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Interplay of Circularly Polarized Light with Molecular and
Structural Chirality: Chiral Lanthanide Complexes and

Cellulose Nanocrystals

Matteo Cei, Alessandra Operamolla, and Francesco Zinna*

The interaction of circularly polarized (CP) light with chiral matter at different
scales opens several possibilities of light manipulation in photonic and elec-
tronic devices. Here it is shown that in a multilayer architecture, it is possible to
take advantage of the polarization-selective reflection of the nematic arrange-
ment of cellulose nanocrystals and the strong intrinsic CP luminescence (CPL)
of the various bands of chiral Eu complexes. In this way, both the intrinsic CPL
and total emission of the complex are modified depending on the enantiomer
applied and on the detection geometry. This concept may apply for polarization
control in electronic and photonic devices and polarized optical cavities.

1. Introduction

The generation of circularly polarized (CP) light and its interac-
tion with chiral matter is a topic of relevant interest with multi-
farious applications!!! in chiral photonics and electronics,>! ad-
vanced and smart materials,[% etc.

Chirality can be observed at multiple scales, from molecules to
meso or macro supramolecular structure, giving rise to different
properties.l''12] At each hierarchical scale CP light can interact
with matter through different physical mechanisms.['*"3] This
is a relevant topic in photonic materials and devices. Indeed, the
interplay between CP light and chirality from molecules to meso-
scopic structures has implications in the engineering of elec-
tronic devices, such as CP-OLEDs and CP-detectors,!*! chiral
resonant and lasing cavities,[2°22] etc. In all these cases, it is fun-
damental to understand and manipulate the outcoupling of light
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polarization and to harness the effects on
emitted or absorbed CP light of chiral el-
ements and structures at various scales.

Mesoscale systems displaying helical
structures with a pitch of the same or-
der of visible or near infrared wavelengths
are employed to control CP light in a pas-
sive way through their reflection bands. Ex-
amples of photonic materials able to con-
trol the CP light in such a way are chi-
ral nematic liquid crystals (CNLC).[2>-%]
These systems display a selective reflec-
tion band showing the circular Bragg phe-
nomenon, i.e., a preferential reflection of
CP light with a certain handedness and the subsequent transmis-
sion of the opposite one. For normal light incidence, the wave-
length position () of the reflection band depends on the average

refractive index (n,,,) and the helical pitch P:
If the reflection wavelength is comprised between

n,P < A < n,P, with n, and n, being the ordinary and ex-
traordinary refractive indices respectively, the variation of the
dielectric tensor within the material describes a helix. In this
regime, the reflection is selective for the CP component match-
ing the handedness of the helical structures forming the chiral
nematic phase.[2°]

An interesting example of a natural photonic material form-
ing CNLC phases upon film deposition is given by cellulose
nanocrystals (CNC).[?-2l CNCs are defined as short stick-shaped
crystalline nanoparticles with a diameter ranging from 5 to 50 nm
and a length between 100 and 500 nm, according to TAPPI
(Technical Association of Pulp and Paper Industry) standards.[*")
CNCs, being composed of cellulose, the structural biopolymer
derived from plants, are affordable and environmentally friendly
nanomaterials useful for many applications in the field of ma-
terials and biomedical science.’'3°] CNCs prepared under sul-
furic acid hydrolysis are negatively charged as a consequence
of their surface sulfation.**] Sulfated CNCs can self-organize
in the solid state to minimize the electrostatic surface repul-
sion. They demonstrate chiral nematic lyotropic liquid crystal
phase formation, which tends to be retained after evaporation
of the water solvent.l*”] Films containing domains with oriented
crystals(®®3°1 macroscopically result in a brilliantly colored iri-
descence arising from the solid-state films prepared under spe-
cific slow-evaporation conditions.[*¥*1] Moreover, CNCs show a
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selective reflection of left CP light, with the distinctive advantage
of a wide tunability of their reflection band. The reflected wave-
length can be controlled by using additives such as NaCl, glu-
cose, or glycerol, or by physical methods,*~*! spanning from the
near-infrared to the UV region. These properties, beyond CP light
production,*~*8] are exploited for CP detection,!*! in anticoun-
terfeiting photonic tags,*®! chiral cavities,>! cancer cell discrim-
ination in tissues,*>>3] etc.

At the opposite end of the dimensional scale, isolated (i.e., non-
aggregated) chiral emitting molecules generate CP luminescence
(CPL) thanks to a coupling between their intrinsic electric (u;)
and magnetic (m;;) transition dipole moment.**l In these sys-
tems, the dissymmetry factor g, depends on m and u according
to:

8um = 4 )

Most molecular compounds show CPL activity with dissym-
metry factors within the order of 107*~10~2 and overall modest
CPL brightness factors.[>>*®l On the other hand, intriguing prop-
erties are showcased by lanthanides, and in particular Eu(III)’s
chiral complexes, which may show exceptionally high g, . fac-
tors, often with strong CPL brightness, associated to their f~ftran-
sitions in the orange/red region.*>¢%] They also usually show
bands, associated to intraconfigurational transitions among dif-
ferent | levels, with opposite polarizations.

These two very different mechanisms of CP light genera-
tion/discrimination (one produced at the mesoscale by CNCs’
ordered self-aggregation, the other through emission from enan-
tiopure lanthanide chiral complexes) could in principle synergi-
cally operate. In particular, their simultaneous presence could
significantly modify the intrinsic CPL and total emission spec-
trum of the chiral emitter. So far, the generation of CPL by using
CNCs and optically inactive emitters has been reported in var-
ious instances in the literature, 7! but the interplay between
the intrinsic polarization of chiral emitters with the structural
polarization properties of CNC films in various configurations
has been rather overlooked. To observe a significant mesoscale-
induced modification of the molecular CPL, it is critical that the
polarization contribution of the CNC and the intrinsic CPL ac-
tivity of the chiral-emitting materials are of a similar magni-
tude. As mentioned above, such performances are usually not
given by purely organic emitters or most d-metal coordination
compounds.

Here we show that the deposition of suitable chiral lanthanide
complexes on a CNC layer with a tuned reflection band generates
amplification/attenuation effects on the different CPL transitions
of chiral Eu complexes. Moreover, the mesoscale-induced modi-
fication of the molecular CPL results in significant differences of
the total emission spectrum of Eu(III) enantiomeric complexes.
This is made possible thanks to Eu transitions featuring oppo-
site polarization, which is again a characteristic of lanthanide
complexes.

2. Results and Discussion

Cellulose nanocrystals were prepared by sulfuric acid hydrolysis
from Whatman paper. The field emission scanning electron mi-
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croscopy (FE-SEM) micrograph (inset of Figure 1a; Figure S1,
Supporting Information) showed nanorod morphology with an
average length below 100 nm. The CNC iridescent films were
prepared by solution casting from a 3% (w/w) suspension of
S-CNCs that was allowed to evaporate at room temperature to
yield self-standing films with a thickness of ~#110 um (standard
deviation SD = 10 um). Such thickness provides a good trade-
off between the polarization properties (see below) and a suffi-
cient transmittance (T) of the film (T &~ 20%). The cross-section
of the freestanding films was analyzed by FE-SEM, showing the
cholesteric nematic ordering of the as-cast thin films (Figure 1a).
It is noted that due to the soft nature of the CNC films, some arti-
facts may occur due to the burning of the fracture surface under
the electron beam. These artifacts may produce local collapse of
layers or misalignment of protruding CNCs.[”?!

The films showed a photonic band gap ~850 nm, with an asso-
ciated strong circular extinction measured as differential optical
density (AOD = OD, — ODyg, OD, ; being the optical densities
for left/right CP light). The maximum of the band could be blue-
shifted down to 450 nm by addition of weight percentages of NaCl
(Figure S2, Supporting Information). The conditions were opti-
mized to shift the reflectance band ~600 nm to match Eu emis-
sion (Figure 1c). The as-cast films were characterized through
circular dichroism, to measure the differential optical density.
As expected, we observed a strong positive circular extinction
(AOD = 0.30, AOD/OD = 0.52, SD = 0.09) due to the selective
reflection of left-handed CP light (Figure 1b). Having established
the methodology to prepare iridescent films with the desired re-
flectance band, we proceeded to prepare multi-layered films by
means of depositions from orthogonal solvents. A toluene so-
lution of PMMA and the desired emissive Eu(III) complex was
deposited by spin-coating on a dry CNCs film (Figure 1d). The
Eu/PMMA layer is completely transparent in the visible, and
its deposition does not affect the position and circular extinc-
tion of the photonic band of the CNC (Figure S3, Supporting
Information).

All the films show the expected Eu(III) emission in the red re-
gion with sharp bands stemming from the *D,—’F, transitions
under 365 nm irradiation (Figure 1e,f). The discussion will be fo-
cused on the magnetically allowed transition °D,—’F, (595 nm),
where the highest g, factors are often observed, and the hyper-
sensitive one *D,—’F, (610-620 nm), giving the most intense
emission band.

The emergent CPL of the multi-layered films can be measured
in two different configurations depending on the orientation of
the film with respect to the detector, as shown in Figure 1gh.
The CPL measurement can be carried out with i) the emissive
layer behind the CNC film, with respect to the detector (E-CNC-
D, i.e., transmission mode, Figure 1g); ii) the emissive layer be-
tween the CNC film and the detector (CNC-E-D, reflection mode,
Figure 1h). The role of the CNC in the two configurations is rad-
ically different (see below). In both configurations, we can calcu-
late the emergent CPL dissymmetry factor of the multilayer films
g following the usual definition:

G)
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Figure 1. a) FE-SEM micrograph of the cross-section of a free-standing CNC film. Scale bar 5 um. Inset: FE-SEM micrograph of CNCs aggregate deposited
on glass from a 1 mg L™" water dispersion. Scale bar: 200 nm. Circular b) and total extinction c). d) Structure of the multilayer films with images under
daylight €) and 365 nm light f). g,h) Effects of the measurement configurations on the circular polarization of light.

With I; and I being the left and right polarized components
of the emerging emission.

We started with an optically inactive complex: Eu(TTA);Phen
(TTA = thenoyltrifluoroacetone, Phen = 1,10-phehanthroline,
Figure 2a), which is characterized by a strong luminescence
(Figure S4, Supporting Information), but null intrinsic CPL ac-
tivity. The CPL spectrum obtained with the film in the E-CNC-D
configuration shows a negative sign throughout the whole mea-
sured range with an emergent constant g value of —0.18. These

b

I g [aul]

Eu(TTA);phen

values are in agreement with what observed with optically in-
active Eu complexes dispersed in CNC films.[®] On the other
hand, positive CPL signals (§ =0.19) are observed in the CNC-E-
D configuration (Figure 2b; Table S1, Supporting Information).
In the first case, the CNCs film acts as a filter, reflecting some of
the left polarized light away from the detector and transmitting
mainly the right CP light, therefore I, — Iz < 0. In the second
case, the light emitted directly toward the detector is not polarized
and does not contribute to the CPL signal, while part of the light

| — Eu(TTA),Phen CNC-E-D -
—— Eu(TTA),Phen E-CNC-D

580 590 600 610 620 630 640
A [nm]

Figure 2. a) Structure of optically inactive Eu(TTA);Phen; b) normalized CPL spectrum of the multilayered film containing Eu(TTA);Phen measured in

CN-E-D and E-CNC-D configuration.
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Figure 3. a) Structure of Eu(TTA);'PrPyBox; b) normalized CPL spectrum of the two enantiomers of Eu(TTA);'PrPyBox in PMMA film; normalized CPL
spectra of the multilayered films containing the two enantiomers of the complex in E-CNC-D c), and CNC-E-D d) configuration.

emitted backward, toward the CNCs film, is reflected back to the
detector. This portion of light, being mainly left polarized, gives
a positive CPL signal.

Having demonstrated the polarizing capabilities of the
prepared CNCs films, we increased the complexity of the
multi-layered systems by using an enantiomer pair of an opti-
cally active europium complex. For this purpose, enantiomeric
Eu(TTA),;'PrPyBox (\PrPyBox = 2,2’-(2,6-pyridinediyl)bis(4-
isopropyl-2-oxazoline) complexes, Figures 3a, and S5, Support-
ing Information) were chosen, due to its high dissymmetry
factor and overall CPL brightness.>’3] The intrinsic CPL spectra
of the (R,R) and (S,S) enantiomers of this species in PMMA
films are characterized by two main bands with opposite sign
and different dissymmetry factors (|g,,| 0.02 at 614 nm and 0.2
at 595 nm, according to Equation 3, Figure 3b).

As in the previous case, the CPL spectra of the bi-layered films
are measured both in the transmission (E-CNC-D) and in the re-
flection (CNC-E-D) configurations. With an optically active com-
plex, the CPL of the composite films is expected to be the result
of the convolution of the intrinsic polarization of the lumines-
cence from the molecular complex, and the circular Bragg phe-
nomenon associated with the structural chirality of the CNCs
layer. As seen in the case of the optically inactive Eu(TTA);Phen,
the contribution from the CNC layer to the polarization main-
tains the same sign throughout the whole spectral range investi-
gated. This ensures different effects on the two bands of the op-
tically active Eu complex. When the intrinsic Eu CP contribution
is concordant with the polarization dictated by the CNC, the total
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signal is expected to have a higher intensity compared to the cor-
responding signal in the spectrum of the complex. Conversely,
when the complex CPL and CNC effects operate in an opposite
way, the resulting CPL band is expected to be reduced in intensity.
The spectra of both the Eu(TTA);-(R,R)-PrPyBox/CNCs and
the Eu(TTA);-(S,S)-'PrPyBox/CNCs films, acquired in the E-
CNC-D configuration, exhibit a negative peak for the *D,—’F,
transition at 614 nm. Such band, being of induced electric dipole
character, has a weak intrinsic g, (0.02), therefore its emer-
gent polarization is dominated by the negative CNC contribution
(AOD/OD = 0.52). Therefore, a complete inversion for the sig-
nal of the (R,R) enantiomer is observed. In the E-CNC-D con-
figuration, the g factor observed for this band is —0.17 in line
with the one observed for Eu(TTA);Phen. On the other hand,
the magnetic dipole transition at 595 nm appears slightly re-
duced in the case of (S,S) enantiomer compared to (R,R) one (g
—0.15vs —0.17, Figure 3c). Even more noticeable, in the CNC-E-D
configuration, the 595 nm band of the (R,R) enantiomer is al-
most canceled (g = —0.01) by the opposite effects of the intrinsic
polarization of the complex with respect to the selective reflection
of the CNC film (Figure 3d; Table S1, Supporting Information)
To demonstrate the generality of this approach, we pre-
pared different multi-layered films using a different europium
complex. CsEu(hfbc), (hfbc = heptafluorobutyryl camphorate,
Figure 4a; Figure S6, Supporting Information) was chosen as it
displays the highest g, associated to the 595 nm band, reported
to date for any lanthanide complexes.!'®7#77] The quantum yield
of this complex is lower than that of Eu(TTA), PrPyBox, but its
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Figure 4. a) Structure of CsEu(hfbc),; b) normalized CPL spectrum of the two enantiomers of CsEu(hfbc), in PMMA film; normalized CPL spectra of
the multilayered films containing the two enantiomers of the complex in E-CNC-D c), and CNC-E-D d) configuration.

high dissymmetry factors assure a high CPL brightness. PMMA
films containing 2% of CsEu(hfbc),, showed |g,,,| of 1.38 and
0.23 for the transition at 595 and 614 nm, respectively (Figure 4b).
The association of the complex with the CNC film strongly mod-
ifies its intrinsic polarization. In the E-CNC-D configuration, the
peak at 614 nm is negative for both the enantiomers of the com-
plex, as the CNC selective reflection determines the final polar-
ization. On the other hand, for the 595 nm band, the higher
intrinsic polarization of the complex dominates over the CNC
extrinsic contribution (Figure 4c). A similar but opposite trend
is observed for the CNC-E-D configuration (Figure 4d). Due to
the strong intrinsic polarization of the 614 nm band in the case
of the CsEu(hfbc), complexes, this contribution undergoes dra-
matic changes, as its emergent polarization is no longer con-
trolled by the CNC selective reflection alone. This is especially ev-
ident in the CNC-E-D configuration, where the relative sign and
intensity of the CPL bands associated to the 595 and 612 nm tran-
sitions change dramatically in multilayer films containing the
two enantiomers of the complex (see also Table S1, Supporting
Information).

We took care to rule out potential interference from linear con-
tributions in the measured spectra by measuring linear diatten-
uation and luminescence linear anisotropy. In all cases, the mea-
sured linear contributions are negligible with respect to the gen-
uine CP signals (Figures S12-S14, Supporting Information).

In the case of the E-CNC-D configuration, the emergent CPL
spectral profile (61\’1) of the multilayered films can be modeled by
treating the emission of the photons from the complex and their
interaction with the CNC film as independent events. We have

Adv. Optical Mater. 2024, 2401714 2401714 (5 of 8)

to consider (i) the differential optical density (AOD) of the CNC
layer at each wavelength, which accounts for the circular Bragg
phenomenon; (ii) the g, -versus-wavelength plot of the CPL of
the complex in the PMMA film and its emission spectrum I(4),
(see the SI for the derivation):

_ 1—y-10%0P
CPL(4) = 2———=-1(1 4

= 2 1 )
with

2- lum

+glum

Despite the simplicity of the model, Equation 4 is able to qual-
itatively reproduce the CPL spectral features observed for the
multilayered films (Figure S10, Supporting Information). On the
other hand, the model neglects other possible contributions to
the emergent CPL, such as depolarization effects within the mul-
tilayer film or interface effects between the PMMA/complex and
the CNC layer.

Last, we investigated the effects of the interplay between the
polarized emission of CsEu(hfbc), and CNC layer on the total
emission spectra for the multi-layered films. As part of the left CP
light emitted by the complex is not transmitted by the selective re-
flection of the CNC film, a different effect on the various emission
bands of the complex is predictable, potentially modifying the
total emission spectral profile. Given the high intrinsic polar-
ization of the magnetically allowed transition of CsEu(hfbc),
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Figure 5. Total emission of multilayer films containing the two enantiomers of CsEu(hfbc), in E-CNC-D a) and CNC-E-D b) configuration. The insets

show a zoom-in of the 595 nm band.

(595 nm), a differential attenuation of the total luminescence of
this band for the two enantiomers is expected, while a much
smaller effect is predicted for the 614 nm one. In the case of
CsEu((+)-hfbc), ~ 80% of the emitted photons associated to the
595 nm transitions are left-handed polarized, while for the op-
posite enantiomer, the majority of the photons have the opposite
polarization (80% right-handed). Therefore, the preferential re-
flection of the CNC film toward left-handed CP light will cause a
more pronounced effect in the case of (+) enantiomer. This is in-
deed seen as a more pronounced dimming for the 595 nm band
in the case of films containing (+) enantiomer with respect to the
(—) one in the E-CNC-D configuration. Note that the polarization
effects of the CNC layer are the same in both cases.

Indeed, in the total luminescence, the ratio between the in-
tensity of the 595 nm band and the intensity of the 614 nm
band is higher for the CsEu((—)-hfbc),/CNCs film compared to
the CsEu((+)-hfbc),/CNCs one, with the former being 0.1011
(SD = 0.0005) and the latter being 0.088 (SD = 0.004) (Figure 5a).
On the other hand, in the CNC-E-D configuration, the values are
almost inverted, with a ratio of 0.100 (SD = 0.001) for the (+)
enantiomer and a ratio of 0.085 (SD = 0.001) for the (—) one
(Figure 5b). A plot of the difference between the total lumines-
cence of CNC/CsEu((+)-hfbc), and CNC/CsEu((—)-hfbc), in both
E-CNC-D and CNC-E-D configuration is reported in Figure S11
(Supporting Information).

Applying this principle, the presence of CNC would allow for
the identification of one enantiomer of the Eu complex over the
other, simply by the inspection of the total emission spectrum,
without the aid of polarization optics.

Finally, to put in context the performances of the materials
presented in this work (see Table S2, Supporting Information),
it is useful to consider also their costs. We estimated a cost
range of 0.34-0.47 €/film and 0.14-0.28 €/film (a film is approx-
imately 1 cm?) for CNC films based on Eu(TTA),!PrPyBox and
CsEu(hfbc),, respectively (see SI).

3. Conclusion

In conclusion, we have shown an interesting interplay between
mesoscale and molecular chirality with CP light. The highly
polarization-selective reflection band of CNCs can be coupled

Adv. Optical Mater. 2024, 2401714 2401714 (6 of 8)

with the high intrinsic CPL of chiral lanthanide complexes.
Eu/CNC multilayer films display very different emergent CPL
spectra depending on the enantiomer used and the geometry
of detection. Moreover, thanks to the opposite circular polariza-
tion associated to the various f~ftransitions, the presence of CNC
modifies the total emission spectrum of the Eu complex depend-
ing on the enantiomer used. These principles can be applied in
several cases in the design of multilayered materials for polar-
ization control and fine-tuning in devices and polarized optical
cavities.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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