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Intense 1400-1600 nm circularly polarised luminescence from 
homo- and heteroleptic chiral erbium complexes  

Oliver G. Willis,a Andrea Pucci,a Enrico Cavalli,b Francesco Zinna *a and Lorenzo Di Bari *a 

Efficient near-infrared circularly polarised luminescence (CPL) between 1400 and 1600 nm of four enantiomer pairs of homo- 

and heteroleptic complexes have been successfully measured. Utilising inexpensive optics and a commercial fluorimeter, 

discrimination of the left and right circularly polarised components was achieved, yielding remarkably high dissymmetry 

values in emission (glum). Most notably, homoleptic complexes CsEr(hfbc)4 (hfbc = 3-heptafluorobutylyrylcamphorate) and 

[TMG−H+]3Er(BINOLate)3 (TMG = 1,1,3,3-tetramethylguanidine; BINOLate = 1,1’-bi-2-naphtholate) show maximal |glum| 

values of 0.83 (at 1510 nm) and 0.29 (at 1545 nm) respectively, with the former complex possessing the strongest CPL within 

the NIR to date.

Introduction 

Chiral lanthanide complexes, in recent years, have shown 

interesting and unique optical and chiroptical properties,1–16 

which has made their potential implementation within chiral 

electronics and photonics highly desirable. In general, 

compounds with substantial optical activity have already shown 

their importance in current technologies such as circularly 

polarised OLEDs,17–19 polarisation-sensitive phototransistors20 

and spin filters.21 In particular, lanthanide chiral complexes may 

feature narrow emission bands, large pseudo-Stokes shifts, long 

lifetimes, strong circular dichroism (CD) and circularly polarised 

luminescence (CPL). Chiral lanthanide complexes which show 

strong CPL within the visible region have already been 

successfully employed in (bio)-assays22–24 and within circularly 

polarised OLEDs.17,25 Unlike the emission of most organic 

systems, the f-f transitions are not only limited to the visible 

region, and indeed span a wide spectral range into the near-

infrared (NIR). Species which emit within the NIR and show 

significant chiroptical properties have potential uses ranging 

from biological applications2,26 to the telecommunications 

industry. Indeed, Erbium, which emits around 1530 nm, is used 

as a dopant in current LASER systems, which are involved in the 

free-space long-distance optical transmission or fibre optical 

communications (the so-called C-band).27,28 Besides 

applications of NIR luminescence in general, few reports 

describe CPL of Yb-based systems which emit ca. 1000 nm.29–34 

Even more rare are reports of NIR-CPL in the 1400-1600 nm 

range, achievable with chiral Er complexes, with only two 

occurrences to date.1,3 This is likely due to the fact that 

instrumentation with capabilities of measuring lower energy 

NIR-CPL is not readily available, which in turn slows down the 

development of NIR-CPL active molecular compounds. 

This work aims to show how our current setup in measuring Er 

NIR-CPL between 1400 and 1600 nm can be applied even to 

simple Er complexes, which are not necessarily designed for the 

purpose of sensitising the low energy emission.1 

We also emphasise the interesting chiroptical features of the 
4I15/2 → 

4I13/2 transition of Er, which was predicted to show 

strong optical and chiroptical properties by Richardson in 

1980.35 The 4I15/2 → 
4I13/2 transition of Er belongs within classes 

EI (transition dipole moment), RI (rotatory strength) and DII 

(dissymmetry factor), which should show relatively favourable 

optical and chiroptical properties compared to other lanthanide 

transitions.35 From our previous work, we showed that this 

prediction is indeed valid, and that transitions belonging to such 

classes do show remarkably strong NIR chiroptical properties.2 

Thanks to chiral lanthanide complexes possessing 

extraordinarily high dissymmetry factors, compared to other 

chiral isolated molecules (i.e., non-aggregated systems),36–40 we 

were able to utilise a basic setup which requires inexpensive 

optical components and simple 3D-printed holders (Figure S1) 

to discriminate the circularly polarised components of the 

luminescence (Figures S7, S13 and S19). A standard commercial 

fluorimeter equipped with a liquid nitrogen-cooled InGaAs 

detector was used to collect the Er NIR emission, and the 

circular polarisation discrimination was achieved by 90° rotation 

of the quarter-wave plate (QWP), preceding a linear polariser 

(LP), whose axes were reciprocally oriented at ± 45°.1 

Four enantiomer pairs of chiral Er complexes were studied, two 

homoleptic and two heteroleptic systems. The two homoleptic 

complexes were CsEr(hfbc)4 (hfbc = 3-

heptafluorobutylyrylcamphorate) and [TMG−H+]3Er(BINOLate)3 

(TMG = 1,1,3,3-tetramethylguanidine; BINOLate = 1,1’-bi-2-

naphtholate) shown in Scheme 1. The former complex scaffold 
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has been well studied across the series of lanthanides in regard 

to its structure and chiroptical properties.2,12,41–43 The Eu and Yb 

complexes uphold the current highest glum in both the visible 

(+1.38 at 595 nm)12,42 and NIR (−0.38 at 988 nm)2, respectively. 

Such complexes have an antiprismatic coordination geometry, 

which is ideal for an efficient dynamic coupling, through which 

the lanthanide f-f transitions can gain sizeable rotatory strength 

from ligand-centred transitions.43 The latter complex, 

[TMG−H+]3Er(BINOLate)3, is the air- and water-stable 

analogue44 of Shibasaki’s rare earth alkali metal BINOLate 

(REMB), pinwheel-shaped complex.45 The original Er Shibasaki 

complex was recently reported to show NIR-CPL at ca. 1550 

nm.3 In our previous work, we noted that the exchange of the 

alkali earth metal in the REMB complex with the organic tetra 

methyl guanidinium44 causes a subtle structural rearrangement 

of the binaphthol ligands around the lanthanide, while still 

retaining an overall D3 solution geometry.2 The two heteroleptic 

complexes are formed by diketonate-based ligands as 

sensitisers of Er emission and the commercially available 

pyridine bis(oxazoline) derivatives as the chirality-inducing 

component. For this study, 4,4,4-Trifluoro-1-(2-naphthyl)-1,3-

butanedione (NTA) acted as the Er sensitiser,46 while 2,6-Bis(4-

isopropyl-2-oxazolin-2-yl)pyridine (iPrPyBox) and 2,6-Bis(4-

phenyl-2-oxazolinyl)pyridine (PhPyBox) were used to provide 

the necessary chiral environment (Scheme 1). Similar strategies 

were reported for Yb and Eu CPL-active complexes.25,26,47–49 

Scheme 1. Structures of the four enantiomer pairs of complexes studied in this work. 

Results 

CsEr(hfbc)4 

In THF, the CsEr(hfbc)4 complex shows a UV-Vis absorption 

centred at 310 nm with a shoulder at lower energy (Figure S4). 

The excitation profile traces the low-energy shoulder with the 

maximum at 325 nm (Figure S3). Upon excitation, a structured 

emission profile is observed, containing a minimum of four 

distinct maxima occurring at 1477, 1509, 1530 and 1542 nm 

(Figure 1). Each maximum is seemingly associated to a 

corresponding CPL signal, which are equal and opposite for the 

two enantiomers (Figure 1). From high to low energy, the four 

predominant CPL signals have an alternating sign, e.g. −/+/−/+ 

for (+)-CsEr(hfbc)4 and vice-versa for (−)-CsEr(hfbc)4. The four 

distinct |glum| maxima occur at 1472, 1510, 1530, and 1550 with 

corresponding values of 0.15, 0.83, 0.08 and 0.38 (Figure S6).  

The NIR-CD spectrum shows a similar sign pattern and shape as 

the NIR-CPL, except for the absence of a CD band at ca. 1530 nm 

(Figure S5). The NIR absorption spectrum shows multiple 

narrow emission bands of varying transition dipole intensities 

(Figure 1). The main CD bands occur at 1566, 1505, 1540, 1553 

and 1565 nm with corresponding |gabs| values of 0.27, 0.91, 

0.40, 0.26 and 0.36 (Figure S6). Comparing these values to those 

previously reported for the same complex, measured in CDCl3 

rather than THF, we see almost identical chiroptical features, 

suggesting that the solvent has little impact on the structural 

arrangement of the ligands and electronic properties of the 

complex. Despite the liquid N2 cooled InGaAs detector used for 

measuring the NIR emission and CPL having a sharp decrease in 

efficiency after 1550 nm and therefore, possible transitions 

present at lower energies are not observed (Figure S2), this cut-

off has no impact on the glum values reported. The CsEr(hfbc)4 

complex shows an overall quantum yield (𝑄𝐿
𝐸𝑟) of 0.004%, 

measured using Yb(TTA)3(H2O)2 (TTA = thenoyltrifluoroacetone, 

𝑄𝐿
𝑌𝑏  = 0.35% in toluene)50 as the reference. Despite the poor 

quantum yield, reliable and reproducible NIR-CPL can be 

measured. 
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Figure 1. Top) NIR-CD spectra of CsEr(hfbc)4 (16 mM) with average total absorption 

traced in the background (in grey). Bottom) NIR-CPL spectra of CsEr(hfbc)4 (1 mM) 

with normalised average total emission traced in the background (in grey, λex = 

325 nm). Both spectra were recorded in anhydrous THF at room temperature. 

[TMG−H+]3Er(BINOLate)3 

The D3-symmetric, binaphtholate-based homoleptic complex 

[TMG−H+]3Er(BINOLate)3 shows extremely rich chiroptical 

features, similar to the previously discussed CsEr(hfbc)4. Upon 

ligand excitation at 365 nm (Figure S9), a weak emission profile 

consisting of a minimum of three major bands was observed 

(Figure 2). Despite the low emission intensity, the CPL was easily 

measured due to the complex high dissymmetry factors (Figure 

2). The three low-energy major CPL bands of alternating sign at 

1515, 1526 and 1545 nm give |glum| values of 0.13, 0.23 and 

0.29, respectively (Figure S12). The high-energy CPL band shows 

a |glum| of 0.11 at 1455 nm. As introduced earlier, the NIR-CPL 

of the original Shibasaki scaffold with Er has been measured and 

displays dissymmetry factors similar to those reported here.3 

The [TMG−H+]3Er(BINOLate)3 complex also exhibits an 

extremely short lifetime of ca. 0.4 μs (Figure S14). 

As with the CsEr(hfbc)4 complex, both the NIR-CD and NIR-CPL 

show remarkable similarity in terms of sign and shape, with a 

slightly different maxima offset (Figure S11). The NIR-CD shows 

an additional intense signal at 1554 nm (Figure 2) which 

corresponds to the highest |gabs| (0.71) in the entire spectra. 

This signal is partially lost in the NIR-CPL due to the detector cut-

off (Figure S2). The four remaining intense CD bands at 1457, 

1508, 1520 and 1537 nm show dissymmetry values of 0.17, 

0.12, 0.43 and 0.24, respectively (Figure S12). 
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Figure 2. Top) NIR-CD spectra of [TMG−H+]3Er(BINOLate)3 (26 mM) with average 

total absorption traced in the background (in grey). Bottom) NIR-CPL spectra 

[TMG−H+]3Er(BINOLate)3 (1 mM) with normalised average total emission traced in 

the background(in grey, (λex = 365 nm). Both spectra were recorded in anhydrous 

THF at room temperature. 

Er(NTA)3
iPr/PhPyBox 

Both Er(NTA)3
iPrPyBox and Er(NTA)3PhPyBox contain the 

sensitising ligand, NTA, which possesses a strong electronic 

transition centred around 345 nm (Figures S15 and S21). Upon 

excitation, both complexes show a single, narrow emission 

band with a slight shoulder at higher energy (Figures 3, S15 and 

S21). Er(NTA)3PhPyBox shows simple chiroptical features in 

both NIR absorption and emission compared to the previous 

homoleptic Er complexes (Figure 3). The similarity between the 

NIR-CD and NIR-CPL is again apparent (Figure S17). The NIR-CD 

spectrum shows only two major bands of opposite sign 

occurring at 1516 and 1535 nm with corresponding |gabs| of 

0.07 and 0.03 (Figure S18). The NIR-CPL shows a similar 

bisignate signal with maxima at 1523 and 1542 nm with |glum| 

values of 0.06 and 0.02 (Figure S18). 
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Unlike Er(NTA)3PhPyBox, the Er(NTA)3
iPrPyBox complex shows 

no measurable chiroptical activity neither in absorption nor 

emission, despite only a simple change from the phenyl to 

isopropyl group. The photophysical properties for both 

Er(NTA)3
iPrPyBox and Er(NTA)3PhPyBox were measured and 

showed similar characteristics. Both complexes showed an 

overall quantum yield of 0.003% and lifetimes of 2.7 μs (Figures 

S20 and S23).  
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Figure 3. Top) NIR-CD spectra of Er(NTA)3PhPyBox  (37 mM) with average total 

absorption traced in the background (in grey). Bottom) NIR-CPL spectra of 

Er(NTA)3PhPyBox (1 mM) with normalised average total emission traced in the 

background (in grey, λex =  345 nm). Both spectra were recorded in anhydrous THF 

at room temperature. 

Discussion 

With overall quantum yields and emission lifetimes values in hand 

(Table 1), it is possible to extract valuable information about the 

photophysical processes involved in the emission. CsEr(hfbc)4  shows 

an excited state lifetime (τobs) of 6.6 μs (Figure S8), significantly 

higher than commonly reported (optically inactive) Er 

compounds.46,51,52 Assuming a radiative lifetime (τrad) of 10 msec 

from the literature,51–53 an internal quantum yield (𝑸𝑬𝒓
𝑬𝒓 =

𝝉𝒐𝒃𝒔 𝝉𝒓𝒂𝒅⁄ ) of 0.07% can be calculated, as well as a sensitisation 

efficiency (𝜼𝒔𝒆𝒏𝒔 = 𝑸𝑳
𝑬𝒓 𝑸𝑬𝒓

𝑬𝒓⁄ ) of approximately 6%. These values 

may be compared to the sensitisation efficiency of 75%, and an 

approximately 10-times higher 𝑸𝑬𝒓
𝑳 , for the extended ethynyl-PyBox 

Er complexes recently reported by us (Table 1).1 This highlights the 

importance of the tailored antenna ligand with suitable donor states 

in order to efficiently sensitise the low-lying Er emissive levels. On 

the other hand, the particularly high τobs of CsEr(hfbc)4 indicates a 

relatively reduced multiphonon quenching by ligand vibrational 

overtones, leading to an overall good CPL brightness (BCPL).54 

A higher sensitisation efficiency (10%) is obtained in the case of 

Er(NTA)3
iPr/PhPyBox complexes. The observed emission 

lifetime is approximately double with respect to optically 

inactive Er diketonates.46,55 Finally [TMG−H+]3Er(BINOLate)3 

compounds display the shortest τobs and the lowest 𝑸𝑬𝒓
𝑳  (0.0002%), 

in contrast with the closely related alkali metal Er BINOLate.3 A 

possible explanation could lie in the multiphonon quenching by the 

guanidinium N-H low-frequency oscillators in proximity of the Er 

centre in [TMG−H+]3Er(BINOLate)3 complexes. 

Consistently with the Yb and Eu analogue,2,12,42 CsEr(hfbc)4 exhibits 

the highest |glum| factors among the Er complexes discussed here. In 

particular, the 1510 nm value (0.83) is the highest value reported for 

Er CPL, to the best of our knowledge. Such a value represents a 70/30 

ratio of the two circularly polarised comment of the emission.

Table 1. Summary of the photophysical and chiroptical results of the four complexes studied, as well as the previously published [Er(iPrPyBox-NMe2)2]·3OTf complex.1 

Complex ε / M−1 cm−1 (λ / 

nm) 

τobs / 

μs 

𝑸𝑬𝒓
𝑳  𝑸𝑬𝒓

𝑬𝒓 𝜼𝒔𝒆𝒏𝒔 |glum| (λ / nm) BCPL / M−1 cm−1 

CsEr(hfbc)4 34830 (311) 6.6 0.004% 0.07% 6% 0.83 (1510) 0.23‡ 

[TMG−H+]3Er(BINOLate)3 59279 (335) 0.4 0.0002% 0.01% 5% 0.29 (1545) 0.0005‡ 

Er(NTA)3PhPyBox 42752 (335) 2.7 0.003% 0.03% 10% 0.06 (1523) 0.035‡ 

Er(NTA)3
iPrPyBox 10246 (367) 2.7 0.003% 0.03% 10% / / 

[Er(iPrPyBox-NMe2)2]·3OTf§ 59586 (447) 4.0 0.03% 0.04% 75% 0.33 (1539) 0.7 

‡ Calculated using a modified formula (Equation S3). 

§ See ref[1]. 

[TMG−H+]3Er(BINOLate)3 displays |glum| values in line with its alkali 

metal Er BINOLate analogue, despite a significantly different 

geometry.3 Finally and remarkably, in the case of diketonate 

complexes, only Er(NTA)3PhPyBox showed a significant chiroptical 

activity in the NIR-IR. This is at odds with the behaviour of Eu and Yb 

similar complexes, where the complexes bearing iPrPybox ligand 

displayed similar or higher CPL activity with respect to the PhPyBox 

counterpart.25,26,47,49 This can be rationalised by considering that an 

emergent vanishing signal can be observed if transitions between MJ 

levels are very close in energy and bear an opposite sign. This is 

ultimately due to the crystal field splitting induced directly or 

indirectly by different ancillary ligands.  
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In all cases, NIR-CD spectra are very similar to the corresponding NIR-

CPL ones (Figures 5, 11, 17). The similarities between the NIR-CD and 

CPL in Er complexes are consistent with our previous observations.1 

Such behaviour stems from the fact that MJ levels of the 4I15/2 and 

4I13/2 terms are closely spaced in energy, so that they are significantly 

populated at room temperature (kBT at 300 K is 209 cm−1). This has 

the effect that, unlike with other lanthanides, most transitions of the 
4I15/2↔4I13/2 manifold are observed both in absorption and emission 

and with a similar rotatory strength.1 Note that the solutions used 

for NIR emission/CPL spectra have a very low optical density (A < 

10−3), thus excluding self-absorption contributions to NIR-CPL 

spectra. 

Conclusions 

 

We have shown that, despite low emission efficiency, NIR-CPL 

in the 1400-1600 nm range can be easily achieved with 

relatively simple Er chiral complexes, both homo- and 

heteroleptic ones. In particular, hfbc ligand proves its 

remarkable ability to induce strong CPL onto lanthanide 

complexes,2 even in the NIR region. The other homoleptic 

complex, [TMG−H+]3Er(BINOLate)3, also shows impressively 

strong CPL intensity, reaching |glum| values of 0.29 at 1545 nm. 

The heteroleptic complexes show differing results. A simple 

exchange of a phenyl group to an isopropyl in the chiral ancillary 

ligand completely cancels any chiroptical properties of the 

complex.  

Moreover, we have shown that the experimental setup for 

measuring NIR-CPL, which utilises inexpensive optics adapted 

for commercially available fluorimeters through suitable 3D-

printed holders, produces reliable and repeatable results which 

otherwise could not be achieved by any instrumentation 

currently commercially available. The optical arrangement 

possesses great versatility and accessibility, which will hopefully 

inspire further research into CPL of systems endowed with high 

dissymmetry values. A wider accessibility of measuring 

capabilities and suitable complexes will hopefully open the way 

to novel applications of NIR-CPL emitters for bioassays and NIR 

CP-OLEDs. 
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