ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal

EDGE ARTICLE

Complete stereochemical control to unlock
monosign circularly polarised luminescence with
superior circularly polarised brightness for
chameleon security inks

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d5sc05303j

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Artemijs Krimovs, Dominic J. Black, Aileen Congreve and Robert Pal®*

A novel arylalkynylpyridine-sensitised nine coordinate quasi-Csz symmetric all carboxylate donor
europium(in) complex (Eul) possessing exceptionally high circularly polarised brightness in both AJ = 1
and AJ = 2 transitions was prepared and tested in spin-coated solid-state PMMA thin films. The
authentication of the circularly polarised luminescence (CPL) layer was successfully performed using CPL
photography (CPLP) and enantioselective differential chiral contrast (EDCC) imaging for both transitions
simultaneously using appropriate band pass filters. The effect of reflective properties of different thin film
substrate materials on the recorded chiral contrast was quantified using the newly introduced CPLP

dissymmetry factor (gcpp) Which compared to the average dissymmetry factor values obtained using
Received 16th July 2025

Accepted 2nd January 2026 a photo elastic modulator (PEM) based CPL spectrometer. Circularly polarised brightness (CPB) of AJ = 2

(590 mol™* dm® cm™ at 607 nm) was the highest ever reported and that of AJ = 1 (307 mol™ dm® cm™

DOI: 10.1039/d55c05303] at 596 nm) was third best across other CPL-active materials with reported CPB. This makes EuL the best
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Introduction

Light emitting materials that possess circularly polarised
luminescence (CPL) have been increasingly developed for
security applications.'™ CPL-based security layer could improve
the existing anti-counterfeiting technologies for the use in
passports, driving-licenses and banknotes.>*® The strength of
CPL is characterised by luminescence dissymmetry factor (gj,m):

2(ICF'L-L - ICPL-R) (1)

Elum =
i (IcpLr + IcpLr)

where I, and I are intensities of left-handed and right-handed
components of CPL. The values of gj,,, range between g, = 2
(100% left-handed polarisation) and gjum = —2 (100% right-
handed polarisation), where gj,,, = 0 indicates no net circular
polarisation (CP). Practically useful CPL-active dyes must not
only have high gj,m, but also luminescence brightness (B) which
is a product of molar absorption coefficient (¢) and photo-
luminescence quantum yield (¢). The product of the two is
known as CPL brightness (CPB):"”

&lum &lum
PB =B = ¢d
C 3 P 2)
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candidate for next-generation CPL-active multi-tier ‘chameleon security inks'.

CPB can also be used as a reference parameter to compare
the performance of different CPL-active materials, where the
maximal observed value of the gj,m is used. CPB can also be
calculated for individual transition (CPB;) using branching
factor (6;) which is the ratio between the intensities of the
emission band of interest (I;) and total emission:"

It is particularly useful for applications where the wavelength
of the detected light can be selected, for instance, by a band
pass filter (BPF).* In that case, the average gj,, for the selected
wavelength region is used to calculate CPB,. Therefore, the
emission manifold with single CPL sign is desired to maximise
CPB; by avoiding cancellation of CP. Therefore, materials with
high CPB; can be used in security tags suitable for rapid CPL
verification.

CPL-active materials with the highest known CPB values are
organometallic lanthanide complexes.”” Here we explore
arylalkynylpyridine-sensitised nine-coordinate quasi-Cj
symmetric 9N3 europium(m) complexes.””?” These already
found applications in bioimaging due to their advantageous
photophysical properties such as millisecond long emission
lifetime, narrow fingerprint like lanthanide-centred f-f emis-
sion bands, large pseudo-Stokes' shift and tunability of sensiti-
sation via the ligand structure optimisation of absorption
maxima and targeted cell localisation.**?
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Eu(m) complexes have been explored as candidates for CPL-
active security inks, that can be authenticated by both
enantioselective differential chiral contrast (EDCC) imaging
using CPL microscopy and circularly polarised luminescence
photography (CPLP) using a novel handheld CPLP camera (SI
Section 2.3).'"*?® The latter exploits a narrow 10 nm BPF for
isolation of individual transitions, for example, 594 + 5 nm BPF
(BPF594/10) and 610 + 5 nm BPF (BPF610/10) to select *D,
— 7F; (AJ = 1) and °D, — “F, (AJ = 2) respectively. Commonly,
only magnetic-dipole (MD) allowed AJ = 1 transition has been
used for CPL-imaging due to its strong CPL activity and single
CPL sign conservation. The use of AJ = 1 transition is not
optimal since it makes up only around 5% of total EuL emis-
sion. The use of the brightest A = 2 (8; = ~35%) is more
desirable since it would require around 7 times less material to
produce the same emission intensity and therefore CPB;. On the
other hand, due to its MD forbidden nature, A/ = 2 usually
shows low gium. In addition to that, the environmentally
hypersensitive AJ = 2 manifold often shows complex variation
in CPL sign that result in overall cancellation of the detected
CPL signal.*® Both factors significantly reduce CPB; of AJ = 2,
making it unsuitable for CPLP.

This leads to the main requirement for a CPL-active security
ink: conservation of the CPL sign across the emission manifold to
maximise the average gj,, within the selected wavelength region.
Therefore, it is important to consider the symmetry at the Eu(ur)
emitting centre that affects the multiplicity of the electronic states
involved in a transition. For Eu(m), the emissive *D, state has
a multiplicity of 1 (J = 0) in all symmetries unlike the multiplici-
ties of the 'F; and “F, which depend on the point group. As
a result, a lower symmetry at Eu(m) increases the multiplicity of
the two states which then leads to multiple CPL emission bands
within AJ = 1 and AJ = 2 with potentially opposing helicity.

The symmetry at Eu(m) site in the complexes of interest is
attributed to the C; point group, which suggests the multiplicity
of 2 and 3 for the “F, and ’F, states respectively. This multi-
plicity is the same across other high symmetry classes such as
hexagonal and octagonal but can increase when the symmetry is
lowered.

Parent Eu(m) complex structures that were the most widely
explored for their CPL activity contained phosphinate donor
groups.>***** The use of pentavalent phosphorus allows for
additional structural modifications. For example, bulky phenyl
groups on phosphorus are believed to limit complex race-
misation since it requires simultaneous inversion of the chiral
phosphorus centre as well as inversion of the 1,4,7-tri-
azacyclononane (TACN) ring and rotation of the sensitising
chromophores.? This is important since enantiopure complexes
must not racemise during short-term exposure to high temper-
ature (up to 150 °C) during lamination. On the contrary, phos-
phinate donor complexes normally possess multiple low
intensity CPL bands in the AJ = 2 manifold which often
demonstrate CPL sign fluctuation. A recent exception to this was
a mixed-donor complex containing two phosphinate and one
carboxylate donor groups.* Although it produced a single-sign
CPL AJ = 2 manifold, it only contained two sensitising chromo-
phores (out of 3 possible) reducing ¢ and therefore inherently
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reducing CPB. Although a direct relationship between the
complex structure and its observed CPL spectrum is not fully
understood, it was proposed that substitution of chiral phos-
phinate donors with achiral centrosymmetric bidentate carbox-
ylate donors would reduce the magnetic dipole moment induced
(total angular momentum driven). This would greatly affect the
overall rotatory strength of the molecule and the variation on CPL
sign within the A/ = 1 and AJ = 2 manifold. In contrast to the
pseudo-tetrahedral geometry of the phosphinate donor, trigonal
planar geometry of the carboxylate donor does not allow the
oxygen atom to approach the luminescent Eu** centre as closely.
This leads to a weaker crystal field experienced by Eu** which
reduces the crystal field splitting of the individual F; electronic
states (especially relevant for the ‘hypersensitive’ AJ = 2 transi-
tion). As a result, the transition multiplet is simplified on both
the total emission spectrum and the CPL spectrum. This
increases the probability of the CPL sign conservation within
a transition by decreasing the total number of individual bands
that can produce sequentially opposite sign of CPL.

In this work, the design of the novel EuL complex was aimed
on conservation of the CPL sign within both AJ = 1 and AJ = 2
transition manifolds. This will make the EuL the best known
candidate for the recently proposed Chameleon Security Inks (CSI)
concept comprising of a blend of achiral short-lived (ns) lumi-
nescent dyes and chiral (or achiral) long-lived (ms) europium(i)
emitters." Strong dissymmetry of the AJ = 2 would generate an
additional CPL security layer to the existing five-tier multi-
coloured, multi-spectral, opposing helicity security, combined
with high spatial and temporal resolution. In addition, the ability
to use the brightest AJ = 2 transition for CPL based security
authentication would reduce the required amount of the material
and therefore the resulting cost of the security tag, bringing it
another step closer towards widespread commercial application.

Results and discussion
Synthesis of EuL

The synthetic design of EuL was based on the examples of the
previously reported modular approach for isostructural mate-
rials with details provided in the supplementary information (SI
Section 6).'92%2>242” The ‘top’ aryl-alkynyl (Fig. 1 - red) and the
‘bottom’ pyridyl (Fig. 1 — blue) components of the sensitising
chromophore are synthesised separately (SI Fig. 5 and 6) before
they are coupled in a Sonogashira reaction. This provides
a functionalisation flexibility to achieve the desired photo-
physical properties. The chromophore is then mesylated and
attached to the 1,4,7-triazacyclononane (TACN) to form
a macrocycle containing three chromophores. This if followed
by a base-catalysed hydrolysis and complexation to a euro-
pium(m) chloride hexahydrate to produce EuL as a racemic
mixture. The two enantiomers of EuL were then separated using
chiral HPLC (SI Section 3).

General photophysical properties

Similarly to other sensitised lanthanide complexes, a large
pseudo-Stokes shift of around 257 nm was observed for EuL

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reaction scheme for the synthesis of EulL from the arylalkynyl (red) and bromo pyridy!l (blue) components of the chromophore.

(Fig. 2A). The band shape match between the absorption and
excitation spectra of EuL in MeCN confirmed the sensitised
nature of the Eu(ur) emission. Importantly, the emission profile
was independent of the solvent, which is advantageous for wide
security application, where different host material can be used.
The quantum yield (¢) of EuL was measured as 45% in aceto-
nitrile (MeCN) using the absolute method (SI Section 2). The
molar extinction coefficient (¢) of EuL was determined as 77 000
+ 1000 M~ em ™' in MeCN (Fig. 2B). In order to confirm the
accuracy, the ¢ of a single chromophore was measured as 27 000
+200M ' em ™" in MeCN which was approximately one third of
that measured for EuL containing three chromophores.

EuL is sensitised by arylalkynyl pyridyl containing chromo-
phores that are known to possess a photoinduced internal
charge transfer (ICT) excited state.** This is provided by an
electron rich aryl and electron poor pyridyl groups conjugated
by the alkyne linker. It was previously reported that the highest
occupied molecular orbital (HOMO) of such chromophore is
localised on the electron-rich aryl.** Therefore, substitution of
the aryl with electron-donating groups results in a bath-
ochromic shift of the absorption maximum (A,,x) mediated by
an increased HOMO energy." This is beneficial for the appli-
cation in security inks where longer excitation wavelengths such
as that of commercially available 365 nm light emitting diodes
(LEDs). As a result, A, of EuL in MeCN was recorded at 358 nm
(Fig. 2C), with still 94% of maximal absorbance at 365 nm. A
bathochromic shift of A,.x With increasing solvent polarity was

© 2026 The Author(s). Published by the Royal Society of Chemistry

also observed, which was in agreement with the ICT nature of
the transition.*?

No strong correlation between the emission lifetime (z) and
solvent polarity was observed for the chosen group of solvents
with 7 values ranging between 1.0 and 0.9 ms at room temper-
ature (Fig. 2D). A significantly lower 7 of 0.6 ms was recorded in
methanol (MeOH). The experiment was repeated in deuterated
methanol (MeOD) to produce a higher 7 of 0.9 ms. Since t ob-
tained in MeOD was similar to the rest of the other alcohols,
emission quenching was not attributed to vibrational relaxation
of the chromophore excited state via O-H oscillators. Instead,
the difference in 7 was attributed to hydrogen bonding ability of
the solvent, where the carboxylate donor group of the chromo-
phore can act as a hydrogen bond acceptor. This decreases the
energy of the ICT excited state resulting in a higher rate of the
thermally activated back energy transfer (BET) from the
excited °D, state of Eu(m). This increases the lifetime of the ICT
excited state and therefore the probability of nonradiative
relaxation processes.

Circularly polarised luminescence spectroscopy and circularly
polarised brightness

The two enantiomers of EuL produced mirrored CPL spectra of
opposite signs. The enantiomers were assigned as 4 and 4
based on the CPL sign of the AJ = 1 transition, which was in
accordance with the previously reported X-ray crystallographic
study of isostructural materials.*® The racemisation study of
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(A): Normalised absorption (black), excitation (dashed red, A = 615 Nm) and emission (red, Aexc = 360 NnmM) spectra and @ of Eul in MeCN.

(B): Absorption against concentration of EuL and its chromophore in MeCN. (C): Normalised absorption spectra of EuL in solvents of increasing
polarity. (D): Normalised fluorescence emission lifetime of EuL in solvents of increasing polarity [EuL] = 1 uM.

EuL in different solvents at 60 °C determined racemisation half-
life of 190 + 20 hours (SI Section 3, SI Fig. 3), while no race-
misation was observed at room temperature. This suggests that
EuL would be suitable for security applications with long-term
conservation of CPL dissymmetry at ambient conditions and
short-term stability towards racemisation during document
lamination (150 °C, 1 s em™").*® In addition, CPL profile was
independent on solvent (SI Fig. 7) suggesting suitability for
a wide-spread application in different host materials with
conservation of CPL properties. In contrast to the previously

complexes,***?**® the AJ = 2 band was highly CPL active with
significant sign retention (Fig. 3). This resulted in the peak CPL
intensity of the AJ = 2 (at 615 nm) around 2.5 times higher than
that of A7 = 1 (at 594 nm). The only example with such strongly
CPL-active monosign AJ = 2 band is Eu:BPEPC, a commonly
known CPL-standard.** The whole A/ = 1 manifold (588-605
nm) of EuL was single-sign, producing the average gj,m of 0.21
and the highest g, values of +0.30 (at 597 nm) and +0.29 (at
601 nm) for 4-EuL and —0.29 (at 597 nm) and —0.29 (at 601 nm)
for A-EuL (Fig. 3). Such outstanding g, values of EuL are

reported CPL spectra of various phosphinate donor higher than those of most other reported Eu(m) complexes
610/10
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Fig.3 CPL spectra with maximal g m values for Ad = 1 and AJ = 2 shown (left) and the corresponding g,m plots (right) of 4-Eul (blue) and A-EulL
(red) in MeCN (1 = 360 nm, 5 averages) and their maximal with the A ranges used for CPB calculations shown and the relevant values sum-

marised in the inset tables.
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Although there are few examples that report Eu(u) complexes
with higher than 0.30 gj,m, values for the AJ = 1 transition, they
often have lower values of @ and ¢, resulting in lower CPB; which
limits their security application.’*® For example, one material
demonstrated the gj,m, values of +0.33 (at 600 nm) but a rela-
tively low @ of 11%.*® Another example reported similar gym
values of +0.298 and —0.294 but much lower & (23 000 mol
dm3 cm ™) and @ (11%).%” The material (Cs[Eu(+)-(hfbc),]) with
the highest ever reported gj,,m of 1.38 (at 595 nm) also has
significantly lower ¢ (35 000 mol " dm® cm ") and ® (3%).>® This
highlights the superiority of CPB; over glum to assess the
performance of the CPL emitters for practical applications.

The average gj,m of the single-sign region within the AJ = 2
manifold (606-618 nm) was 0.031 with the highest values of
—0.071 (at 607.5 nm) for 4-EuL and +0.071 (at 607 nm) for /-
EuL. This puts EuL the third best in terms of previously reported
Zium for AJ = 2 after previously mentioned Cs[Eu(+)-(hfbc),]
producing gj,,m of 0.25 (at 614 nm) and another material
with 0.11 at (616 nm).>**® The latter also has lower values of ¢
(55000 mol * dm® em ") and & (11%) which reduces the CPB,.

In order to assess the applicability of EuL for the use in
security tags authenticated by CPLP, CPB; for the single-sign
regions of AJ = 1 and AJ = 2 CPL bands were estimated. To
account for the variation of the CPL intensity and gy, within
the selected (by BPFs) wavelength regions, the average gium
value for each region was used to calculate CPB; (Fig. 3, top
table). As a result, the calculated CPB; for AJ = 1 and A] = 2
transitions were similar (202 and 189 mol ' dm® em ™), sug-
gesting both transitions can be used for CPLP. Since previously
reported CPB values for other materials were calculated using
the maximal g, for each transition, they were also calculated
as CPBp.x (Fig. 3, bottom table) for comparative study. As
a result, the maximal CPB; for AJ = 1 and AJ = 2 were calculated
as 307 (at 596 nm) and 590 (at 607 nm) mol ™' dm*® cm™"
respectively. This puts CPB; of EuL above the average for both
AJ =1and AJ = 2 (286.6 and 69.4 mol ' dm® cm ™ respectively)
in previously reported CPL-active Eu®*" complexes.'” EuL is the
third best in terms of the CPB; for AJ = 1 after the recently
reported tetrahedral EuyL,(L'), cages with CPB; of 3240 and
1122 mol * dm?® em™1.*° On the other hand, CPB; for the AJ = 2
transition in these materials was not reported. The unprece-
dented CPB; of 590 mol ' dm® em ™" (at 607 nm) produced by
the AJ = 2 of EuL is the highest ever reported to the knowledge
of the author with the second best producing almost three times
lower value of 213 mol ™ dm® cm .3

Circularly polarised luminescence photography

The proposed security tags containing enantiopure EuL would
be authenticated with the recently developed CPL photography
(CPLP) camera (SI Section 2.3)."® Its working principle is based
on precise alignment of a quarter waveplate (QWP) with 4
different orientations (0°, 45°, 90° and —45°) linear polarisers
covering an array of photodiodes. QWP converts CPL into
a linearly polarised (LP) light with polarisation plane at 45°
(right-hand CPL (RCPL)) and —45° (left-hand CPL (LCPL)) with
respect to the fast axis. This LP light then passes through the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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polarisers before sensitising the underlying photodiodes. This
generates sensitivity of the camera towards the CPL sign where
4 simultaneously taken images contain different information
on chirality of the light emitted by the probe. For example, if the
QWP is aligned with the 45° polarisers, then 0° and 90° chan-
nels will be more sensitive towards LCPL (L image) and RCPL (R
image) respectively while 45° and —45° will each contain half of
the total emitted light intensity. Since chiral probes still emit
both LCPL and RCPL, image subtraction is required to generate
a ‘true’ CPL image, which was previously reported as enantio-
selective differential chiral contrast (EDCC).>® For example, to
obtain a CPL image of a LCPL-active probe, the intensity of the R
image can be subtracted from the intensity of the L image (L —
R). Since the Fiji (version 1.53q) software*® doesn't allow for
negative intensity, the R — L image of such probe will be zero
rather than negative (practically near zero due to solarisation
dependent pixel displacement and directional light guided
reflection). Therefore, for RCPL-active probes the R — L image
will be relevant. The total intensity can be calculated by L + R
and used to obtain the CPLP specific dissymmetry factor (gcprp):

(L-R)

TR (4)

=2 x
8gCpPLP (L+R)

Importantly, when R — L image was used in calculation, the
Zeprp value must be multiplied by —1 to account for the negative
CPL sign of RCPL:

(5)

gcprp = —2 X

The choice of the correct formula is based on relative
intensity of the L — R and R — L images, where the brightest
image is used.

In theory, gcprp must correlate with gy, due to a similar light
polarisation information acquisition principle between the
CPLP camera and photo elastic modulator (PEM) based CPL
spectrometer. In the CPLP camera blueprint the QWP is fixed
and orientations of the linear polariser clusters are used to
distinguish the L- and R-CPL, whilst the conventional CPL
spectrometer exploits a PEM that serves as a QWP with a vari-
able angular orientation in combination with a fixed linear
polariser.

As a result, not only the observed CPL sign but also gcprp
numerical values could be used to authenticate a CPL-active
security ink. To test the CPL security performance of EuL, poly-
methyl methacrylate (PMMA) thin films (200 nm) containing the
two enantiomers (labelled as 4 and A) were spin coated on glass
(SI Section 4) and subjected to CPLP followed by EDCC (Fig. 4).
Due to the similarity between the obtained CPB; values of 202 and
189 mol ' dm® em ™ for the wavelength regions of BPF594/10
and BPF610/10, both AJ = 1 and AJ = 2 transitions were
imaged. The L + R, L — R and R — L calculated images were then
used for gcprp calculations. In contrast to measuring the intensity
of the whole image, a specific region of interest was chosen to
avoid the error associated with rough edges of the glass substrate
which is a source of undesired reflections of the emitted light.
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Fig. 4 CPLP calculated images (L + R, (L + R)-TE45* L — R and R — L) of the spin coated PMMA films under 365 nm excitation containing A (top
two rows) and A (bottom two rows) enantiomers of Eul; using BPF594/10 (two left columns) and BPF610/10 (two right columns) with regions of
interest for gcpLp calculations and their average intensities shown in yellow. Scale bar = 5 mm. R — L and L — R images are 6 times contrast
enhanced for display.*TE45 image is a sum of the two images generated from 45° and —45° channels that have no CPL sign preference (QWP
aligned with 45° polarisers) and record half of the total intensity each; subtraction of TE45 from (L + R) should theoretically produce an image
with zero intensity, which is practically nonzero due to experimental error.

As expected, each enantiomer produced intensity in either L
— Ror R — L depending on the BPF used. This correlated with
the CPL sign of each enantiomer within the selected wavelength
regions of the A/ = 1 and AJ = 2 manifolds. For example, the
CPL spectrum of 4-EuL has a positive sign in 589-599 nm
region (BPF594/10, AJ = 1) and a negative sign in 605-615 nm
region (BPF610/10, AJ = 2), which correlated with L — R and R
— L images when using BPF594/10 and BPF = 610/10 respec-
tively. The gcprp values were then calculated from the L — R and
R — L images as +0.10 and —0.0024 respectively. When
compared to the average gj,m values recorded using a PEM-CPL
spectrometer for the equivalent wavelength regions (+0.21 for
589-599 nm and —0.033 for 605-615 nm and), it was evident
that the magnitude of dissymmetry factor produced by the 4-
EuL containing film in A/ = 1 and AJ = 2 decreased by ~50%
and ~30%. Similar results were obtained for the film containing
A-EuL, where the gcprp value of —0.11 decreased by ~50%
compared to gum of —0.22 for AJ = 1; however, remained

Chem. Sci.

essentially the same for the AJj = 2 where gcprp = +0.035 and
Zlum = 10.033.

To confirm that the reduction in gcprp is not a product of
a random error, the calculation was repeated for multiple films
that were sequentially spin coated using the same method as for
the original film (SI Fig. 10 and 11). This could also determine
whether the structural imperfections of the spin-coated films
significantly impact the gcprp.

As a result, all 4 films consistently produced nearly identical
geprp values when using the same BPF, resulting in 50% and
30% gcprp reduction for the AJ = 1 (BPF594/10) and A = 2
(BPF610/10) respectively compared that of the 4-EuL solution
(Table 1). It was hypothesised that such reduction in gcprp
resulted from reflection of CPL from the glass substrate that led
to the sign inversion. The stronger effect observed in the 589-
599 nm region could be attributed to shorter wavelength light
being more susceptible to scattering compared to that of longer
wavelength.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table1 Comparison of the gcpLp oOf spin-coated 4-EuL PMMA films on glass with 4-Eul in MeCN over the applied band-pass filter (BPF) range

Glass substrate gcprp

BP filter 1 2 3 4 Solution state gcprp % gcprp reduction
BPF594/10 +0.10 +0.10 +0.11 +0.11 +0.21 50%
BPF610/10 —0.024 —0.024 —0.024 —0.024 —0.031 30%

Table 2 Comparison of gcpp for 6 sequentially spin-coated 4-EuL PMMA films on glass and 4-EulL in MeCN over the applied band-pass filter

(BPF) range
Black tape substrate gcprp
BP filter 1 2 3 4 6 Solution state gcprp % gcprp reduction
BPF594/10 0.17 0.17 0.16 0.17 0.17 0.16 0.21 20%
BPF610/10 —0.038 —0.039 —0.037 —0.041 —0.037 —0.038 —0.031 —

To test this proposal, the glass substrate was covered with
black matt tape, which is non-reflective in the wavelength of
interest, non-emissive under 365 nm irradiation (SI Fig. 9) and
not soluble in DCM. The same solution of 4-EuL was then used
to prepare 6 spin-coated PMMA films for CPLP (SI Fig. S12).

Similarly to the films spin-coated on glass, the obtained
goprp values (Table 2) were consistent across the 6 films using
both BPFs which suggested high reproducibility of the method.
The change of substrate increased the geprp for the AJ = 1
(BPF594/10); however, they are slightly lower (20%) compared to
the solution. Similarly to that, the gcprp for the AJ = 2 increased
(BPF610/10) to become essentially equal to its gj,m, equivalent.

In order to confirm the substrate dependence of the gcprp,
the experiment was repeated with solution state EuL. Black non-
reflective in the wavelength region of interest non-emissive
plastic caps (SI Fig. S9) were filled with 4-Eul, A-EuL and
racemic EuL solutions in acetonitrile of equal concentration

and placed within a single frame for CPLP and EDCC (Fig. 5).
The relevant areas of the calculated images were then used to
calculate gcprp values of 0.21 and —0.17 for 4-EuL and 4-EuL
respectively when using the BPF594/10 and £ 0.031 for the
BPF610/10. This correlated with the g, values within the
experimental error for dissymmetry factor of around + 0.02
(~11%) for the AJ = 1 possessing brightest CPL and around +
0.003 (~9%) for AJ = 2 when reflection is minimal. The race-
mate did not produce a significant intensity in either L — Ror R
— L images as expected.

The experimental error associated with CPLP could arise
from the photoexcitation of the stage not being perfectly
homogenous leading to unequal spatial excitation of the
sample. As a result, certain pixels of the camera module might
get oversaturated, serving as a source of error in image calcu-
lation. Moreover, the pixels within the module are not identical
and might have slightly different sensitivity. The same applies

Fig.5 2 sets (using BPF594/10 and BPF610/10) of 4 CPLP images: (L + R, (L + R)-TE45, L — R, R — L) of the A (bottom left), A (bottom right) and
racemic (R) (centre top) samples of EuL under 365 nm excitation with the regions of interest for gcp p and their average intensities shown in

yellow. Scale bar =5 mm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to the imperfect alignment of the linear polarisers at each pixel.
If distribution of such pixels is not random, the error is gener-
ated when a specific area of an image is selected for the average
intensity measurement. Another source of error could be asso-
ciated with inelastic scattering of the excitation light by the
sample, making it fall into the detection wavelength range. Such
light would likely be linearly polarised, and therefore L and R
channels would be subjected to linear dichroism.

Since each enantiomer of EuL produces AJ =1 and AJ = 2 of
mutually opposite CPL sign, a single enantiomer results in
detectable intensity in either (L — R) or (R — L) images
depending on the BPF used. This makes EuL a unique security
ink that simultaneously incorporates two CPL security layers. In
contrast to this, most other reported CPL-active Eu** complexes
could only produce detectable intensity in the wavelength
region of the AJ = 1 band.

As a proof of concept, two films spin coated on the matt
black tape containing one enantiomer each were imaged
together. For example, an authentic tag would contain 4-EuL on
the left-hand side and /-EuL on the right-hand side (right and
left can be replaced with different parts of the security tag
pattern). The left-hand side would then appear on the L — R

LCPL (L-R)
BPF 594/10

LCPL (L-R)

View Article Online
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image when using BPF594/10 (AJ = 1) and R — L image when
using BPF610/10 (AJ = 2). Simultaneously, the right-hand side
will show on the R — L image with the BPF610/10 and L — R
image with the BPF594/10 (Fig. 6). Since sequentially produced
films resulted in consistent gcprp values in both BPF594/10 and
BPF610/10, the tag can be further secured by cross-checking the
gcpp Numerical values for each spatial region with the expected
threshold. The whole sequence can be then automated and
combined with other security layers as chromatic (colour),
spectral (emission profile) and temporal (time-gating to cut off
nanosecond scale emission of organic dyes present, lifetime of
the both 4- and 4-EuL in PMMA films were measured as 0.8 £
0.1 ms - see SI Fig. 14) that are already present in banknotes and
identification documents.*

During prolonged experiments using CW excitation in excess
of 1 hour, using our commercially available 365 nm UV LED
irradiation source (1 W total power, collimated and focused to
a d =1 cm circle) we have not recorded any photodegradation
and loss of CPL intensity of the studied films. These observa-
tions of photostability are based on camera exposure time and
CPB being constant and unaltered throughout the studies.

RCPL (R-L)
BPF 594/10

RCPL (R-1)

Fig. 6 CPLP calculated images used for authentication of the proof-of-concept security tag containing 4-Eul, (left of each image) and A-Eul,
(right of each image) under 365 nm excitation with average intensities of the regions of interest shown in yellow scale bar =5 mm.
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Conclusion

A novel bright CPL-active quasi-C; symmetric EuL complex
containing all carboxylate donor groups was prepared, chirally
separated and photophysically characterised. EuL was excep-
tionally bright due to high values of the quantum yield (45%)
and molar extinction coefficient (77000 M~ ' cm ') while its
near 365 nm maximal absorbance suggested optimal excitation
by commercially available 365 nm UV LEDs. Invisible to the
unaided naked eye, their large pseudo-Stokes’ shift allowed for
absorption in the UV and emission in the visible regions.
Emission lifetime on the millisecond time scale allows for
temporal separation by time gating out nanosecond time-scale
emission of applied organic dyes. Both AJ = 1 and AJ = 2
transitions demonstrated strong monosign CPL with CPBy,,x
values of 307 mol ' em ™" at 596 nm and 590 mol " cm™" at
607 nm respectively, rendering it to be best known candidate up
to date for CPL security ink so far. The CPB; was also calculated
for the 594 + 5 nm and 610 £+ 5 nm single sign regions selected
by BPFs to confirm the suitability of both transitions for
authentication by CPLP. EuL was embedded into solid-state
PMMA spin-coated thin films for a Proof of Concept (POC)
security tag. Both enantiomers were successfully authenticated
via CPLP and EDCC where dissymmetry of both AJ = 1 and
AJ = 2 transitions was rapidly detected. The recorded dissym-
metry was also quantified using the newly introduced term
gcprp and the results compared to the average gj,m values
recorded by the PEM-CPL spectrometer in the same wavelength
regions. The gcprp values calculated from the EDCC images of
solutions of EuL enantiomers were in good agreement with the
gum values; however, the gcprp was significantly reduced in
PMMA films on a glass substrate. The proposed hypothesis of
dissymmetry reduction via reflection induced CPL sign cancel-
lation from substrate was confirmed by replacing glass with
black non-reflective tape that recovered the magnitude of gcpyp.
The gcprp values remained consistent across multiple sequen-
tially spin-coated films, suggesting high repeatability and
consistent CPL security feature.

Spurred on from the reliability of gcprp as a performance
indicator for CPL active chiral emitters when measured using our
polarisation sensitive CPLP camera," as a future direction we
propose to use blends of enantiopure Ln(u)-complexes utilising
CPL-fingerprint engineering resulting in the 2nd generation of
more sophisticated CPL-CSIs (Chameleon Security Inks). The
sign, and importantly the recorded numerical dissymmetry factor
(gcpLp via CPLP) of these blended dyes, can be compared to an
expected value during authentication. This will take security to
another level, as the same exact blend of enantiopure (4 and )
Ln(m) complexes and their precise enantiomeric ratios would
need to be replicated to counterfeit such security inks.

Statistics and reproducibility

Where instruments incorporating a scanning monochromator
have been used (absorption, emission, and excitation spectra)
each sample has been recorded and averaged as triplicate
measurements. Spectra, where CCD detectors have been

© 2026 The Author(s). Published by the Royal Society of Chemistry
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employed, have been measured as an average of one hundred to
a thousand spectra on triplicate samples according to the
protocol detailed in the SI Section.
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