was
assumed to be a valid assumption for these samples.*?

Using these fit in our Bolzmann population analysis, the
electronic energy levels in the four Sm3* compounds where
obtained. The best solution was found using a Loss function.

This method relies on the intensities being representative of the
transition probability, which could be an issue in the case of
different emitting species. As the powders were monophasic,
and as only one species was seen in the Eu3* compounds, we
assume that only one emitting species is present in the samples.
Further, in the case of Nas[Sm(ODA)s3]-7H,0, the spectra were
identical when measured on a single crystal and a single crystal
crushed to a powder, see ESI.

Figure 6 shows how the electronic energy levels for
Naz[Sm(ODA)3]-7H,0 were determined. Briefly, we start by
investigating the two lines observed in the emission spectrum.
Here we assume that only one of the three levels in *Gs/; are
significantly populated for transitions to have an observable
intensity. The observed lines are then to all the levels in ®Hs/,.
Since only two lines are observed, three different electronic
structures of the ®Hs/; multiplet are possible: i) only two energy
levels exist ¢Hs/, (0,1). ii) The two lowest energy levels in ¢Hs/,
are degenerate ®Hs/,(0,0,1). And iii) The two highest energy
levels in 6Hs/, are degenerate ®Hs/2(0,1,1).

To select the correct electronic structure we used our
Boltzmann population analysis, see Figure 6. This analysis
computes state populations, compare models using a Loss
function, and clearly show the modeliii) is the correct electronic
structure for Naz[Sm(ODA)3]-7H,0. The analysis for the other
three compounds can be found in the ESI. The resulting
electronic energy levels are shown in Figure 7. The determined
crystal field splitting for Sm3* in the four compounds, confirms
the initial qualitative assignments done based on the spectra
alone, but we now have a figure of merit, and can trust the
assignments.
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Figure 7: Dieke diagram for the energy levels from the ground state multiplet
(®Hs/2) and first emitting state multiplet gGs/z) for the Sm>* compounds resolved
at 79 K. Symmetry deviation values (gm,)>® are shown above. Ogym.inner indicate the
symmetry deviation value for the inner sphere coordination polyhedral and gsym-
mol indicate the symmetry deviation value for the molecular structure.

Figure 7 shows that a larger total splitting occur in the two
compounds with cSAP geometry, Na[Sm(DOTA)H,0]-4H,0 and
Na[Sm(EDTA)(H20)s]-5H,0, compared to the two compounds
with TTP geometry and D3/Ds3, symmetry, Nas[Sm(ODA)sz]-7H,0
and Cs3[Sm(DPA)3]-9H,0. The splitting pattern of ©Hsy
Na3[Sm(ODA)3]-7H,0 and Cs3[Sm(DPA)3]-9H,0 are similar, but in
4Gs/itis reversed. We cannot say why, yet, but we can conclude
that over-all, the crystal field splitting of the multiplets follow
symmetry and lower values of 6Hs/; multiplet splitting and less
degenerate lines are observed in the compounds with a the
Ds/D3n, symmetry compared those without mirror planes
perpendicular to the main rotational axis. The splitting of the
4Gs/; is of similar magnitude for all—high and low—symmetries,
but a grouping of the states occur when symmetry is
introduced.

Conclusions

In this study four Sm3* compounds were made and compared to
four isostructural Eu3* model compounds. Two new compounds
were reported: Naz[Sm(ODA)s3]-7H,0 and Cs3[Sm(DPA)s]-9H,0.
They were both found to have TTP coordination geometry,
quantified with the Alignlt method, and they were shown to
have D3 symmetry by calculating the osm-values. The shape and
symmetry was evaluated for all eight coordination compounds.
To evaluate the electronics structure, the luminescent
properties of the compounds were characterised at 77 K and
298 K. By using a Boltzmann population analysis, the electronic
energy levels in the Sm3* compounds were determined.
Generally, a larger splitting was observed for the two lower

symmetry compounds, Na[Sm(DOTA)H,0]-4H,0 and
Na[Sm(EDTA)(H20)s]-5H,0, compared to the two higher
symmetry compounds, Na3[Sm(ODA)s3]-7H,0 and

Cs3[Sm(DPA)3]-9H,0. This takes the first steps towards
understanding the crystal field splitting in Sm3* compounds.
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