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Lanthanide(lll) coordination chemistry in solution is inherently complicated by the lack of directional interactions and rapid
ligand exchange. The latter can be eliminated in kinetically inert complexes, but remains a challenge in complexes between
lanthanide(lll) ions and smaller ligands. As multiple conformations and partial decomplexation is an issue even with
multidentate ligands, it will influence the observed solution properties of complexes of smaller ligands common in the field
of f-elements coordination chemistry such as acetylacetonates and dipicolinates. Here, europium(lll) complexes with one,
two and three dipicolinates were investigated in a series of 13 samples where the composition was varied from 0 to 3
equivalents of dipicolinate. While the results did show the formation of three distinct europium(lll) dipicolinate complexes
confirming the literature data on the system, clear discrepencies in speciation related properties were evident when
comparing results from absorption and luminecence spectroscopy. It was concluded that the difference is due to the
difference in time constant of the two experiments. Further it is shown that information obtained from luminescence arise
from a weigthed average, and with discepencies between observed and actual concentration exceeding 25 % it is advised
that weighted averages are taken into consideration when reporting on solution properties of lanthanide(lll) complexes.
From the resolved optical spectra of [Eu(H.0)s]*, [Eu(DPA)(H20)s]*, [Eu(DPA)2(H20)s];, and [Eu(DPA);]* the excited energy
levels and transition probabilities are determined, and it was concluded that both transition probability and ligand field
effect on the microstates are different in all four species.
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Figure 1. Top: The idealized tricapped trigonal prismatic (TTP) coordination geometry
that the four investigated species: [Eu(H,0)s]3*, [Eu(DPA)(H,0)6]*, [Eu(DPA),(H,0)3], and
[Eu(DPA);]** adopt in solution. Bottom: The resolved luminescence spectra of
Eu(H,0)0]3*, [Eu(DPA)(H,0)6]*, [Eu(DPA),(H,0)3], and [Eu(DPA);]3 normalised to show
relative emission intensity and shown along the representative coordination polyhedral
for the complex.
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As a result, it can be hard to achieve a sample with a simple and
known speciation in lanthanide chemistry in solution. This is
particularly problematic in experiments where the time
constant of the measurement is slow compared to the time
constant of ligand exchange.?* To investigate this issue we
revisit europium(lll) dipicolinate, a classic model system in
lanthanide coordination chemistry.253* Europium(lll) exhibit
strong luminescence in the visible part of the spectrum.? 2% In
addition, the optical transitions are easier to interpret for
europium(lll) than e.g. terbium(lll), because the ground state
’Fo and principal emissive state °Dy are non-degenerate.?®
Further, the distribution of the microstates in the ’F; manifold
and transition probabilities of the °Do=>7F, transition are
strongly dependent on the coordination environment in the
The centred
luminescence is therefore rich in information, and can be used

europium(lll)  complex.3® europium(lll)
to probe local structure in crystals and the solution structure of
europium(lll) complexes.16: 26 37-41

The early lanthanide(lll) ions are typically nine coordinated with
the tricapped trigonal prism (TTP) and the capped square anti-
prism (CSAP) dominating their solution structures.*>** TTP is the
ideal structure as the solution to the Thomson problem,*> but
restrictions imposed by the ligands can result in situations
where CSAP symmetry is favourable. In this work, the structure
of europium(lll) aqua ion [Eu(H20)9]>* and the coordinationally
saturated tris-dipicolinate complex [Eu(DPA)s]®> are both TTP
with D3 or D3, symmetry.2”-4647 The mono- and bis-dipicolinates
are expected to have TTP coordination geometries of lower
symmetries. The four complexes are [Eu(H.0)9]3>* (0),
[Eu(DPA)(H20)6]" (1), [Eu(DPA);(H20)s] (2), and [Eu(DPA)s]* (3),
the number indicating the number of dipicolinates in the inner

coordination sphere.
Dipicolinate (DPA) isa common ligand for nine coordinate metal

ions.27- 31,32, 4855 The tridentate ligand forms highly symmetric,
propeller-like coordination complexes, see Figure 1.2 26,27, 32,48,
51, 53,5667 Here, we were targeting the more elusive (1) and (2)
complexes. (1) was included in the first reports,?” but (2) was
neglected until more detailed studies were undertaken.*® 66
Here, the different symmetries of the four species—from aqua
ion to tris-dipicolinate complex—were readily identified using
optical spectroscopy. The different symmetries lead to four
distinct emission spectra, see Figure 1.

If the speciation is to be determined from luminescence, either
the quantum yield of the emitter must be the same in all species
or the luminescence lifetime must be significantly shorter than
the rate constant leading to interchange between species, see
Figure 2.%% Our detailed study revealed that emission data
cannot be used to determine speciation in the europium(lll)
dipicolinate complexes in solution, as the millisecond lifetime of
the emissive state is significantly slower than the ligand
exchange.?¥ 671 Thus, all emission data will report weighted
averages, and speciation must be determined from absorption
data.

2| J. Name., 2012, 00, 1-3

We decided to explore the influence of the weighted average
and determine the optical properties of the less known (1) and
(2) complexes.

The problem of the weighted average is illustrated in Figure 2,
where the speciation of two complexes with very different
quantum yields—very different probabilities of spontaneous
emission A (Einstein’s constant for spontaneous emission)—are
probed using either absorption or luminescence spectroscopy.
In the former, the timescale of the experiment is too short to
allow averaging due to ligand exchange to occur (fs vs ps). In
contrast, europium(lll) luminescence occurs on a timescale that
is longer (ms vs ps), and as the structure changes the optical
properties, ligand exchange actively perturbs the observed
spectra. We were able to determine and eliminate the influence
of the weighted average, by only using absorption data to
determine speciation. We prepared 13 samples with varying
europium(lll) to dipicolinate ratios from 1:0 to 1:3. The aim was
to create stable solutions of the three europium(lll) dipicolinate
complexes, not to determine the thermodynamic association
constant that would require a fixed ionic strength across the
series. Using data from the complete series, we were able to
determine the speciation of each sample, which in turn
provided the electronic energy and transition
probabilities of each of the four species involved. The results

levels

show that both properties change significantly between the
four europium(lll) species. Finally, we are able to provide
examples of when the weighted average has significant
consequences for the observed spectra.

Sample composition [X]:[Y] =19

=
2 Ty
5
5% i MIOT Y
8]
3 _/‘/\,\
g |
L] 1
0.0 SIS e i lv l _
(I)X -~ (I)Y (T)x = goq)Y 0 QY]um 100

Figure 2. The effect of averages and weighted average on spectra and properties
illustrated using a sample containing a 1 : 9 mixture of two lanthanide(lll) complexes, X
(red) and Y (blue) that undergo interconversion via rapid ligand exchange. A) the
observed total emission intensity originating from the two species in the sample if the
quantum yields of luminescence of X and Y are similar or very different. B) absorption
spectrum (black) from the sample when X and Y are assigned distinct component spectra
(X red, Y blue). C) emission spectrum (black) from the sample when X and Y are assigned
distinct component spectra (X red, Y blue). D) The luminescence quantum yield (black
arrow) observed in the sample. In C) and D the luminescence quantum yield of X is 9
times higher than that of Y.

Methods and Materials

99 % 2,6-Pyridinedicarboxylic acid and 99.9 % Eu,Os; were
obtained from Sigma-Aldrich. Samples in deuterated water was

This journal is © The Royal Society of Chemistry 20xx
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made from 35 wt% DCl and 40 wt% NaOD obtained from Sigma-
Aldrich. All chemicals were used as received.

All measurements are carried out at ambient temperatures and
within a day after mixing to prevent precipitation.

Sample preparation

13 samples were made in samples vials with a final volume of 5
ml and 20 mM europium(lll) in each. A stock solution of
europium(lll) was made by dissolving 351.9+2 mgin20ml2 M
HCl. In 13 different sample vials, DPA was weighed and
transferred in order to obtain 0 to 60 mM DPA varying by 5 mM
DPA for each sample and dissolved in 1 ml 2 M NaOH. 1 ml
europium(lll) stock solution is added to the DPA solution. pH is
adjusted to 3 in all samples to dissolve precipitate. For pH < 2
flaky precipitate is seen while pH > 8 forms cloudy precipitate.
The Eu.DPA complexes precipitate spontaneously after a few
hours, typically.

Absorption spectroscopy

Absorption spectra were recorded on a Cary 300 Series UV-Vis
Spectrophotometer. Spectra were recorded in the interval 300 - 600
nm with 1.1 s integration time, 0.2 nm data interval and 0.5 nm slit
width. Additional spectra were recorded for the 580 nm transition
peak. In the interval of 576.5 - 583.5 nm the integration time was set

to 3 s, slits to 0.2 nm and a step size of 0.1 nm. A water sample was
used for instrument calibration.

Luminescence spectroscopy

Steady state emission and excitation spectroscopy were
measured on a PTI QuantaMaster 8075-22 Fluorimeter with a
xenon arc lamp. Detector sensitivity was corrected with a
factory provided correction file, and wavelength fluctuation
corrected with a reference detector. Emission spectroscopy was
recorded with Aex = 394 nm and 8 nm excitation slits, Aem = 525
— 840 and 0.8 nm emission slits, data interval of 0.03 nm and 0.3
s integration time. The excitation spectra were recorded with
similar setting, Aem = 615 nm with 8 nm slit widths, Aex = 300 —
550 nm with 0.8 nm slits, data interval of 0.03 nm and 0.3 s
integration time. The time-gated lifetimes were recorded at A
=394 nm with 8 nm slit widths, Aem = 615 nm with 3 nm slits.
The spectra are obtained in arbitrary intensity units.
Time-gated intensity measurements to determined excited
state lifetimes were also carried out on the PTI QuantaMaster
8075-22 Fluorimeter with Aex = 394 nm and detection at Aem =
615 nm. The spectral band width was set to 8 nm for both
excitation and emission. All decay traces were generally fitted
to monoexponential decay functions using the built-in functions
of Origin 2017, except for samples of Eu:DPA ratios of 1:2.50
and 1:2.75 where the monoexponential decay functions
produced a poorer fit compared to a biexponential decay
function.

Determining relative transition probability. In this study, the
focus is on changes in the coordination environment, which
influences the radiative rate constant of emission, krag. In

This journal is © The Royal Society of Chemistry 20xx
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lanthanide(lll) complexes is kraq predominately determined by
the symmetry of the ligand field and relates directly to the
Einstein coefficient of spontaneous emission, A.”> Obtaining
exact values of A is difficult. However, the relative changes
across a series of samples with identical concentrations of the
emitter can be obtained as this scenario allows several
simplifications. The relative quantum yield of each sample can

be obtained as shown in eq 1:

_JIEEWar, ., EQ)
(Drel_ Abs ° rel T aps

0

Where @, is the relative quantum yield, If is the integrated
emission intensity and Abs is the absorption of the sample in
the excitation window. The relative quantum vyield can be
determined for the emitting state or as a function of wavelength
A. The latter corrects the spectrum for changes in the
absorption band, and thus removes changes due to variations
in the number of photons absorbed by each europium(in)
species in the sample.

The quantum yield relates to the rate constant of emission and
the Einstein coefficient of spontaneous emission, A. The relative
quantum yield can be used to determine the relative transition
probability Arel of a given line in the spectrum by normalizing by
the observed rate constant of emission kops, as shown in eq. 2:

o=t gl =T ()

rel — >
kobs kobs

Note that kops is the observed rate constant for the
depopulation of all emitting (micro)states, and that kops is the
inverse of the observed lifetime. This removes observed
differences in emission intensity due to changes in nonradiative
processes, primarily from the changes of O-H oscillators from
the solvent. Thus, these calculations provide a quantity, Are,
that only dependents on the changes in transition probability
i.e. changes in coordination geometry of the europium(in) ion. It
should be noted that this quantity is a relative measure of
transition probability, and a measure that it is directly
proportional, but not equal to, the Einstein coefficient of

spontaneous emission, see eq. 3.

1
Arel x A= kLm = kRad = ;

3

Note that this treatment is valid for europium(lll), as the
multiplicity and ligand field splitting of the emitting state °Dg is
invariant for all coordination geometries. The treatment
assumes a single initial (micro)state but takes changes in
multiplicity of the final state into account.

Determination of . The number of coordinating solvent
molecules (g) was determined using the modified Horrocks’

equation shown in eq. 4.2%73.74
0=4((tno) " = (0,00 -B) @

Here A is a lanthanide specific proportionality constant (0.6 ms
pr. OH oscillator for Eu(m)), ty,o and 7p,o are the observed
lifetimes of the excited state in ms and B is a lanthanide specific
correction factor for outer sphere solvent molecules (0.25 ms™*
for Eu(m)).

J. Name., 2013, 00, 1-3 | 3
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Speciation modelling. A modification of the EQUIL’® algorithm,
which has been implemented in the software DYNAFIT’® 77 was
used for modelling speciation of europium(i) across the
samples. The algorithm applies to any given binding model or
coupled equilibria. In the model the observed intensity of a
given line in an absorption or emission spectra is given as a sum
of the intensity of each species in solution, eq. 5. By using molar
absorptivity, rate of emission, and excited state lifetimes, an
intrinsic model can be used, as all values is a function of molar
fraction of the involved species:

= 2?31 I+ Ci/ZZZ‘l ¢ &)

Where lops is the observed spectral intensity, ny is the number

Iobs

of possible species present in solution, |; is the spectral intensity
of a given species and ¢; is the concentration of a given species
at equilibrium. The binding constants are contained in the
equilibrium concentrations. Binding constants and the intrinsic
intensities were treated as adjustable parameters. The
observed intensities were fitted using a nonlinear least-squares
regression of equation 1 and the hybrid trust-region
algorithm.”® All signals were fitted globally. For binding
95%
estimated using the profile-T method by Bates and Watts.” In
this study, the binding constants were determined from

constants nonsymmetrical confidence intervals were

absorption data only, as the long excited state lifetime of Eu(lll)
introduces dynamic effects from ligand exchange in the
emission data. The determined model describes the general
features of the full data set, but some features of the emission
data are not contained within the model. This is described in
more detail below. From the determined binding constants, the
speciation in solution as a function of dipicolinate concentration
was simulated. All data, fits, confidence interval profiles, and
individual speciation traces are available in the SI.

The calculated binding constant were used as input values to
simulate a speciation model, see Figure S38. In the model the
species responses are plotted against ligand concentration. By
normalizing the response of each curve we obtain the molar
fractions c; of the species involved. The molar fractions are
collected in Table S2. The first sample of the experimental series
contain no DPA and the spectra of this sample will consist of
[Eu(H,0)e]3* exclusively. Similarly, the spectral shape of
[Eu(DPA)3]* can be obtained directly from the sample with
three equivalents of DPA. In this sample, [Eu(DPA)s]> makes up
99.8 % of the Eu(lll) species as predicted by the speciation
model. From the spectra of [Eu(H.0)s]3* and [Eu(DPA)s]* the
spectral shapes of (1) and (2) can be derived. A proper
representation of the spectra can be obtained by subtracting
the spectral shape of (0) or (3) species of Eu(lll) from the spectra
obtained from other samples in the series. After subtraction and
subsequently rescaling the spectra the deconvoluted spectra
can are obtained. The four deconvoluted spectra are shown in
Figure 6.

Determination of Excited State Energies

4| J. Name., 2012, 00, 1-3

The electronic energy levels were determined from the
deconvoluted spectra in absorption and emission spectroscopy.
The energy levels of absorption were chosen as the point of
intersection between the backgrounds standard deviation, 10,
with the tangent line of the fitted peak center minus the fwhm.
In the emission peaks the tangent line of the peak center plus
the fwhm was used instead. The determined excited state
energy levels are reported in Table S3 and S4.
Wavelength [nm]
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Figure 3. Optical spectra recorded from the thirteen aqueous solutions with a
constant europium(lll) concentration of 0.02 M and a concentration of dipicolinic
acid from 0 to 0.06 M (black). A, absorption spectra recorded in a 1 cm cuvette
and shown with an insert that includes the full peak at 392 nm. B, steady state

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 13



dliL

Journal Name

luminescence emission spectrum following excitation at 394 nm with 8 nm
excitation slit and 0.8 nm emission slits, the insert shows the full spectrum. C
steady state luminescence emission spectrum divided by the fraction of absorbed
light and the observed rate constant of luminescence.

X-ray Total Scattering

X-ray Total scattering data were obtained at Argonne National
Laboratory’s Advanced Photon Source beamline 11-1D-B using a
wavelength of 0.2113 A. The detector distance was kept at 125
mm. All scattering data were obtained at room temperature.
The X-ray total scattering data were treated by first integrating
2D-images in Fit2D.8% Further treatment (normalization and
Fourier transformation) was done using PDFgetX3%! to obtain
Pair Distribution Functions (PDFs).

Results and Discussion

The coordination of dipicolinic acid (DPA) to europium(lll) ions
in agueous media was studied by preparing a series of 13
samples with constant europium(lll) concentration of 0.02 M
and a concentration of dipicolinic acid from 0 (yellow) to 0.06 M
(brown). The ionic strength and pH of the samples were
optimised to prevent precipitation. Note that pH and ionic
strength are not constant throughout the series, however the
pH of the samples were near 3. The focus is the structure of the

emistry Chemical Phys

ARTICLE

complexes, and relative binding constants are used to describe
speciation in the samples.

Figure 3 shows the optical spectra recorded from all samples. It
is evident that the addition of DPA changes the spectra. It has
been established that small changes in the coordination sphere
of europium(lll) ions can be seen as changes in band shapes and
intensities in the europium(lll) emission spectra.* 28 36,66, 82-86
And as all spectra are recorded using direct excitation of the
europium(lll) centre, all spectral changes are directly linked to
changes europium(lll) speciation.

Prior to analysing the spectra, it is important to note three
things: i) all spectra are only addressing europium(lll) centred
transitions, ii) the concentration of europium(lll) is constant in
all samples, and iii) the emission spectra y-axis is directly
proportional to transition probability because the emission
spectra are corrected for absorption at the point of excitation
and the rate of non-radiative deactivation.

Considering the spectra in Figure 3, it is evident that the
absorption spectra are directly comparable. It is also evident
that the process of going from emission intensity | to the
relative transition probability A;e is essential, as the rate of non-
radiative deactivation—the degree of quenching—is very
different in the four species.
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Wavenumbers [cm™']

Wavelength [nm]
360 362 365

B

0.6

Arel [3-1]

27400

27600

27800
Wavenumbers [cm™]

Wavelength [nm]
397

394

400

25400 25200 25000
Wavenumbers [cm™]

Figure 4. Optical spectra recorded from the thirteen aqueous solutions with a constant europium(lll) concentration of 0.02 M and a concentration of dipicolinic acid from 0

to 0.06 M (black). A and C, absorption spectra recorded in a 1 cm cuvette. B and D,

steady-state luminescence excitation spectra following 615 nm emission using 0.8 nm

excitation slits and 8 nm emission slits, the spectra are normalised by the area of the °H, band.
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Speciation

The four species that are present in the 13 samples are
[Eu(H20)s]** (0), [Eu(DPA)(H20)6]* (1), [Eu(DPA)2(H20)s] (2), and
[Eu(DPA)s]* (3). The four species differ in symmetry and number
of coordinated water molecules, yet are all expected to be in a
tricapped trigonal prism coordination geometry as shown in
Figure 1. As the luminescence lifetime changes due to both
changes in transition probability and amount of quenching, the
quantum yields are very different and the amount of the
component spectrum of a species observed in the emission
spectrum will be different from actual concentration of the
species. This is illustrated in Figure 2 where the quantum yields
of two systems differ significantly.

Considering all the data given in the ESI it is readily recognised
that the data from luminescence spectra arise from a weighted

average. The component spectrum of one species is
overrepresented due to a higher emission quantum yield and a
ligand exchange faster than the observed rate of

luminescence.®® The data in Figure 4 was chosen to illustrate
this observation.

The effect of the weighted average can be seen by comparing
absorption spectra to excitation spectra. The 7Fo=>°>D, transition
(Figure 4A and 4B) have a distinct band for all four species, with
a continuously decreasing transition probability and a centre
wavelength shifting to lower energy. Although this progression
is clearly documented in the absorption spectrum, the
excitation spectrum does not contain the same amount of
information. This is even more clear in the “Fo=>°Lg transition
(Figure 4C and 4D), where the bands corresponding to the two
high (0) and (3),
underrepresented in the excitation spectrum. This to the point
where the band of the europium(lll) aqua ion near instantly

symmetry species, are strongly

become undiscernible as soon as dipicolinate is introduced to
the solution. The absorption spectra of the 7Fo=>°Ls transition in
Figure 4C includes three isosbestic points, proving that we have
four species in solution. Very little of this information is
available in the excitation spectra in Figure 4C, although the
change in speciation can be followed. The issue is then if the
change in the concentration of the individual species is
accurately reflected by the luminescence data.

As we assume that the luminescence data is a weighted
average, the speciation across the 13 samples was determined
using absorption data only. The isotherms used are included in
the electronic supplementary information, and the resulting
speciation is shown in Figure 5A. To determine how large an
error the weighted average introduces when speciation is
determined using luminescence data, a plot of the speciation
determined from emission data is imposed on the actual
speciation in Figure 5B. It is clear that significant errors (>10 %)
is introduced in almost all samples if luminescence data is taken
to represent concentrations of a given species. The ligand
exchange is too fast and the difference in transition probability
luminescence to be

is too large for representative of

concentration. Further, the properties determined from a

6 | J. Name., 2012, 00, 1-3

sample will not directly correlate to the amount of species
present. Figure 5B shows that the luminescence data report the
presence of 8% (2) in the final sample of the titration series
when in fact only 0.2% of (2) is present.

Speciation and absorption data

= —— (0) model
8 1.0 A = (1) model
N —— (2) model
© 1 —— (3) model
EO'S X3 (1)?';36
206- (2) data
5 0.41
©
3 0.2
[oX
» 0.04 >

00 05 1.0 15 20 2.5 3.0

DPA equivalents

Speciation and emission dat
—~ o/ A === (0) model
1.0 B 16.3 % dif 1) model
N === (2) model
© (3) model
208' ¢ (1)data
5 (2) dat
20.6- =
.5 0.4 29 % dif
©
§0.21
Q.
?0.04

00 05 1.0 1.5 20 25 3.0
. 5 1. 5 2. 5 3.

DPA equivalents
Figure 5. Normalized models of speciation plotted against ligand concentrations in
equivalents to Eu(lll). Integrated spectral intensities are superimposed onto the graph to
reflect the experimental change in response as [DPA] is varied. The models describe the
molar fraction of the four species of [Eu(H,0)s]** (0, black), [Eu(DPA)(H,0)s]* (1, red),
[Eu(DPA),(H,0)s]" (2, green), and [Eu(DPA)s]> (3, blue). The data points reflect the area
of the symmetry dependant transitions between the 5D, and "F states originating from
the transition band of [Eu(DPA)(H,0)e]* (purple) or [Eu(DPA),(H,0)s] (orange).

Thus all luminescent properties reported for a 1:3 mixture of
europium(lll) and dipicolinate in water, assumed to arise
exclusively from compound (3), may include a contributions as
large as 10 % from (2).

It should be emphasized that the weighted average is an issue
of differences in the magnitude of experimental response
between different species, as illustrated in Figure 2. In the case
of NMR the peak magnitude will not vary with the species but
only affect the chemical shift, see Figure S44.

As the speciation is known, the contribution of each species in
all spectra are known, and we are able to resolve the
component absorption, excitation and emission spectrum of
each of the europium(lll) species. The spectra of (0), (1), (2), and
(3) are shown in Figure 6, and are in good agreement with those
previously published.?” 28 66 These spectra allow a detailed
analysis of the relationship between solution structure and

This journal is © The Royal Society of Chemistry 20xx
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discussed further below.
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Figure 6. Deconvoluted absorption (top), excitation (center) and emission
(bottom) spectra of the four europium species [Eu(H,0)s]3* (0, black),
[Eu(DPA)(H,0)6]* (1, red), [Eu(DPA),(H,0)s]" (2, green), and [Eu(DPA)s]3- (3, blue).
Each spectrum represents the actual spectral response of a species without
contributions from others europium(lll) species.
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Structural characterisation

To further support the assigned solution structure we obtained
X-ray total scattering data from the thirteen solutions.87-%°
However, the low concentration of the species in the solutions
challenges PDF analysis of the data. While formation of the
complexes could be confirmed, see Figure S46, we were not
able to determine the solution structure from PDF. Better data
quality could be obtained with higher europium(lll) and
dipicolinate concentrations, this would favour
precipitation in the solutions. Thus, we are limited to the

however

indirect information carried by the optical spectra.3> 66.90-92

Photophysical properties of europium(lll) dipicolinate complexes

Figure 6 shows the optical spectra of (0), (1), (2), and (3). These
reveal the electronic energy levels in the europium(lll), and in
several cases the splitting of the microstates within each
electronic energy level. These reflect the ligand field of the
complex and will differ between the species.35-37.93-97

All the spectra in Figure 6 are recorded from samples arising
from a single stock solution of europium(lll). Thus, the
europium(lll) concentration is constant across all spectra.
Further, all spectra are corrected and recorded using identical
settings. Therefore, we can compare the transition probabilities
directly in the absorption spectra and calculate both relative
quantum yield @ and relative transition probability A from
the emission spectra, see above. We decided to plot the spectra
as Arel(A) as this allows the relative transition probability of each
line in the spectrum to be compared directly, if they are
resolved.

As a model system, europium(lll) dipicolinate complexes have
been studied extensively.?5 27. 48 49, 98 \Nerts et al treated the
photophysics of (0), (1), and (3) in 2002. Rather than comparing
relative transition probabilities, they compared the integrated
intensities of each band in spectra where the total area was
normalised to unity. This is called the branching ratio. In Table
1 we have plotted the relative transition probabilities within
each band. Note that the transition probability is per line.
Unless the individual lines are resolved, it cannot be discerned
if a high transition probability determined over a band is due to
a single strong line or a set of several intermediate lines. This is
an important fact to note when considering lanthanide
photophysics, as almost all observed bands consist of several
transitions between distinct electronic states in the same
manifold thus cannot be treated as a single electronic transition
with a vibronic envelope.

Europium(lll) is different as the principal emissive state °Dy is a
single electronic energy level. °Dy consist of a single microstate
and is traditionally described as being non-degenerate. The
same is true for the ground state ’Fo, and the transition between
these two microstates is a single line. In the dipicolinate
complexes of europium(lll) the transitions from >Dg to the three
microstates of state ’F; are also resolved, see Figure 6. In (1) and
(3) two lines with a ratio between the transition probability of
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1:2 are observed. The three transitions are thus equally
probable, and two out of three microstates are degenerate. In
(2) all three lines are observed, and it can be seen that they are
of equal probability. The number of microstates in the other
bands are much higher than the number of lines that are
resolved in the spectra, and does not allow for a similar analysis.
If we assume that the transition probability per line is the
same—although a highly improbable assumption—we can
calculate the average transition probability see Table S6. As
expected, even when taking the number of transitions in each
band into account, the transitions from >Dg to the microstates
in the 7F; and 7F, band remain much more intense than the
other lines in the spectra. More surprising, the analysis reveals
that the °Do>7Fo transition, which is designated as highly
forbidden,3*> °! can have the same transition probability as the
individual lines in the °Dy—=>7F4 band.

In addition to allowing complexes with very different quantum
yield to be shown in the same graph, plotting A« (\) allows the
effect of the ligand field to be discerned directly. Cursory
inspection of Figure 6 reveals that the overall transition
probability is lower for the aqua ion than for the dipicolinate
complexes, and that all the dipicolinate complexes have similar
overall transition probability. Calculating the integrated A,¢ for
each species (Table 1) show there is a difference between the
overall transition probability A;e| between complexes. While the
all oxygen donor atom ligand field of the aqua ion has the
highest symmetry and the lowest A, the differences between
the complexes cannot be ascribed directly to symmetry. (2) has
the highest A, but A for (3) is higher than that of (1).
Inspection of the data summarised in Table 1 shows that the
>Do=>7Fp transition depends on symmetry but for the total Are
this does not appear to be the case.

Table 1. Integrated emission intensity shown in terms of A, for each of the 5Dy—F)
transitions for the four europium(Ill) species: [Eu(H,0)q]3* (0), [Eu(DPA)(H,0)¢]* (1),
[Eu(DPA),(H,0)3]" (2), and [Eu(DPA);]* (3). The branching ratios shown in parenthesis
indicate each bands relative contribution to the spectrum.

Band / degeneracy (0) (1) (2) (3)
Arel(*Do— "Fo) / 1 0.71 (0.03) 0.40 (0.02) 0.02 (0.00)
Arel(°Do—"F1) / 3 3.74 (0.46) 6.45 (0.25) 8.11(0.20) 6.30(0.17)
Arei(°Do— "F2) / 5 126(0.15) | 11.59(0.44) | 22.13(0.54) = 22.58(0.62)
Arel(*Do—"F3) / 7 0.11 (0.00) 0.35(0.01) 0.24 (0.01)
Arel(*Do— "Fa) / 9 3.21(0.39) 6.78 (0.26) 8.23 (0.20) 6.36 (0.17)

Arel(°Do—7Fs) / 11 0.09 (0.00)

Arei(°Do— "Fs) / 13 0.61 (0.02) 0.75 (0.03) 0.85 (0.02)

Arel (Total) 8.21 26.3 40.0 36.4

The analysis of overall transition probability and branching ratio
has also been performed by Werts et al and Biinzli et al,?® °° and
our result for branching ratio and relative transition
probabilities are within 5% of the literature values. We do not
compare the data for the aqua ions, as small differences in
sample composition drastically changes the observed
properties.5®

In the literature, the primary methodology used to describe the
photophysics of europium(lll) dipicolinates has been based on

8| J. Name., 2012, 00, 1-3

Judd-Ofelt theory.* 8 Parametrization using Judd-Ofelt was
later optimized using transition probabilities normalized by
assuming a constant transition probability of the °Do=>7F;
band,?® 8 however this treatment are only valid if the transition
probability of the >Do=>7F; band is invariant with respect to the
environment.

Our approach uses fundamental molecular photophysics,
where the theoretical description of ‘forbidden’ electronic
transitions remains an unsolved problem.3% 100-192 Ajthough
there is no doubt that the transitions in the >Do—=>7F; band have
a significant contribution from a magnetic transition dipole,0
104 we have not found a convincing argument as to how this
corresponds to a transition probability that is independent of
electronic structure. Note that without heavy use of
perturbation theory, quantum chemistry would predict that
none of the transitions in europium(lll) would be possible. More
importantly, we have not been able to find experimental data
in the literature that proves that the transition probability of the
SDo>7F; band is constant. As experimentalist we can only
conclude that our data show that the transition probability of
the >Do=>7F; band vary by a factor of two, and that is a similar
order of magnitude as the variation in the *Dy=>7F; and the
5Do~>7F4 bands.

Leaving aside the nature of the transitions, we turn to the
experimental determination of transition probabilities. Using
the Strickler-Berg formalism the transition probability can be
reported as the oscillator strength f, 8 105107 or given as the
dipole strength D.?” ?° Note that this treatment completely
ignores the number of m, levels in each band and the effect of
the refractive index when converting radiative lifetimes to
oscillator strengths as done for the >Dy=>7F, transition in Table
2. The other transitions observed in the absorption spectrum
are not emissive, as the non-radiative deactivation is fast and—
disregarding thermal population of °D;—the Kasha-Vavilov rule
holds for europium(lil).

Table 2. Spontaneous emission probability, A, calculated from the emission band
barycentre and the integrated absorption band for species [Eu(DPA)(H,0)s]* (1) and
[Eu(DPA),(H,0)s] (2).

*Do <> Fy (1) (2)
Emission energy [cm™?] 17198.90 17179.90
g, integrated [cmM] 1.4595 0.3795

Als?] 12.43 3.226

The bands in the absorption and emission spectra were
resolved, and the relevant edge of each band was used to
determine the electronic energy levels in (0), (1), (2), and (3),
see Tables S3 and S4. For the bands in the absorption spectrum
the oscillator strength f and the dipole strength D was
computed and compared to the values reported by
Binnemans.?” Table 3 shows the photophysical properties
determined for (0), (1), (2), and (3). The dipole strength is
included for comparison to literature values. We prefer to use
the oscillator strength, as it can be compared to the oscillator
strengths f known from molecular photophysics. Most
intraconfigurational f-f transitions observed in lanthanide(lll)

This journal is © The Royal Society of Chemistry 20xx
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Table 3. Photophysical properties: integrated absorption, oscillator strength, and dipole strength of each transition observed in the absorption spectrum of [Eu(H,0)s]3* (0),
[Eu(DPA)(H,0)6]* (1), [Eu(DPA),(H,0)s]" (2), and [Eu(DPA)s]*- (3). Induced Electric Dipole selection rules (IED)

Absorption Integrated € Experimental f x 10® Experimental D x 10° Reported?’ D x 10°
(0) (2) (2) (3) (0) (1) (2) (3) (0) (1) (2) (3) J(© | (1) | (2 | B) JAas|a | A Type
SHa7<"Fo | 2147 | 2317 | 2401 | 2317 | 943 | 101 | 105 | 101 | 637 | 687 | 712 | 6838 - - - - 1 2 - forbidden
*Hz—"Fo 20.0 24.0 243 431 | 088 | 1.05 | 1.07 | 1.8 | 6.1 7.3 74 | 131 - - - 1 2 3 | forbidden
5D4—7"Fo 295 341 416 310 | 130 | 150 | 183 | 136 | 100 | 115 | 141 | 105 | 17 17 - 16 1 1 4 | forbidden
5Gy,°L7«"Fo | 2043 | 2680 | 3320 | 3702 | 897 | 11.7 | 145 | 162 | 723 | 948 | 117. | 131 85 84 - 132 | 1 | 15 | -7 | forbidden
SLe«—"Fo1 3858 | 5627 | 6201 | 7064 | 169 | 247 | 272 | 310 | 142. | 207. | 220. | 261. | 213 | 234 353 | 1 1 |65 IED
5D2—7"Fo 1.0 163 28.2 362 | 005 | 072 | 124 | 159 | o5 71 | 122 | 157 3 11 - 23 1 1 2 | forbidden
5D1—"Fo 3.1 35 33 3.2 013 | 015 | 014 | 014 | 15 17 1.6 16 2 2 - 2 1 1 1 | forbidden
5D1—"F1 - 31 14.1 10.4 - 013 | 061 | 045 - 15 7.0 5.2 2 10 21 1 1 0 | forbidden
*Do—7"Fo - 1.465 | 0.385 - - 0.06 | 0.01 - - 0.8 0.2 - - - - 1 1 0 | forbidden
© (1) (2 (3 camal
5G7
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Figure 7. Energy level diagram for europium(lll) in the four species (0), (1), (2) and (3) illustrated against the energy levels calculated by Carnall et al.! The
emission (bottom) and absorption spectra (top) of the four species are shown for reference.

ions have fin the order of 10 to 107, which is comparable to
allowed singlet-triplet transitions in organic chromophores.0%
109 One of the exceptions is the >Lg«"Fg 1 transition, which is ten
times more probable. A fact that is reflected by the relatively
intense absorption band at 392 nm in all europium(lll)
absorption spectra.

While the transition probabilities determined in the absorption

spectrum had to be determined for each band, we are able to

This journal is © The Royal Society of Chemistry 20xx

consider the microstates when describing the electronic energy
levels. And where we are able to resolve the microstates from
the spectra we can probe the ligand field in the complexes. First
we consider Figure 7 and Table 4, where the electronic energy
levels of [Eu(H20)9]3* (0), [Eu(DPA)(H,0)6]* (1), [Eu(DPA)2(H20)s]
(2), and [Eu(DPA)z3]3 (3) are shown and tabulated. As we have
the pure component spectra, we are able to resolve electronic
energy levels of the four species, and compare them to the
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Table 4. Electronic energy levels of europium(lll) determined for the four dipicolinate species [Eu(H,0)s]3* (0), [Eu(DPA)(H,0)s]* (1), [Eu(DPA),(H,0)s] (2), and [Eu(DPA)s]? (3).
The determined energy levels are listed against the calculated and observed values of Carnall of aqueous europium(lll).

Term (0) (1) (2) (3) (0)* Calculated
Carnall Carnall
"Fo @ 0 0 0 0 -31
F,° 241 277 256 266 360 350
F,° 920 899 899 978 1020 1018
F3° 1828 1849 1837 1830 1887 1880
F4° 2668 2660 2664 2664 2865 2866
Fs® - - 3742 3908 3927
Fe” - 4735 4746 4790 4980 5029
Do® 17211 17272 17206 17171 17277 17286
D, ® 19019 19032 18982 18985 19028 19026
5Dy’ 21495 21487 21476 21460 21519 21499
°Ds” - - - 24408 24389
SLgb 25338 25237 25230 25193 25400 25375
5G, bre 25830 26540 26685 26609 26300 26296
G ¢ 26147 26590 26552 26596 - 26469
G ¢ 26435 26211 26252 26510 - 26535
5Gs ¢ 26536 25916 25946 26167 26620 26672
5Ge> ¢ 26581 25920 25729 25963 - 26733
SL,0¢ 26738 25765 25663 25880 26700 26762
Pbe - - 25757 - -
SLg® - 27250 27201 27228 - 27435
*Da® 27602 27594 27575 27582 27670 27641
Lo - - - - 28244
*Lio - - - - 28813
*Hs® 30501 30606 30436 30457 - 30863
SHp b e 30937 31380 31405 31468 - 31145
SHabo € 31386 31383 31330 31358 31250 31281
SHs ¢ 31411 31053 31120 31291 - 31512
SHe? € - - 31091 31520 31539

9 Determined from luminescence spectroscopy at the blue edge of the emission band. ® Determined from absorption spectroscopy at the red edge of the absorption
band. ¢ The indicated energy levels have overlapping transition envelopes and the terms assigned to the energy levels are random and therefore indefinite.

values reported by Carnall.® Cursory inspection of Figure 7
shows that some levels, e.g. “Fs, °Ls, and ’F4, are significantly
(>100 cm™) different from those reported by Carnall. This
difference may be due to method and equipment, and the
comparison within the series are more interesting. Here, the
variations are smaller although a clear difference between the
four species are seen in ’F, and °G,. The differences are not
large enough (<100 cm™) to be assigned to a general change in
the electronic energy level, and may simply be due to a
redistribution of the many microstates included in the
generalised energy level descriptor.

In the absorption spectrum it is difficult to discern the individual
microstates, but in emission spectrum the non-degenerate °Dg
state enables the microstates to be resolved in the bands of

10 | J. Name., 2012, 00, 1-3

lower degeneracy. The microstates in ’F,, ’F; and “Fo can be
assigned with some confidence, and the distribution of
microstates “F4 and “F3 can be determined. The latter assumes
that the transition between the single microstate of °Do and
each of the microstates in 7F4 and “Fs are of equal probability.
This is a major assumption, as there are no first principle
arguments that allows us to predict the transition probability
between the microstates. Each microstate is a distinct
electronic state, and not a part of a vibronic envelope. In
contrast, the distribution of the microstates are well described
as it is governed by ligand field theory.''° In this regard it is
interesting to note that the splitting of the three microstates of
7Fyare in a 1:2 group in [Eu(DPA)(H20)6]* (1), three resolved
microstates in  [Eu(DPA)»(H20)3]" (2), and a 1:2 group in

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 11 of 13

[Eu(DPA):]* (3), see Figure 6. Note that the aqua ion,
[Eu(H,0)s]3* (0), is not one distinct species and the ligand field
splitting cannot be resolved. This is true for all species when
considering “F, and “Fs. The nine microstates of ’F4 are not all
resolved, but the distribution of the microstates clearly changes
between the species. Even though the component spectra are
determined, not all microstates are resolved, and we are not
able to correlate spectral shape to physical structure.

Conclusions

We have revisited the solution chemistry of the classical
europium(lll)-dipicolinate system and could show that all the
species involved from europium(lll) aqua ion, over the mono-
and bis-dipicolinates, to the repeatedly investigated
europium(lll) tris-dipicolinate can be resolved using optical
spectroscopy. We conclude that the speciation of these
complexes cannot be determined using luminescence
spectroscopy, as a weighted average introduce errors as high as
30 %. These results infer that similar errors can be observed for
all complexes between smaller ligands and lanthanide(lll) ions
in aqueous solution.

We were able to resolve the component spectra of each of the
species, and from these determine the electronic energy levels
and the relative transition probabilities between these. The
most crucial finding is that the data show that the probability of
SDo—>’F; transition is not constant. This result is highly
controversial and additional experimental evidence is needed
to either support this claim or disprove it. Yet the data
presented here indicates that the assumption that the
pronounced magnetic dipole nature of this transition leads to a
transition probability that is not influenced by the ligand field is
wrong.

Based on our findings, we must conclude that some aspects of
europium(lll) photophysics have yet to be uncovered. The 49
distinct radiative transitions are still to be resolved
experimentally and described theoretically.
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