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Near-infrared circularly polarized luminescence (CPL) emitters are of growing interest due to their poten-

tial applications in optical telecommunications, bioimaging, and secure information technologies. We

report the synthesis and chiroptical properties of lanthanide complexes supported by axially chiral 1,1’-bii-

soquinoline-N,N’-dioxide ligands. 8-Coordinate homoleptic complexes composed of a 4 : 1 ligand :metal

stoichiometry were obtained. Emissions in the near-infrared I and II windows (900–1700 nm) were

observed for both ytterbium and erbium complexes. Although modest quantum yields (6.2% and 3.1%,

respectively), and moderate circularly polarized luminescence emission metrics (glum = ±0.07 and ±0.12,

respectively and BCPL = 16.1 M−1 cm−1 and 3.1 M−1 cm−1, respectively) were obtained, the polarization

information contained in the CPL spectra combined with a solid-state structure allowed us to assign the

symmetry of the complex in solution.

Introduction

The emission of circularly polarized light has garnered recent
attention due to promising potential applications in 3D display,1

encryption,2 sensing,3 and telecommunication technologies.4

The generation of circularly polarized light is straightforward but
energy inefficient through optical filtration. The development of
direct circularly polarized luminescence (CPL) emitters is thus
key to unlock practical applications.

The efficiency of CPL emitters can be quantified by two figures
of merit: a dissymmetry factor, glum, that indicates the degree of
polarization of light; and a brightness factor, BCPL, that adds
information on the light emitting capabilities. The former can be
calculated from experimental data using the following equation:
glum = 1

2 × (IL − IR)/(IL + IR) (where IL and IR are the intensities of
the left and right circularly polarized light emitted, respectively);
while the latter is calculated through the formula: BCPL = ε × Φ ×
glum (where ε is the molar absorptivity and Φ is the quantum yield
of the species of interest).5 Whilst many types of CPL emitters
have recently emerged,6 lanthanide-based CPL emitters have been
the most consistent at delivering high metrics.7

To date, in lanthanide emitters, high metrics seem to corre-
late with high symmetry systems: for example, the highest dis-

symmetry factor (−1.54) at 594 nm from a C4 symmetrical tet-
rakis(camphorate) europium(III) complex,8 and the highest
brightness, BCPL (3760 M−1 cm−1) at 545 nm from a D3 sym-
metrical tris(spinolate) terbium complex.9 Other high sym-
metry complexes also exhibit a combination of high metrics.7

Notably, a D4 symmetrical dilanthanide complex recently fea-
tured high metrics for near-infrared (NIR) CPL.10 However, in
this example, the local C4 symmetry at the metal centre makes
it difficult to discern which symmetry element (local at the
metal vs. extended for the complex) is responsible for the high
metrics. We were interested in investigating this symmetry
effect and thus targeted a monometallic D4 symmetrical
species.

Aiming to achieve high dissymmetry factors, we took inspi-
ration from the studies employing axially chiral ligands for
CPL.11–14 Additionally, we were motivated by the work utilizing
N-oxide ligands for high NIR quantum yields to obtain higher
brightness.15 Owing to the advantages offered by NIR light
(reduced scattering, deeper tissue penetration, use in telecom-
munication) and the scarcity of NIR CPL emitters,7c we tar-
geted the axially chiral 1,1′-biisoquinoline-N,N′-dioxide ligand
that we hypothesized could yield an 8-coordinate D4 symmetri-
cal complex16 emitting in the NIR region.

We show herein the coordination of axially chiral 1,1′-biiso-
quinoline-N,N′-dioxide to lanthanide ions and the (chir)optical
properties of the corresponding complexes. We used a combi-
nation of solution and solid-state analyses to conclude on the
symmetry of the complexes obtained and correlate the chirop-
tical metrics with structure.
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Synthesis and characterization

The targeted 1,1′-biisoquinoline-N,N′-dioxide (BIQNO) ligand
was synthesized from a route adapted from previous reported
procedures.17–19 In summary, racemic BIQNO was obtained by
a base-promoted homocoupling of isoquinoline, followed by
oxidation using meta-chloroperbenzoic acid. Separation of the
enantiomers was achieved by generating diastereomeric hydro-
gen-bonded complexes using enantiopure 1,1′-bi-2-naphthol
(Binol). Preferential crystallization of the S-BIQNO/R-Binol
adduct followed by removal of R-Binol on a silica column
yielded S-BIQNO in high enantiopurity (99.4% ee). The enan-
tiomer R-BIQNO was isolated using a similar procedure using
S-Binol (see SI for details).

Coordination to the lanthanides was achieved by reacting
4.05 equivalents of R-BIQNO with a lanthanide trifluorometha-
nesulfonate salt in tetrahydrofuran (THF) (Fig. 1). The com-
plexes were purified by washing off the slight excess of free
ligand with cold THF followed by recrystallization in aceto-
nitrile. Complexes of Y, Yb, and Er, were obtained in high
yields (91–95%). Purity and stoichiometry were confirmed by
combustion analyses (see SI).

In the 1H NMR spectrum of the non-emissive but diamag-
netic yttrium complex [Y(R-BIQNO)4][OTf]3, a single set of six
resonances were observed, consistent with either D4- and D2-
symmetry in solution. Those resonances are significantly
shifted from the free ligand (Fig. 2), confirming binding to
yttrium. As expected, the 1H NMR spectrum of the ytterbium
and erbium complexes display paramagnetically shifted reso-
nances, ranging from 12.7 to −22.3 ppm and 19.4 to
−59.7 ppm, respectively (see Fig. S5 and S8).

Optical and chiroptical properties

The absorption spectrum of the complex displayed a broad
band from 300 to 400 nm attributed to a π–π* transition
(Fig. 3, dashed blue). The circular dichroism (CD) spectrum of
the Yb and Er complexes featured a unique band at 365 nm
with a gabs ∼ 0.001, contrasting with the CD spectrum of the
free ligand exhibiting two bands at 327 and 377 nm (Fig. S27–
S29). The excitation maximum, recorded for the Yb emission
at 980 nm (Fig. 3, dotted black), was red-shifted compared to

the maximum absorbance, consistent with a sensitization
mechanism.20

Upon excitation at 365 nm, the complex [Yb(R-
BIQNO)4][OTf]3 displayed a luminescence response with a
maximum emission peak at 978 nm characteristic of a 2F5/2 →
2F7/2 transition (Fig. 3, solid black). Several features due to
crystal field splitting are observed, although the signal is rela-
tively narrow compared to other emitters (FWHM = 61.5 nm/
∼610 cm−1) indicating relatively weak crystal field strength
from the ligands. The complex [Er(R-BIQNO)4][OTf]3 is also
emissive, displaying a typical signal centered at 1535 nm
attributed to the 4I13/2 → 4I15/2 transition (Fig. S21). Several
shoulders arising from crystal field splitting can be observed,
albeit with low resolution. The quantum yields were 6.2% and
3.1% for the ytterbium and erbium complexes, respectively.

The singlet and triplet energy levels were determined by
synthesizing the analogous gadolinium [Gd(R-BIQNO)4][OTf]3
complex. The singlet and triplet levels at 21 970 and
18 300 cm−1, respectively, are relatively higher than the emis-

Fig. 1 Synthesis of [Ln(R-BIQNO)4][OTf]3 (Ln = Y, Er, Yb). The synthesis
of the enantiomeric [Ln(S-BIQNO)4][OTf]3 is performed the same way
using S-BIQNO.

Fig. 2 Aromatic region of the 1H NMR spectra of R-BIQNO and [Y(R-
BIQNO)4][OTf]3 in CD3CN. See SI for full spectra.

Fig. 3 Absorption (blue dashed), excitation (black dotted), emission
(black solid) spectra of [Yb(R-BIQNO)4][OTf]3 (160 µM) in 1,2-
difluorobenzene.
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sive levels of both ytterbium and erbium, which is consistent
with the low quantum yields observed.

Circularly polarized luminescence spectra of [Yb(R/
S-BIQNO)4][OTf]3 were collected in dilute solutions in 1,2-
difluorobenzene, a solvent that we found more adapted to the
long exposure times required to acquire CPL data. Fairly well
resolved features are seen in the spectra, including a sign
inversion at a hot band (attributed to the 2′ → 0 transition)
around 925 nm and a multisignate pattern between 1000 and
1075 nm (Fig. 4). We note that the 1′ → 0 transition and 0′ → 0
transition have the same sign, which is unusual compared to
other well resolved CPL spectra of high symmetry (C3, D3, C4),
which all show an inversion of sign between those transitions.
The maximum dissymmetry factor of ±0.07 is obtained at
959 nm (Fig. S25), a significantly lower value than other

systems (Table 1 and Table S3), as a result, the CPL brightness
BCPL = 16.1 M−1 cm−1 is also relatively low.

The [Er(R/S-BIQNO)4][OTf]3 complexes also displayed circu-
larly polarized luminescence (Fig. 5). A trisignate pattern was
observed with a maximum glum of ±0.12 at 1535 nm (Fig. S26).
As in the case of the ytterbium complexes, these dissymmetry
factors represent relatively small polarization compared to
other emitters (Tables 1 and S3). Relatively low brightness were
also obtained (BCPL = 3.1 M−1 cm−1).

Solid-state studies

Single crystals were grown from vapor diffusion of ether into a
solution of [Ln(R-BIQNO)4][OTf]3 in acetonitrile. Large clear
blocks were obtained, which, despite their apparent quality,

Fig. 4 CPL spectra of [Yb(S-BIQNO)4][OTf]3 (blue) and [Yb(R-
BIQNO)4][OTf]3 (yellow) in solution in 1,2-difluorobenzene (160 µM).
The total luminescence is traced in the background. Excitation: 365 nm,
bandpass: 10 nm. BCPL determined to be 16.1 M−1 cm−1.

Table 1 Selecteda summarized optical and chiroptical data for reported NIR-CPL complexes

Complex Symmetry ε (M−1 cm−1) Φ (%) τ (μs) glum
b (nm) BCPL (M

−1 cm−1) LnBCPL (M
−1 cm−1)

[Yb(Binol)3][Na]3
11b D3 26 000 17 — ±0.17 (975) 379 160

[Yb(Sphenol)3][Na]3
11e D3 17 820 7.5 11.6 ±0.22 (973) 146.3 66.0

[Yb(hfbc)4][Cs]
13a C4 — — — ±0.38 (988) — —

[Yb(iPrPyBox)(TTA)3]
21 C1 52 000 0.69 — ±0.029 (972) 5.2 —

[Yb(pydac)(Binol)2][Na]
14 C2 27 000 — 2.49 ±0.01 (980) — —

2.06
[Yb2(BTHP)4]

10 D4
c — 6.5 14 ±0.81 (980) 821 —

[Yb(BIQNO)4][OTf]3 D2 7474 6.2 35.7 ±0.07 (959) 16.1 12.6
[Er(Binol)3][Na]3

11b D3 42 000 0.58 — ±0.47 (1540) 57.3 22.1
[Er(Sphenol)3][Na]3

11e D3 19 060 0.28 2.8 ±0.77 (1540) 20.7 16.5
[Er(F12-Binol)3][K]3

11d D3 62 000 3.5 10 ±0.17 (1526) 184 33.8
[Er(hfbc)4][Cs]

13b C4 34 830 0.07 6.6 +0.83 (1510) 0.23 —
[Er(pybam)3][OTf]3

22 D3 102 000 — 0.21 ±0.66 (1519) — —
[Er(pybox)2][OTf]3

23 C2 60 000 0.04 4 ±0.33 (1539) 0.7 —
[Er(BIQNO)4][OTf]3 D2 1689 3.1 — ±0.12 (1535) 3.1 1.3

a See Table S3 for a complete overview. b Values reported in the literature, head-to-head comparisons may not be perfectly accurate due to band-
pass differences.11c,21 c C4 at metal.

Fig. 5 CPL spectra of [Er(S-BIQNO)4][OTf]3 (blue) and [Er(R-
BIQNO)4][OTf]3 (yellow) in solution in 1,2-difluorobenzene (570 µM).
The total luminescence is traced in the background. Excitation: 365 nm,
bandpass: 26 nm. BCPL determined to be 3.1 M−1 cm−1.
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diffracted poorly on standard instruments. Using a 2nd gene-
ration microfocus source, diffraction patterns at lower angles
with brighter spots were obtained. The structure was solved in
the non-centrosymmetric P212121 space group with an unu-
sually large unit cell (14.0 × 25.5 × 44.7 Å). The structures for
[Yb(R-BIQNO)4][OTf]3 and [Yb(S-BIQNO)4][OTf]3 were clearly
modulated showing satellite reflections in the diffraction
pattern. As a result, the solution given from an average struc-
ture displayed smeared ellipsoids, and difficulties in locating
the electron density of all of the trifluoromethanesulfonate
counterions were encountered. The structure of [Er(S-
BIQNO)4][OTf]3 could be solved as an average structure,
although signs of minor modulation were observed resulting
in some elongated ellipsoids. One of the two complexes in the
asymmetric unit displayed ellipsoids that we deemed satisfac-
tory to provide reliable bond metrics and angles (Fig. 6).

An 8-coordinate geometry is obtained, intermediate
between square antiprism and triangular dodecahedron. The
ligands are arranged around the metal in a way that shows
only C2 axes, confirming the D2 symmetry of the complex. The
average M–O bond distance (2.34 Å) is typical for neutral
ligands’ Ln–Oneut bonds but longer than those of anionic
ligands (Ln–Oan ∼ 2.24 Å). This is consistent with the weaker
crystal field splitting observed in luminescence, indicative of
the weaker binding of the neutral N-oxide ligand. Due to the
structural similarities between the BIQNO and Binol ligands,
we were interested in comparing some of the structural fea-
tures of the corresponding complexes. The average bite angle
O–M–O (72.9°) is smaller compared to that of Binol (81.07°)
consistent with both the longer Ln–O bond distances and a
more sterically demanding 8-coordinate geometry. A wider

torsion angle between the two aryl planes of the BIQNO ligand
(67.5°) was also observed relative to that of Binol (62.4°).11b

Discussion

Understanding the speciation in solution is key to providing
accurate structure/CPL activity relationships that would inform
the design of more efficient emitters. Whilst NMR spectroscopy
and standard optical spectroscopies were insufficient to deter-
mine the symmetry of the [Ln(R/S-BIQNO)4][OTf]3 complexes in
solution (either D4 or D2), we leveraged the added resolution pro-
vided by CPL spectroscopy to help assign the speciation. The
added polarization information (given by the sign of CPL signal)
allows for better deconvolution of the transitions between crystal
field splitting states (Stark levels). The selection rules of those
transitions may thus differ with symmetry (yielding a possible
sign change). Examining and comparing the signs of transitions
between crystal field splitting states should thus provide clues
about the symmetry of the complex.

As mentioned above, the sign of the hot bands in the [Yb(R/
S-BIQNO)4][OTf]3 complexes are inconsistent with the data
from other high symmetry complexes. Additionally, the sign
and CPL pattern for the [Er(R/S-BIQNO)4][OTf]3 complexes are
reminiscent of a low symmetry C2 complex.23 Lastly, the dis-
symmetry factors are lower than those of high symmetry com-
plexes. Overall, these results suggest that the D2 symmetry for
the [Ln(R/S-BIQNO)4][OTf]3 complexes is retained in solution,
which correlates with the solid-state structure.

We recognize that our comparisons are made with the only
few examples available in the literature, which highlights the
need for the community to explore more complexes with well-
defined symmetries and high-resolution CPL data.

Conclusions

We have successfully synthesized homoleptic lanthanide com-
plexes supported by four enantiopure 1,1′-biisoquinoline-N,N′-
dioxide ligands. Whilst we originally hypothesized the ligands to
be suitable to generate D4 symmetrical complexes, a combination
of single crystal XRD analysis, NMR spectroscopy, combustion
analyses, and chiroptical spectroscopy allowed us to determine
that the complexes were, in fact, D2 symmetrical. The added
resolution provided by CPL spectroscopy was key to assign its sym-
metry in solution. Whilst the overall CPL metrics are modest, this
study provides additional data necessary for a complete under-
standing of the factors necessary to obtain higher CPL metrics.

Author contributions

DKM: investigation: synthesis, spectroscopy – data curation –

writing: original draft; AS: investigation: X-ray diffraction, JRR:
investigation: X-ray diffraction; NDS: investigation: X-ray diffr-
action; GU: conceptualization – funding acquisition – writing:
review & editing.

Fig. 6 Structure of [Er(S-BIQNO)4][OTf]3 in the solid state. Thermal
ellipsoids are drawn at 50% probability. Only one molecule from the
asymmetric unit is shown for clarity. Hydrogen atoms and counteranions
are omitted for clarity. Pink: erbium, red: oxygen, blue: nitrogen, grey:
carbon.
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