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This article outlines the synthesis and comprehensive characterization of a pair of Er(III) enantiomers with controlled helicity. 

These complexes exhibit a near-infrared circularly polarized luminescence (NIR-CPL) signature with high glum values of ± 0.66 

at 1519 nm at room temperature. However, due to a large number of potential transitions at this temperature owed to the 

crystal field splitting, the CPL pattern likely results from overlapping of many positive and negative contributions. This study 

explores how reducing the effective bandwidth affects the CPL spectral analysis. Practical insights are provided for measuring 

CPL spectra, highlighting the importance of resolving peak positions with opposite signs to accurately determine glum values. 

Introduction 

The synthesis of chiral lanthanide complexes is currently 

attracting a great deal of interest for the determination of their 

chiroptical properties such as electronic circular dichroism 

(ECD) and circularly polarized luminescence (CPL). This interest 

is particularly focused in the near infrared (NIR) region. In the 

early 2000s, Parker, Riehl and Di Bari et al. 1-3 were among the 

pioneers in this field, describing the first ECD properties of 

ytterbium and neodymium complexes. However, the study of 

NIR-chiroptical properties was largely ignored for about two 

decades until recently when NIR-CPL and NIR-ECD 

spectrometers became commercially available. Since 2019, 

there has been a significant increase of publications in this field, 

which has been summarized recently in a review article.4 Some 

noteworthy contributions include the work of Zinna and Di 

Bari,5-7 Ung,8 Piccinelli,9, 10 Pointillart,11-13 and our group,14 who 

have mainly focused on Yb(III) and Sm(III) complexes. Very 

recently, the NIR-CPL detection was extended to the 

wavelength range of Er(III) complexes around 1550 nm.8, 15-18 It 

is important to note that measuring NIR-luminescence and 

especially NIR-CPL of lanthanide complexes remains a technical 

challenge even using the latest advancements in CPL 

spectrometers equipped with highly sensitive InGaAs detectors 

(PEM or CCD camera). This is mainly owed to the typically low 

quantum yields of lanthanide NIR-emitters. The acquisition of 

luminescence spectra with a satisfying signal-to-noise ratio 

(S/N) hence requires compromising on either long accumulation 

(high integration time or collection of several scans) or a higher 

experimental bandwidth (EBW) increasing the slits aperture for 

detection, which may decrease the resolution. In this article, we 

present the synthesis, crystal structure and comprehensive 

photophysical and chiroptical characterization of a chiral 

helicoidal Er(III) complex (Fig. 1) based on the previously 

described functionalized R,R (or S,S) pyridyldiamide ligands.14, 19 

Additionally, we have used these complexes to demonstrate 

experimentally and by numerical simulation the crucial impact 

of EBW on the resolution of the CPL signal and the consistency 

of corresponding dissymmetry factors. 

 
Fig 1. Structure of the chiral Erbium(III) complexes. 
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Results and Discussion  

The chiral Er(III) complex was prepared in the same way as its 

Yb(III) analogue, which involved the self-assembly of three 

chiral R,R (or S,S) pyridyldiamide ligands (for ligand synthesis 

and characterization cf. SI chapter S3) around the central 

lanthanide ion.14 The chirality of the ligand determined the Δ- 

and Λ-helicity of the resulting complexes [Er(S,S-L)3](OTf)3 and 

[Er(R,R-L)3](OTf)3 referred to as Δ-Er and Λ-Er, respectively. The 

complexes were fully characterized by NMR and FTIR 

spectroscopies and mass spectrometry (SI, Scheme S2 and 

Figures S6-S10). 

 

Fig 2. Molecular structure obtained by X-ray diffraction of [Er(R,R-L)3](OTf)34(MeOH) 

single crystal (Λ-Er). Hydrogen atoms and MeOH solvent molecules of crystallization are 

omitted for clarity. Green, Er; red, O; blue, N; grey, C; light green, F; yellow, S. 

Single orange crystals were obtained through the diffusion of di-

n-butylether over a concentrated solution of the complex in 

methanol (Fig 2). The crystal structure of Λ-Er was determined 

using single crystal X-ray diffraction, revealing that it crystallizes 

in the chiral P212121 orthorhombic space group (Figure S11 and 

Table S1). The asymmetric unit consists of one [Er(R,R-L)3]3+ 

complex, three TfO- anions and four methanol solvent 

molecules. The Er(III) center is coordinated to three tridentate 

R,R-ligands resulting a N3O6 environment and confirming the Λ-

type Er(III) centered chirality. The average Er-N bond length 

(2.46 Å) is longer than the Er-O bond length (2.34 Å) in 

agreement with the oxophilic nature of the lanthanide. To 

maintain electro-neutrality, three triflate anions are present: 

two of them are involved in hydrogen bonds with the amine of 

the R,R-ligand while the third one interacts with one methanol 

molecule. As for the Yb(III) counterpart, intramolecular - 

interactions are observed between each pyridyldiamide moiety 

and naphtyl group. The crystal packing indicates that no 

significant  stacking can take place because of the bulky hexyl 

chains (Figure S12). A remarkable long shortest intermolecular 

ErEr distance of 15.08 Å was found. 

The photophysical studies were conducted in diluted methanol 

solution and all relevant data are summarized in Table 1. The 

complex solutions exhibit intense orange color and display a 

broad intense absorption band centered around 455 nm 

(Figure 3, top, Table S2). This absorption band is assigned to the 

intra-ligand charge transfer (ILCT) transition from the 

dialkylamino donor group to the central pyridine bis-amide 

ligand acting as acceptor. Notably, this transition is significantly 

red-shifted compared to that of the free ligand (abs = 395 nm, 

 = 60 nm, Fig. 3) due to the Lewis acidity of the erbium 

trication.20, 21 Interestingly, even upon diluting the complex 

solution to a concentration as low as 4.5 10-7 M (Figure S13), no 

distinct absorption band corresponding to the free ligand 

appeared, suggesting the absence of potential dissociation 

processes in the methanol solution. 
Fig 3. (Top) Room temperature normalized absorption of the ligand R,R-L (dashed line) 

and of Δ-Er (blue) and Λ-Er (red). (Bottom) Representative normalized luminescence 

spectra of Λ-Er at room temperature (dashed line) and 77 K (solid line) in MeOH/EtOH 

mixture (4/1 v/v).  

 

Table 1. Room temperature photophysical, nonlinear and chiroptical data for the two 

Λ-Er and Δ-Er complexes in MeOH. 

 Λ-Er Δ-Er 

max (nm) 455 455 

 (L.mol-1.cm-1) 102000 117000 

em (nm) 1520 1519 

(ns) 212 213 

gabs(233) -0.01509 0.01408 

gabs(452) -0.00016 0.00016 

glum(1519)a -0.66 0.66 

   
a: with an EBW of 3.2 nm. 

Upon excitation in the ILCT transition of the complexes Δ-Er and 

Λ-Er the characteristic erbium centered transition at 1520 nm is 

observed that can be assigned to the 4I13/2 → 4I15/2 transition 
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(Fig. 3, bottom, Figure S14-15). The room temperature 

spectrum is quite broad, displaying 7-8 main bands. It is worth 

noting that in D3 symmetry the 4I15/2 ground state (and the 4I13/2 

excited state) is split in 8 (and 7) different mJ sub-levels 

following the crystal field splitting theory.22 Consequently, the 

maximum number of potential transitions is then 8 × 7 = 56. 

Upon cooling down to 77 K in an organic glass most of the mj’ 

excited sub-levels are depopulated resulting in a surprisingly 

well-resolved spectrum. Nevertheless, this spectrum still 

contains several overlapping transitions making a 

comprehensive crystal field splitting assignment unfeasible. The 

luminescence lifetime has been measured and is nicely fitted by 

a mono-exponential decay (Figure S16) yielding a value of 

τ = 212 ns for Λ-Er and 213 ns for Δ-Er, respectively.17, 23 

ECD and CPL measurements have also been performed for both 

complexes in methanol. A clear intense ECD signature is 

observed for the UV-transition around 233 nm assigned to the 

* transition of the naphtyl sub-units close to the chirality 

center (Figure S17 and Table 1). Interestingly, the charge 

transfer band delocalized on the complete conjugated skeleton 

also presents an ECD signature centered at 450 nm but with a 

smaller intensity. 

In contrast, no sufficiently strong luminescence and 

consequently no CPL signal could be measured in the range of 

the 4I13/2 → 4I15/2 transition. This was solved by using deuterated 

methanol as solvent resulting in a significant enhancement of 

the luminescence due to the reduction of non-radiative vibronic 

quenching.24 It is worth mentioning that replacing CH3OH also 

suppresses reabsorption in the 1450−1650 nm range due to the 

presence of O-H and C-H overtones.22 Hence, the luminescence 

increases, enabling the acquisition of NIR-CPL spectra with a 

very good S/N for the most intense band observed at 1519 nm 

(Fig. 4 bottom). Likewise, the absorption spectrum of Δ-Er could 

be acquired in deuterated methanol (Fig. 4 top), despite the 

very low absorption coefficient of erbium.  

Fig. 4. Top: Room temperature NIR absorption (dashed line) and fluorescence 
(solid line) spectra of solutions of Δ-Er in CD3OD (c = 5.0 10-4 M for absorption and 
c = 3.4 10-4 M for fluorescence). Bottom: NIR-CPL (CD3OD, c = 3.4 10-4 M) of Δ-Er 
(blue) and Λ-Er (red), recorded at an EBW of 3.2 nm. 

In order to determine the CPL dissymmetry factor glum defined 

according to eq. (1), where IL and IR stand for the intensity of left 

and right circularly polarized components of the emission, we 

envisaged to collect the CPL spectra featuring the highest 

possible resolution. 

(1)                                             𝑔𝑙𝑢𝑚 =
2|𝐼𝐿 − 𝐼𝑅|

(𝐼𝐿 + 𝐼𝑅)
 

To achieve this, we experimented with various emission slit 

aperture settings, ranging from 0.5 to 1.5 and 3 mm, which 

corresponds to an EBW of 3.2, 10, and 20 nm, respectively 

(Fig. 5).‡ To facilitate comparison across these different settings, 

the CPL spectra were divided by the maximum value of the 

corresponding emission at each EBW.  

Fig. 5. Room temperature NIR-CPL of a concentrated CD3OD solution of Δ-Er (blue) 
and Λ-Er (red) measured with an EBW of 3.2 nm (top), 10 nm (middle) and 20 nm 
(bottom). 

 

Naturally, reducing the slit aperture increased the spectral 

resolution but it simultaneously reduced the signal intensity, 

resulting in a lower S/N. This is particularly evident when 

examining the NIR-emission spectra recorded alongside the CPL 

spectra (Figure S17). Expanding the slit aperture by a factor of 6 

(increasing EBW from 3.2 to 20 nm) led to a nearly 10-fold 

increase in the signal, providing an excellent S/N ratio but 

causing a substantial loss of resolution. For the CPL spectra, the 

influence of the EBW is even more pronounced (Fig. 6, top). 

While the spectra obtained with a EBW of 3.2 and 10 nm are 

almost identical, the spectrum with a 20 nm EBW exhibits 

marked differences. The minor band at 1507 nm (band C) is 

completely masked by the surrounding broad bands (bands B 

and D). More importantly, one of the main bands centered at 

1527 nm (band E) also disappears in the low-resolution spectra. 

In addition, the positions of the CPL band maxima (or minima) 

undergo significant shifts with varying the EBW.  

 
Fig. 6. (Top) Merged CPL spectra for Δ-Er and Λ-Er measured at different 
experimental bandwidth. (Bottom) Resulting curves of the emission dissymmetry 
factor glum over the emission ranges. 
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As an example, Fig. 6 illustrates a red-shift of bands E and F with 

wider slits, whereas band D exhibits a slight blue-shift. These 

modifications in experimental conditions also have a very 

strong influence on the glum determination. To highlight this 

effect, we measured the dissymmetry factors across the 

complete emission range at different spectral resolution (Fig. 6, 

bottom). At room temperature, the maximum glum value, 

obtained at the lowest EBW (3.2 nm) is 0.66 at 1519 nm (band 

D) for Δ-Er (-0.66 for the other enantiomer). This value is 

actually the highest compared to already published Er(III) 

complexes.4 It is crucial to note that opening the slits results in 

a significant decrease of this value to 0.34 (1517 nm, EBW = 10 

nm) and down to 0.06 (1516 nm, EBW = 20 nm). This effect is 

likewise significant for band E with a decrease of glum from 0.57 

to 0.11 and eventually to -0.01 as the EBW increases, here 

additionally inducing a change of sign. At this point, it is 

important to keep in mind that a CPL spectrum (as well as an 

ECD spectrum) represents the difference between two 

luminescence spectra giving rise to signals with either positive 

or negative signs. When operating at low resolution (e.g. high 

EBW), the overlap of two signals contributes to the final CPL 

signal whose intensity determines the glum dissymmetry factors. 

It is worth noting that Zinna and Di Bari have already warned 

about the effect of measurement resolution on the accuracy of 

the dissymmetry factor.25 Therefore, it is crucial to exercise 

great care in the recording conditions of the CPL and the 

corresponding emission spectra to obtain the most accurate 

glum possible.  

Due to the finite dimension of the slits and the pixels of 

spectrometers, the light intensity measured at a given 

wavelength is actually the sum of all the wavelengths collected 

in the geometrical window created by the system. 

Mathematically, the recorded spectra are the convolution 

product of the input spectrum with the impulse response of the 

apparatus. For monochromators, the impulse response can be 

modelled by a triangle function proportional to the geometrical 

slit widths multiplied by the grating dispersion. The width of this 

function corresponds to the EBW of the spectrometer. 

Therefore, the spectral distortion coming from the EBW is the 

convolution of the ideal input spectra with a triangle function, 

which can be computed with standard software. 

In Figure 7, we have computed the effect of the EBW on typical 

input emission and CPL spectra (using an arbitrary fixed 

glum = ±2) that are composed of two Gaussian bands with the 

following intrinsic characteristics: (i) equal height, (ii) equal full 

width at half maximum (Δλ), (iii) various distances between the 

two peaks ranging from 5Δλ (well-resolved input spectrum, 

Fig. 7a) down to 1Δλ (poorly resolved input spectrum, Fig. 7d). 

In the same way, the impact of the instrument resolution on the 

spectrum has been investigated by modulating the EBW from 

0.2Δλ up to 6Δλ.  

The upper panels in Fig. 7a-d depict the influence of the EBW on 

the emission spectra, i.e. two bands of same sign. As expected, 

increasing of the EBW results in: (i) a progressive broadening of 

the bands, (ii) the baseline intensity between the peaks 

deviating from zero and (iii) the two peaks gradually 

overlapping and eventually merging, leading to a total loss of 

resolution. This is precisely what we observe in the 

experimental Er(III) luminescence spectra (Figure S18). It is 

important to emphasis that the positions of the emission bands 

remain unaffected by the EBW meaning that as soon as peaks 

are observable, their positions cannot be misinterpreted 

whatever the device resolution. 

In contrast, to the best of our knowledge, the impact of the EBW 

on CPL spectra has not been previously described and presents 

added complexity, primarily due to the potential contribution of 

bands with opposite signs. First, if the CPL spectrum is 

composed of two bands of the same sign and same intensity, 

the effect on the CPL is the same as described above for the 

emission. Therefore, the glum values are constant whatever the 

EBW. All other cases are much more complicate because the 

convolution will have different impact on the emission and CPL 

spectra resulting in recorded glum depending on the 

experimental conditions.  

In the following, we focus on the situation where the two CPL 

bands have opposite sign but equal intensity. The outcome of 

the calculation under these conditions are illustrated by the 

middle panels in Fig. 7. It reveals that, as for the emission 

spectra, the CPL bands broaden when EBW increases. 

Concerning the baseline, it always intersects the wavelength 

axis (zero-axis) whatever the EBW. 
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Fig. 7. Convolution of two Gaussian bands (FWHM=Δλ) with triangle functions at various bandwidths from 0 to 6Δλ. Upper panels: evolution of the fluorescence spectra 
composed of two bands of same sign. Middle panels: evolution of the CPL spectra composed of two bands of opposite sign. Bottom panel: evolution of the g lum values 
calculated as the ratio between the CPL and the fluorescence. Dotted black curves: evolution of the extrema of CPL intensity and glum. The distance between the two 
peaks is a) 5 Δλ, b) 3 Δλ, c) 2 Δλ, d) Δλ.
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Nevertheless, the slope of the CPL curve at the zero-axis 

intersection point depends on both the intrinsic resolution of 

the spectrum and the EBW. For intrinsically well resolved 

spectra, the baseline intensity between the CPL bands remains 

at zero, resulting in an horizontal slope as long as the EBW does 

not induce any overlap between the peaks (Fig. 7a,b). However, 

when EBW increases and the CPL bands gradually overlap, this 

slope deviates from zero. At low intrinsic resolution, the overlap 

between the CPL bands gives rise to a non-zero slope at the 

zero-axis crossing point regardless of the EBW (Fig. 7c,d). In 

these cases, the CPL curve’s slope decreases with increasing 

EBW. This is accompanied by a shift in the CPL peak positions as 

indicated by the dotted black curve showing that the spectral 

gap between the two bands’ extrema increases with the EBW, 

while it stays constant for the emission spectra. The apparent 

transitions observed in the CPL spectra at λpeak do not match 

anymore the intrinsic transitions visible in the luminescence 

spectra. This phenomenon is accompanied by a change in 

intensities resulting in a glum(λ) which is no more constant over 

the transitions as shown in the Fig. 7b,c,d lower panels. As a 

consequence of the mixing of two CPL opposite contributions, 

the glum value decreases together with the resolution. 

We have also explored additional scenario, where the two 

transitions have CPL bands of different intensities (in the ratio 

1/5) and with the same or opposite signs. The simulated 

luminescence and CPL spectra as a function of the EBW and the 

evolution of the glum factor are detailed in the Supporting 

Information (Figures S19-S20). The evolution is qualitatively the 

same: increasing EBW induces a decrease of the glum and a peak 

displacement. However, the intensity of this shift is less 

pronounced. For a better rationalization of these observations, 

it appears relevant to compare the resolution factors R of the 

recorded spectra as function of the EBW. The resolution factor 

is the distance between the two transitions normalized by their 

widths:  

𝑅=
𝜆𝑏−𝜆𝑎

𝛥𝜆𝑎+𝛥𝜆𝑏
 

where λa (λb) and Δλa (Δλb) are the wavelength and width of the 

transitions (a) and (b), respectively. High resolution factors 

correspond to well resolved transitions whose relative distances 

are higher than their widths.  

We note Rin the intrinsic resolution factor of the emitted light 

(i.e. recorded with an ideal (EBW = 0) instrument). As 

instruments have non null EBW, recorded signals have wider 

widths than the intrinsic one’s (the higher EBW the higher the 

recorded width). We have visualized in Fig. 8 the evolution of 

the calculated resolution factors of the recorded spectra as a 

function of the EBW for five different input signals characterized 

by two fluorescence lines with resolution factor Rin and opposite 

CPL lines with same intensities. The figure displays the output 

resolution factor calculated for the fluorescence (continuous 

lines) and CPL spectra (dotted lines), Rout-Fluo and Rout-CPL, 

respectively. As before, the measured signals are the 

convolution of the input one’s with a triangle function of width 

EBW. As expected, the higher the EBW, the lower the resolution 

of the recorded emission spectra Rout-Fluo. The resolution factor 

of the CPL spectra perfectly matches the fluorescence's one for 

high Rin and low EBW. For high EBW, Rout-CPL becomes higher 

than Rout-fluo and the lower Rin the higher Rout-CPL. For the poorly 

resolved Rin = 1 spectra, Rout-CPL is even higher than one. This 

behavior is extremely annoying because it means that the 

observation of well-separated peaks in the CPL spectra (high 

Rout-CPL) does not guarantee the trueness of the spectra. This is 

owed to the circumstance that the CPL peak displacement is 

higher than the spectral broadening (see Fig. 7c and d). 

 

Fig. 8. Evolution of the resolution factors Rout-Fluo (continuous lines) and Rout-CPL 
(dashed lines) as a function of the EBW and for several initial intrinsic conditions 
Rin for two bands of opposite signs overlapping. 

Practically speaking, the quantitative analysis of CPL signals 

(determination of glum values) is based on finding the position of 

the transitions and their intensities as defined in eq.(1). For this 

we have computed the peak shifts and glum as a function of EBW. 

Fig. 9 (continuous curves) shows the influence of EBW on the 

λpeak shift defined as λpeak - λin where λin is the intrinsic position 

of the transition (EBW = 0). For well resolved signals (Rin>4), 

there are no apparent shifts in the recorded spectra whatever 

the EBW and λpeak - λin = 0 (red and green curves have zero 

value). However, for intrinsically less resolved input signals (low 

Rin), the higher the EBW, the higher the peak shift. Fig. 9 (dashed 

curves) also makes clear that the glum decreases with EBW 

especially when the considered transitions are poorly resolved 

(low Rin). 

These findings can lead to bad quantifications and may explain 

some discrepancies reported in literature. Contrary to standard 

spectroscopy, an apparent increase in the resolution of the 

spectrum does not guarantee a valid measurement. One 

condition accounting for a reliable exploitation of the signal is 

the CPL curve slope at the zero-axis crossing point to be zero, 

attesting for the non-overlapping of transitions. In case of a 

residual overlap, great care should be taken. Indeed, the 

measured peaks may not reflect the individual CPL molecular 

transitions in neither position nor intensity. Worse, certain 

peaks can even be hidden and/or change signs. To a certain 

extent, this can be improved by optimizing the spectrometer 

resolution through the decreases of the slit width until the 

recorded spectra, both emission and CPL, remain unchanged. 
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Fig. 9. Evolution of the CPL peak shift λpeak – λin (continuous, left axis) and of the 
glum at λpeak (dashed, right axis) as a function of the EBW and for several initial 
intrinsic conditions Rin for two bands of opposite signs and same intensities.  

Conclusions 

We report in this article the synthesis and the complete 

chemical, photophysical and chiroptical characterization of a 

pair of Er(III) enantiomers featuring a controlled Δ- and Λ-

helicity. This complexes present NIR-CPL signature with a very 

high glum value of 0.66 for the band at 1519 nm at room 

temperature. Due to the excessive number of possible 

transitions at room temperature (theo. 56) it is impossible to 

assign this band to a well-defined crystal field splitting transition 

and it most likely results from the overlapping of many 

contributions. To refine the spectral analysis, we explore the 

effect of reduction of the EBW by monitoring the slit aperture 

of our CPL apparatus. From a practical point of view, from our 

simulations, we were able to extract good practices for the 

measurement of CPL spectra. Counterintuitively, CPL spectra 

with well resolved peak provide no guarantee that the CPL lines 

are not overlapping. A better signature of the low resolution is 

the slope of the CPL at the crossing point: if non-zero it means 

that two neighbor lines overlap. Moreover, the loss of 

resolution for two CPL peaks of opposite signs induces two main 

drawbacks: (i) the position of the CPL peak does not reflect 

necessary the true position of the CPL contributions and (ii) the 

measured values of glum are underestimated. To conclude, when 

reporting CPL spectra the knowledge of the experimental 

resolution is of prime importance in order to estimate the 

trueness of the results. 
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Notes and references 

‡ EBW is the intrinsic apparatus resolution and depends on the 
grating and the monochromator output focal length. In the 
present case with a CS260 Oriel/Newport monochromator 
equipped with a Newport 74067 grating, EBW = 6.4 nm /mm. 
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