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Chiral, enantiopure Yb(i) complexes exhibit circularly polarized luminescence (CPL) in the near infrared
(NIR) wavelength region. This CPL is quantified by the dissymmetry factor (g..m). The excited state 2Fs/»
consists of six my states degenerated in three Stark levels, due to the crystal-field splitting (CFS), which
are populated in accordance with the Boltzmann distribution. Consequently, room temperature CPL
spectra are the sum of various - either positive or negative — contributions, that are practically impossi-
ble to quantify. To address this issue, an advanced setup enabling CPL measurements over a broad tem-
perature range (300 to 4 K) has been developed. The interrelation of CFS, gum and temperature was
explored using a pair of enantiopure Yb(m) complexes, highlighting the individual contribution of
each crystal-field sublevel to the overall CPL spectrum, as anticipated by simulations performed in the
framework of multireference wave-functions. Hence, the CPL spectra of chiral lanthanide complexes
were found to be indeed strongly temperature-dependent, as is the g, dissymmetry factor, as a conse-
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Introduction

Circularly polarized luminescence (CPL), defined as an emis-
sion of light with a preferential helicity, has spurred renewed
interest in chiral molecules and their fundamental studies.">
Gradually evolving from mere laboratory curiosities, materials
capable of emitting CPL are envisioned for diverse applications
in fields such as bioimaging, chiral optoelectronic devices, and
spintronics.>® The intensity of this effect is described by the
dissymmetry factor gj,m, calculated as the ratio of the left- and
right-CPL intensity difference to the overall emitted intensity,
scaling the theoretical maximum values to + 2. Besides
a myriad of organic systems,® luminescent coordination
complexes of transition metals featuring chiral properties are
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quence of the variation in thermal sublevel population.

well-established as CPL emitters, but their characteristic gj,m
values remain rather low (gum < 103).°

Since high luminescence dissymmetry factors are generally
favored in transitions that are electric-dipole (ED) forbidden
but magnetic-dipole (MD) allowed (AJ = 0, 1 (except 0 < 0)),
trivalent complexes of f-block elements have emerged as parti-
cularly efficient emitters.”®'®'! In this context, the record
dissymmetry factor to date is gj,m = 1.38 at 595 nm, matching
the MD-allowed °D, — ’F, transitions, in a tetra-camphorate
europium(m) complex, Cs[Eu[(+)-(hfbc),]] (hfbc = 3-hepta-
fluorobutyryl camphorate) at 295 K.'* This particularly favor-
able situation can also occur for certain transitions in other
lanthanide ions, such as Sm(m), Tb(m), Dy(m) and Yb(m).>">7*>
It is worth emphasizing that the dissymmetry factor in lantha-
nide complexes is not a characteristic of the molecule, but of
each given f-f transition, and therefore will change depending
on the emission wavelength.

This picture is further complicated by the lifting of the
degeneracy of f-clement spectroscopic levels (**"'T)) by the
crystal field, giving rise to a set of Stark sublevels. This splitting
of degenerate levels, known as crystal-field splitting (CFS), is
related to the symmetry of the complex and plays a crucial role
in the interpretation of molecular magnetic and luminescence
properties.'®"® Furthermore, CFS has a substantial yet largely
overlooked impact on CPL. While Eu(m) is the simplest case
due to its non-degenerate °D, emissive state, in all other Ln(m)
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ions, the emissive state displays a distinct CFS. Hence, assum-
ing thermalization during the lifetime of long-lived excited
states, each excited crystal field sublevel is populated as a
function of temperature according to the Boltzmann distri-
bution.'®'® As a consequence, most room temperature CPL
spectra that have been reported so far are the sum of all excited
sublevels contributions that can be either positive or negative,
and may not reflect the g, of each isolated transition. In this
context, we have recently emphasized the experimental band-
width influences CPL measurements of lanthanide complexes
and further exposes the variability of gy, values.>® Focusing
herein on the effects of variations in sublevel distributions,
we remark that not only do they alter the CPL spectra, but
also these temperature-dependent changes do not necessarily
parallel the variations measured in luminescence. Thus, due to
these separately evolving components, the gy, dissym-
metry factor should be treated as a function of temperature
(grum(4, 7)), at fixed instrumental conditions.

The present article proposes to address the abovementioned
interrelation of CFS, gjum factor and temperature. To that end, a
chiral Yb(ur) complex was selected as this lanthanide conveniently
presents radiative transitions between only two J-manifolds
(°Fs;, — ’F,,) with predictable CFS, ie., 3 and 4 sublevels for
the excited and ground states, respectively. Solid solutions of
both enantiopure Yb(ir) complexes (Scheme 1) dispersed in a
polymer matrix were used to measure variable-temperature CPL
on a novel spectroscopy set-up, pioneering measurements at
cryogenic temperatures. CPL measurements unprecedentedly
spanning from room temperature (RT) down to the lower limit
of the cryogenic range at 4 K were subjected to multireference
wave-function-based calculations. These analyses revealed the
intricate interplay of underlying spectral contributions, as well
as the current limits of CPL interpretations with presently
available state-of-the-art methods.

Results and discussion

The chiral helicoidal Yb(ur) complex, derived from the structure
reported in 2007 by the group of Gunnlaugsson,*' is formed by
the wrapping of three chiral R,R (or S,S) pyridyldiamide ligands
around the central ion and stabilized by inter-ligand n-n
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Scheme 1 Formation of the chiral ytterbium(in) complex.
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interactions. In order to improve its extinction coefficient,
luminescence, and CPL brightness, we further decorated the
dipicolinic acid-derived ligand structure with a m-conjugated
dialkylaminophenylethynyl antenna. The resulting compounds
[Yb(S,S-LN?),(OTf);] and [Yb(R,R-LN"*?);(OTf),] (Scheme 1) -
respectively named A-Yb and A-Yb according to their helical
chirality around the lanthanide ion - were obtained as orange
microcrystalline powders (Fig. 1a) and fully characterized by
"H-NMR and FTIR spectroscopies as well as mass spectrometry
(for synthetic details and complete characterization, see
Scheme S1 and Fig. S3-510, ESIt). "H-NMR spectroscopy clearly
indicated a single set of signals as expected for a complex with
threefold symmetry, attesting its purity. We have previously
demonstrated that in analogous Yb(ur) complexes, the structure
in solution, inferred from paramagnetic NMR, matched that
obtained in crystal by X-ray diffraction.'” In the present case,
single crystals of A-Yb and A-Yb suitable for X-ray diffraction
analysis of both enantiomers were obtained by layering di-n-
butylether over a concentrated solution of the complex in
methanol.

Contrary to previously reported derivatives obtained with
related ligands,"” the crystal structures were perfectly refined
for both enantiomers. The two compounds crystallize in the
orthorhombic P2,2,2; space group (Table S1, ESIt). The Yb(m)
ion is in a N3O environment whose six oxygen and three
nitrogen atoms belong to three LN"*** ligands (Fig. 1). The
ligands’ S,S and R,R absolute configurations induce A and A
Yb(ur)-centered chirality, respectively. Intramolecular n-r inter-
actions are observed between each pyridyldiamide moiety and
naphthyl groups of the other two ligands within the same
complex (Fig. S11, ESIt). Although the hexyl chains prevent
previously observed intermolecular n-stacking, the integrity of
the crystal packing is supported by a templating effect of the
triflate anion which connects two complexes through hydrogen
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Fig. 1 (a) Pure powder of Yb(i) complex, on the left, and solution in PDMS

polymer, on the right; (b) X-ray structures of [Yb(S,5-LN"?)5(OTf)s]/A-Yb
(left) and [Yb(R,R-LNH®2);(OTf)s]/A-Yb (right). Hexyl chains are simplified;
hydrogen atoms, solvent molecules and OTf-anions are omitted for clarity.
Green, Yb; red, O; blue, N and grey, C.
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binding interactions, ie., H---O and H---F short contacts
(Fig. S12, ESTY).

We recently described a dual near-infrared CPL spectroscopy
set-up that operates with parallel detections either in fast full-
spectrum acquisition mode, thanks to a CCD camera and the
combination of two inverted polarization encoded channels, or
step-by-step wavelength scanning configuration using conven-
tional analysis of polarization time modulation.””> A closed-
cycle helium cryostat was added to this set-up enabling variable
temperature (VT) CPL monitoring in the 4-300 K range (Fig. S2,
ESIT). While clearly advantageous in terms of structural control,
microcrystalline samples were not used in chiroptical measure-
ments to prevent all CPL artifacts that could arise from aniso-
tropic media.*® Likewise, albeit ubiquitous, organic glass
solutions were dismissed to avoid adverse effects on the
measurements caused by temperature-induced liquid to solid
phase transition and anisotropies arising from possible
cracks.”* We instead opted for solid solutions of the complex
immobilized in a polymer matrix. The solid sample was molded
into a copper sample holder to ensure optimal thermal con-
duction (Fig. S13, ESIt). Importantly, the bottom of the holder
cavity was removed to suppress reversed polarization generated
by light reflection of the metallic surface.>> Among the range of
polymers suited for optical applications, poly(dimethylsiloxane)
(PDMS) was preferred due to advantageous properties in terms
of transparency, stability and processability.”®?” In addition,
the complexes are known to display poor stability and solubility
in other classic polymers such as PMMA. The PDMS samples
were prepared by mixing the pre-polymer of a two-part poly-
merization kit (Sylgard 184, Dow) with a concentrated solution
of the complex in tetrahydrofuran (see ESIT for details). A signi-
ficant improvement with regard to the previously described
preparation'” was achieved in the solubility of the complexes
in the strongly hydrophobic polymer matrix, on account of the
extended hexyl chains at the end of the conjugated antenna.
After evaporation of solvents, the cross-linking agent was added
and the viscous mixture was cured in the desired container
(either an EPR tube for luminescence spectroscopy or directly
in the CPL sample holder), resulting in a transparent elastic
material, that is free of air bubbles (Fig. S13, ESIt). Notably,
no precipitation was noticed, yielding samples of good optical
quality.

The photophysical and chiroptical characterizations of the
complexes were then performed either in methanol solution or
in solid state using pure polycrystalline powders or PDMS-
diluted samples. The orange color of the complexes is due to
a broad, intense and structureless absorption band centered at
454 nm (¢ = 83000 L mol~* cm ™', Table S2, ESIt) assigned to
intra-ligand charge transfer (ILCT) transitions (Fig. S14, ESIT).
In addition, in concentrated solutions the characteristic f-f
absorption band of Yb(m) was observed in the NIR (Fig. S15,
ESIY). In order to exclude the occurrence of ligand dissociation
upon dilution, absorption spectra were recorded in methanol
solution of varying concentration (Fig. S16, ESIT). Even in very
diluted solutions, complexes can be identified as the only
absorbing species without any apparent free ligand-based
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Fig. 2 (a) Normalized luminescence spectra of A-Yb in powders (grey

line) and in PDMS (pink line: at RT, red line: at 77 K, dex = 350 nm).
Corresponding excitation spectrum in the solid state at 77 K (blue line,
Jem = 1020 nm). Inset: energy diagram for the CFS; (b) decomposition of
the luminescence spectrum of A-Yb in PDMS matrix at 77 K using Voigt
profiles (spectral bandwidth: 1 nm); (c) area chart of relative populations of
the crystal-field excited state 2Fs/» with respect to temperature.

absorption. For all samples, ILCT excitation (Fig. S17, ESIt)
induced the characteristic emission profiles of Yb(ii) in the NIR
region, corresponding to the *Fs, — °F, transitions (Fig. 2a
and Fig. S18 and 19, ESI{).”® In addition, the luminescence

This journal is © the Owner Societies 2024
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lifetimes of the two enantiomers were measured in pure solids
as well as in methanol and PDMS solution by monitoring the
luminescence decay at 980 nm (Fig. S20, ESIt). Subsequent
fitting with a mono-exponential model yielded values of 7 = 4.8—
5.9 ps (Table S3, ESIt) depending on the medium and in
accordance with lifetimes found previously for Yb(um) com-
plexes, corroborating the presence of a single emissive species
in all examined conditions."”***° Decreasing the temperature
down to 77 K resulted in a narrowing of the emission bands
and a reduced contribution of hot bands (i.e. additional transi-
tions from thermally populated ’Fs, Stark sublevels). As
expected, identical emission features were obtained for both
enantiomers. Remarkably, the emission was identical for the
complexes in solution, in powders and in the polymer matrix,
indicating that the structure of the complexes is preserved.

The excitation and emission spectra at 77 K corresponding
to the *Fs5), < *F,, transitions allowed to establish an energy
diagram that depicts the splitting of both energy levels (Fig. 2a).
The two spectra exhibited a shared zero-phonon line (0’ < 0) at
978 nm, corresponding to a 10 224 4 10 cm ™' energy difference
between the ground and excited states. Two additional con-
tributions at 955 and 973 nm were observed in the excitation
spectrum. These can confidently be assigned to the threefold
CFS degeneracy of the *Fs, excited state (0’, 1’ and 2'), provid-
ing its CFS energy diagram (0, 50, 246 + 10 cm™ ).

We then set out to analyze the 77 K emission spectrum,
which could be decomposed using Voigt functions'® into at
least 8 main contributions (Fig. 2b, Fig. S21, ESIT). The bands
observed at 978, 990, 999 and 1015 nm (10222, 10106, 10014
and 9849 + 10 cm ™ ') were assigned to the transitions from the
lower 2Fs,, excited sublevel to the four sublevels of the *F-, ground
state (0-3, Fig. 2a). This assignment was supported by the 4
individual bands decomposition obtained with the 4 K emission
spectrum (Fig. S22, ESIT). The four remaining transitions formed a
second set of contributions with lower intensities that is shifted to
higher energy by approximately 50 cm " and therefore can be
assigned to emission from the 1’ excited state (1’ — 0-3). Although
we must mention the presence of minor additional features, likely
attributed to vibronic contributions (for instance, at 9750-
9600 cm™ ), the overall emission spectrum at 77 K is adequately
described by the CFS energy diagram proposed for the *F, ground
state: 0, 116, 208, 373 & 10 cm ™ (inset in Fig. 2a). It is worth
noting that the CFS energy of the ground state multiplet, Acgs =
373 em ™, is also consistent with other threefold-symmetric Yb(m)
complexes.”?>*! From the energy splitting of the *F;, state, we
calculated the anticipated variation of relative population with
respect to temperature (Fig. 2c)."”

Chiroptical characterizations of the complexes were carried
out using a combination of various techniques. Visible electro-
nic circular dichroism (ECD) (Fig. S23, ESIT) shows the Cotton
effect in all ligand-centered transitions including the low
energy ILCT one. In addition, both ECD and CPL in the NIR
region were investigated in concentrated solutions at room
temperature, using our aforementioned set-up (Fig. 3).*'
As already observed, since they can have positive and negative
values, the sub-contributions of each chiroptical spectrum
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Fig. 3 Near-infrared chiroptical characterizations at room temperature in
methanol solution of A-Yb (black lines) and A-Yb (red lines). (a) Normalized
absorption (dash line) and emission (solid line, Aex = 350 nm), (b) CD
spectra (C = 0.86 mM) and (c) CPL spectra (C = 0.35 mM, Aex = 365 nm).

(ECD and CPL) are more discernible than in their non-polarized
counterparts.’” The profile of ECD and CPL of the ®Fs/, <> *F,,
transitions are similar because all sublevels are thermally
populated at room temperature and thus the same dissymmetry
factors are involved in both spectra. In both cases, the most
intense band is centered at 988 nm with strong dissymmetry
factors in absorption (gups = 0.025) and in emission (g, = 0.088).
Finally, the CPL spectra of the doped PDMS samples were
recorded using the above-described VT-CPL set-up. The low-
temperature measurements were performed by cooling down
the sample to 150, 80, 30 and 4 K. At each temperature, the CPL
spectra of the two enantiomers remain mirror images of each
other. More interestingly, the CPL profile is strongly modified
as a function of temperature (Fig. 4). In particular, the CPL
signals observed at higher energy than the zero line (from 920
to 975 nm), corresponding to ‘hot bands’ emission (2’ — 0 at
955 nm and 1’ — 0 at 973 nm, Fig. 4b inset) vanish upon
cooling due to progressive depopulation of upper excited sub-
levels of the F5/, emissive level. The global shape of the CPL
spectrum presents less features at lower temperature in the
absence of the 2’ and 1’ contributions of the *Fs,. Finally, at 4
K, the CPL spectrum originates exclusively from the fundamen-
tal 0’ sublevels (Fig. 4) and can be decomposed into the 4
expected contributions for both enantiomers (Fig. S24, ESIt).
To give more insight into these chiroptical properties, the CPL
spectrum of A-Yb was calculated with a multireference wave-
function-based methodology (SA-RAS[13,0,2,0,7,5]CI-PT2/RASSI-SO
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Fig. 4 VT spectra of the two Yb®* complexes, in PDMS at 4, 30, 80, 150 and 300 K (/ex = 365 nm). (a) VT-luminescence spectra for A-Yb; (b) VT-CPL
spectra. Inset shows enlarged region of hot bands. For each temperature, both emission and CPL spectra have been normalized by dividing them by the

highest emission intensity (displayed in (a) and Fig. S24, ESIt) at 978.

level of theory) recently developed and already successfully
applied to various europium, samarium and ytterbium com-
plexes.*?>> Calculations were carried out on the model complex
shown in Fig. S27 (see Computational Details in ESIf)."” The
simulated CPL at RT (room temperature, Fig. S28, ESIt) reproduces
the experimental observations well and highlights through
Boltzmann population analysis the contribution of ‘hot bands’
in the RT-CPL signal. The key calculated quantities are pre-
sented in Table S6 (ESIT), allowing to analyze each CPL transi-
tion through the electric dipole, magnetic dipole and electric
quadrupole transition moments involved. In particular, one
can note that oscillator strengths of the electric quadrupole
transition moments are lower than the ED and MD transition
moments by four to seven orders of magnitude, indicating that
they do not play a key role in the transitions. Simulated CPL
spectra allow to unravel which transitions contribute to each
observed CPL band (Fig. S28, ESIf). We first note that the
calculated 2’ - 0, 1’ - 0, 1’ - 3 and 0’ — 3 are well
positioned and their evolution in temperature well reproduced
the experimental observed trend. Moreover, not only does the
main negative CPL band of A-Yb at 985 nm at RT correspond to
the 0’ — 1 transition, but it also contains non-negligible
contributions from the 1’ — 2 and 2’ — 3 transitions. Taking

15780 | Phys. Chem. Chem. Phys., 2024, 26, 15776-15783

the analysis further, the computed 0’ — 2 transition tends to be
overcome by the transition from the 1’ sublevel whose con-
tribution intensifies with the temperature (>14% for T > 80 K;
Table S5, ESIt). This behavior is in accordance with the
experimental data. The main difference between theory and
experiment concerns the band calculated at 978 nm (attributed
to both 0’ - 0 and 1’ — 1) whose sign is reversed w.r.t
experiment. However, the decrease in intensity accompanying
temperature increase is consistent with experimental findings.
This discrepancy may have several computational origins that
the currently developed methodology cannot fully address.
In particular, while the electronic structure is calculated at
the state-of-the art, the static approach that only consider single
geometry and precludes vibronic effects and fluxional evolu-
tions may find its limitation even for describing behaviors at
low temperature.

In order to appreciate the observed variations in CPL and
luminescence with respect to temperature, the dissymmetry
factors (g,m) were determined across the entire emission range
at the different temperature steps 7T; (Fig. 5):

2IcpL(4, T;)

glum(;wTi): J7 ()LT
em\A; 1
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Fig. 5 (a) Variations of the emission dissymmetry factor, g,m of A-Yb

over its emission range at different temperatures (cut-off at 5% of the
emission maximum for each temperature to discard erratic values at low
intensities) with previously determined transitions energies from the 0’
excited sublevel (Fig. 2a) (b) variation of dissymmetry factors with tem-
perature at selected wavelengths (opposite-sign gum values are plotted for
A-Yb).

Ideally, in the absence of structural modifications, at a given
temperature the gy, factor should behave as a constant for
each transition, producing a plateau value over the corres-
ponding emission band. However, even at 4 K, we observed a
different behavior. Firstly, the g,, plots revealed a continu-
ously varying function of wavelength, instead of 4 discrete
values (Fig. 5a). Furthermore, the gj,,, maxima appear at
wavelengths that do not coincide with any of the identified
transitions (Fig. 5a) or with the local maxima observed in
luminescence and CPL spectra (Fig. 3 and 4). These discrepan-
cies are due to spectral overlap between contributions of
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different signs that results in a wavelength-dependent gjym,
which is the sum of all contributions weighted by their respec-
tive intensities.?® To estimate the true gi,, associated with each
0’ — 0-3 transition, the areas of individual components from
the Gaussian decompositions of CPL (Fig. S24, ESIt) were
compared with their luminescence counterparts (Fig. S22, ESIT)
at 4 K (Fig. S26, ESIt). The —0.011 and 0.016 values extracted
for the 0’ — 3 transition at 1015 nm, for A-Yb and A-Yb
respectively, matched the g, plateaus observed, as this transi-
tion is spectrally well isolated. In contrast, in other regions, the
continuous plot underestimates g, for 0’ — 1,2 and presents
uncertain values around the 0’ — 0 transition.

Bearing in mind the nontrivial effect of this spectral
overlap,?® the variation of gy, with temperature can now be
discussed. Increasing temperature leads firstly to a broadening
of each spectral line (Fig. 4) and thus to an enhancement of
band overlaps. Secondly, as previously mentioned, thermally
populated 1’ and 2’ sublevels of *Fs/, cause the appearance of
additional bands at lower wavelengths in both emission and
CPL spectra (Fig. 4). As seen in the gj,, plot, these “hot bands”
display dissymmetry factors with comparable magnitudes to
those observed at low temperature (Fig. 5), however their signs
can differ from their counterparts originating from the 0’
sublevel. Combined with thermal broadening, the increase in
relative intensities of these contributions profoundly alter the
overall shape of the g, curve. The peak positions and their
intensities change with temperature. Consequently, the selec-
tion of any specific wavelength like the wavelength at maximal
luminescence or |g,m| to monitor CPL variation with tempera-
ture appears arbitrary.

It is well illustrated by comparing the evolution of g, with
respect to temperature at four fixed wavelengths (1 = 986, 994,
1002, 1015 nm) for both enantiomers (Fig. 5b and Table S4,
ESIT), plotting the values measured with A-Yb with the opposite
sign to facilitate comparisons. The same tendencies were
observed for both compounds, confirming the conservation
of the mirror image nature of the CPL spectra. On the other
hand, significant variations were found at all wavelengths. For
example, the most intense dissymmetry observed for A-Yb at
986 nm declined more than threefold, from 0.13 at 4 K to 0.04
at 300 K. strikingly, Fig. 5b also evidences that even the sign of
the gjum factor can change at some specific wavelengths.

Conclusions

For the first time, this study demonstrates experimentally,
through the use of a VI-CPL setup, that the CPL spectra of
chiral lanthanide complexes are dramatically affected by tem-
perature. This is due both to the thermal broadening of emis-
sion lines, that exacerbates the spectral merging of the different
transitions, and to the Boltzmann’s equilibration of the different
crystal-field sublevels in the excited state. This experiment also
highlights that transitions dissymmetry factors (gi,m) are seldom
directly measured by CPL spectrometry, even at low temperature
due to the overlay between emission lines. In this regard, we hope
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that this study will raise concern about the somewhat vague nature
of the gi,m value as a characteristic of a given chiral lanthanide(ur)
compound. For lanthanide ions, not only does this value depend
on the wavelength but it can also vary with temperature, even in
the case of non-degenerated excited levels due to inherent thermal
broadening of emission lines (e.g:, Eu(m)). It is thus crucial that
precise experimental parameters be stated in any CPL measure-
ment (temperature, spectrometer bandwidth) for proper compar-
isons to be meaningful.

We provide all raw data associated with this study in ESI} to
facilitate their use by the community. We believe cryogenic-
temperature measurements hold the key to lanthanide
CPL characterization and their fundamental understanding.
Current limitations arising from the inherent broadening of
emission lines observed in the selected structure hinder a
complete interpretation of the measured CPL spectra.
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