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We report on the preparation and characterization of two dimensional (2D) films of (S5,5,P)-1 and
(R.R.M)-1 ortho-oligophenylene ethylene (0-OPE) enantiomers presenting high values of circularly
polarized luminescence (CPL). The amphiphilic character of these two molecules allows a precise 2D
self-assembly at the air/water interface and an efficient transfer onto a glass solid support. The
morphological and chiroptical characterization of the solid supports after the transfer of 1, 8, 16 and
32 Langmuir films of (S,S,P)-1 and (R,R,M)-1 has been carried out. The strong chiroptical values of these
monomers allow reliable ECD measurements to be obtained after a single transfer, with ECD values
increasing as the number of transferred films increases. The semi-liquid behavior of the monomers on
the solid substrate allows CPL measurements free of photoselection artifacts that show values similar to
those obtained in solution and independent of monomer concentration. All these properties have
allowed us to develop the first simple organic molecule (SOM)-based chiroptical barcoding presenting
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Introduction

Circularly polarized luminescence (CPL) is an attractive prop-
erty of chiral emissive materials’™” because a new degree of
freedom can be incorporated into the emitted photons. That is,
the sign and even the magnitude of the emission can be used as a
new information channel. The unbalanced emission of circularly
polarized photons is usually defined by the dimensionless para-
meter gi,m, defined as gium = 2(I; — I)/(I; + Iz), also called the
luminescence dissymmetry ratio. It can oscillate from +2 for pure
circular emissions to 0 for unpolarized emissions, thus providing
a quantitative estimation of circularly polarized emitted radiation
over the total emitted radiation. Despite the numerous potential
applications of this property® "* we want to focus on information
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positive and negative regions as a proof of concept.

encoding in the solid state. Within this context, the identification
of the CPL sign from a luminescent material in different parts of
a solid surface could be the base of a chiral barcoding. That is,
the uniform fluorescent surface could be only decoded and the
information only accessible for suitable receptors. Nevertheless,
some potential drawbacks must be taken into account for a
successful functioning of the material. First, the material must
be emissive in the solid state avoiding the usual problem of the
aggregation fluorescence quenching for those materials, while
maintaining a reasonable g, value. Second, non-desirable
artifacts derived from photoselection must be avoided. It appears
when the detector is perpendicular to the exciting radiation and,
at the same time, the emitting entities cannot randomize in
space, a usual characteristic of the solid state. It is worth noting
that photoselection is a source of linearly polarized light even in
the absence of macroscopic anisotropies and that usual CPL-
detector architectures can wrongly identify it as circularly polarized
light” Third, the solid sample preparation must have a strict
control over the amount of emitter present in the material.
Although the gj,, value is independent of the amount of material,
a global intensity not and, in that way, a homogenous emission is
guaranteed.

Organic molecules can be deposited on a surface using
different techniques (spin coating, drop casting, etc.). In this
case, Langmuir procedures are especially attractive, allowing for
an accurate adjustment of the available area per molecule in a
2D fill at the air/water interface (Fig. 1A)."® Using this controlled
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Fig. 1 Methodology of this work. (@) Langmuir—Schaefer films, (b) employed
compounds and (c) CPL based barcoding design.

intermolecular distance, interactions between neighbouring
molecules could be tuned and the desired conformation and
supramolecular structure might be attained.” Therefore, films
displaying a well-defined organization at the supramolecular level
can be conveniently transferred onto solid substrates.'® Although
Langmuir films using chiral molecules are in fact known,* the use
of enantiopure helical scaffolds is uncommon.** >’

As was mentioned above, the use of structures with a high
dissymmetric factor is critical. Nevertheless, g,m values are
usually in the range of 10~ to 10~* for the majority of the
described systems.”® One of the approximations to enhance gium
is based on the creation of supramolecular entities from mono-
mers with low CPL characteristics.>>>’ It is worth noting that
even some of them have been transferred to solid platforms using
Langmuir techniques.**** Nevertheless, such supramolecular
aggregates or fibers cannot be reoriented after excitation and
may be prone to photoselection artifacts if particular architec-
tures are not taken into account.**** Moreover, unexpected
dependence of gy, values with the number of transferences
has been reported.*” One potential solution to this drawback is
the use of small molecules in which such reorientation/depolar-
ization was efficient even in the solid state. Recently, a contin-
uous effort in designing simple organic molecules (SOMs) with
dissymmetric factors in the range of 107> has resulted in
optimized chiral emissive structures.*> Our group has contribu-
ted to this effort developing a family of CPL emitters based on
stapled oligo ortho-phenylene ethylene (0-OPE) architectures with
Zlum values ranging from 1 x 107> to 5 x 10~2.***° Some of them
are especially valuable to form optimal layers in air/liquid inter-
faces owing to their amphiphilic character, presenting simulta-
neously hydrophobic and hydrophilic areas.

Herein, we communicate the efficient preparation of Langmuir
films (Fig. 1A) of enantiopure diols (S,S,P)-1 and (R R,M)-1 (Fig. 1B),
members of the family of stapled 0-OPEs, owing to the amphiphi-
lic character of the molecules. They are efficient CPL emitters in
the solid state with gy, values comparable to those found in
solution. They are also free from photoselection artifacts owing to
the quasi-liquid characteristics of the layers in which each indivi-
dual molecule behaves as in the solution state. Samples with both
enantiomers can be prepared and analyzed resulting in a proof of
concept of SOM-based CPL barcoding (Fig. 1C). It is worth noting
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that usual barcodes are based on positive and null signals. The
use of enantiomers allows barcoding based on positive and
negative responses, thus increasing the security and reliability
of the system.

Results and discussion
Langmuir films

Both enantiomers (S,S,P)-1 and (RRM)-1 were prepared as pre-
viously described.*” They were placed on top of a water surface,
forming a Langmuir monolayer (Fig. 1A) as demonstrated by the
surface pressure-molecular area isotherms in Fig. 2A and
Fig. S1 (ESIt). Ultrapure water was used to avoid any effect of
ionic strength or pH in the molecular interactions of (S,S,P)-1
and (RRM)1, thus allowing the corresponding intra- and
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Fig. 2 (A) Surface pressure-molecular area for (S,S,P)-1 (black) and
(R,R.M)-1 (blue). (B) Brewster Angle Microscopy pictures of (S,S,P)-1 (left)
and (R,R,M)-1 (right) recorded at the air/water interface. The value of the
surface pressure and area per molecule is noted in the inset. Width size
corresponds to 215 um. (C) UV-vis reflection and absorbance spectra of
(R.R.M)-1. Black line: Reflection spectrum recorded at 15 mN m~%. Red line:
Transmission spectra of one monolayer of (R,R,M)-1 transferred onto a
quartz substrate at 15 mN m~". Blue line: Transmission spectra of bulk
solution of (R,R,M)-1, with dichloromethane as a solvent.

This journal is © The Royal Society of Chemistry 2023
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inter-molecular interactions control the resulting supramolecu-
lar structure.’® Although both samples converge to the same
isotherm during the collapse of the monolayers (Fig. 2A), some
differences were observed at low surface pressure. This abnor-
mal behaviour could be due to diverse and complex contribu-
tion of the intermolecular interactions between the molecules
forming the monolayer and with the water molecules.>"

The microscopic morphology of the monolayers could be
observed in situ at the air/water interface using Brewster Angle
Microscopy (BAM), see Fig. 2B and Fig. $2, $3 (ESIt).>> The BAM
pictures of (S,S,P)-1 and (RR,M)-1 at the early stages of com-
pression revealed a fibrillar texture and a homogenous film,
respectively. Both films of (S,S,P)-1 and (R,R,M)-1 evolved onto a
solid monolayer when increasing the surface pressure showing
a compact structure with bright granules.

In situ UV-vis reflection spectroscopy was used to attain
molecular details on the arrangement of (R,R,M)-1 at the air/
water interface (Fig. 2C).>*> Computer simulations under in
vacuo conditions predicted five UV-vis bands at 356.9, 317.1,
311.3, 293.5 and 284.1 nm (Fig. S4, ESI}). The experimentally
observed UV-vis bands were consistent with those obtained by
computer simulations. The different bands are related to transi-
tion dipoles that display different orientations (Fig. S5, ESIt).
Therefore, the UV-vis spectra at air/water and air/solid interfaces
provide information about the relative orientation of the (R R,M)-
1 molecules. The UV-vis reflection spectrum recorded at the air/
water interface displayed a main band centred at ca. 284 nm and
a broad shoulder at 355 nm, with comparatively reduced con-
tributions from the bands at 317, 311 and 293 nm. This UV-vis
spectrum corresponds to an almost upright arrangement of the
(RR,M)-1 molecules at the air/water interface (Fig. S5, ESIt).

By comparing the UV-vis reflection spectra of (R R M)-1
monolayers recorded at the air/water interface with the UV-vis
transmission spectra recorded at a solid substrate with the
transferred monolayers, the modification of the supramolecular
arrangement upon transference can be assessed.>® The UV-vis
spectra were found to overlap almost entirely for both spectra,
thus indicating the small modification in the supramolecular
arrangement of (R,R,M)-1 molecules when transferred from the
air/water interface to a solid support (Fig. 2C and Fig. S4, ESIY).

On the other hand, the UV-vis transmission spectrum
recorded from a bulk solution of (R,R,M)-1 in dichloromethane
displayed a significantly different shape, with the mentioned
five absorption bands as expected from a non-preferred orientation
corresponding to (R,R,M)-1 molecules in solution.”®> Remarkably, the
band centred at ca. 317 nm showed the highest intensity for the
bulk solution but appeared as a small shoulder for the UV-vis
spectra recorded at interfaces, thus confirming the relevance of the
orientation of the (R,R M)-1 molecules when analysing the UV-vis
spectra (Fig. S6-S8, ESIT).

Computer simulations using molecular dynamics methods
further confirmed the proposed supramolecular arrangement
(Fig. 3). Monolayers of either (S,S,P)-1 or (R,R,M)-1 were built on
a water surface, reaching an equilibrium state in which the
tilting angle values of the main axis of the molecules with
respect to the Z axis was 17.2° and 14.5° for (S,S,P)-1 and

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) Top view of a monolayer of (R,R,M)-1 molecules onto a water
surface. XYZ dimension values of the computational box were 24 x 30 x
150 A®. Water molecules are depicted as sticks for clarity. (B) Close detail of
(R,R,M)-1 molecules in the monolayer. Additional (R,RM)-1 and water
molecules are omitted for clarity. The formation of intermolecular H-
bonds between neighbour (R,R,M)-1 molecules and H-bonds with water is
displayed as a dashed black line, left and right, respectively.

(R R M)-1, respectively. This computational result is in agree-
ment with the enantiomeric character of the two molecules
within the subtle errors derived from molecular mechanics. The
main feature is that this reduced value of tilting is consistent
with an almost upright arrangement of the molecules on the
air/water and air/solid interfaces and therefore with the
UV-vis results described above. The number of hydrogen-bonds
(H-bonds) could be obtained as well, see Table S2 (ESIt).
H-bonds play an important role in sustaining the supramolecular
architecture, showing as expected negligible differences of
number of formed H-bonds between (S,S,P)-1 and (R,R,M)-1.

AFM characterization

Langmuir films transferred onto glass slides were further
analysed by atomic force microscopy (AFM) to give insights
into the behaviour of multiple transference process on the
topology of the material. AFM topographical measurements
showed the particular arrangement of compound (S,S,P)-1 over
the glass slide. As can been seen from Fig. 4, multiple transfer-
ences of Langmuir films onto the glass did not generate a
continuous and uniform film of the compound; rather it led to
the formation of relatively homogeneous nanometer-sized aggre-
gates that grew in height and width as the number of layers
transferred to the glass increased. This phase separation to
generate individual aggregates once transferred on solid supports
is well documented for polymer blends in which the process
depends on several factors such as, type of solvent, chemical
structure and evaporation rate.”® It has also been studied for
amphiphilic semifluorinated alkanes and surge by the packing
strain of molecules containing different steric volume regions,
thick fluorinated chains versus thin hydrogenated chains.>”®
Similarly, compound (S,S,P)-1 also has two very distinct regions,
the aromatic and the hydroxyls, which differ significantly in
polarity and steric volume. Fig. 4A shows the 3D topography of
a glass slide after the transference of 8 Langmuir films in which

J. Mater. Chem. C, 2023, 11, 2591-2599 | 2593
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Fig. 4 AFM images, topography in 3D (5 um x 5 pm), of Langmuir films of
compound (S,S,P)-1 transferred onto glass slides after subsequent deposi-

tion of 8 layers (A), 16 layers (B) and 32 layers (C). Proposed mechanism of
liquid phase separation causing the morphology of the films (D).

the average maximum height is 72.4 nm. This height that is the
result of compound (S,S,P-1 accumulation, increases as the
number of Langmuir films transferred onto the glass increases.
The transference of 16 films (Fig. 4B) shows an average maximum
height of 117 nm and the transference of 32 films (Fig. 4C) shows
an average maximum height of 207 nm. The accumulation of
compound (S,S,P)-1 within a confined nanometer size area is
essential for the desired chiroptical properties since these aggre-
gates lie in a separated fluid liquid phase and therefore can
reorient after excitation avoiding photoselection artefacts. More-
over, the possibility of controlling the density of compound per
area using iterative film deposition in a controlled and reprodu-
cible way allows modulating the global intensity of emission
introducing another tuneable parameter to encode information.

Optical characterization

The UV-vis spectra of the transferred films are in agreement
with the previously reported one in solution with maxima at
293 and 310 nm, also in agreement with the liquid phase
separation. As expected global absorbance of the sample
increases linearly with the number of transferences (Fig. 6A).
Fluorescence spectra of (S,S,P)-1 or (R,R,M)-1 transferred to
glass supports are also in agreement with those previously
reported,”® exhibiting an emission band centred at 414 nm
(Fig. S15 and S16, ESIt). However, the fluorescence intensity
does not scale linearly with the amount of sample deposited,
which is consistent with the presence of aggregation-induced
quenching. Hence, to avoid further quenching, the global
emission was optimized with a maximum of 32 transferences.
The transferred films of compounds (S,S,P)-1 or (R RM)-1
were also analysed by fluorescence lifetime imaging microscopy
(FLIM), which provides contrast from both the emission
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Fig. 5 Representative FLIM images of compounds (S,S,P)-1 and (R,R.M)-1
transferred onto glass slides after subsequent deposition of 8, 16, or 32
layers; and the corresponding violin plot of the particle-wise analysis from,
at least, 3 different images in each case.

intensity and the kinetics of the excited-state via the fluorescence
lifetime, 7, values. Fig. 5 and Fig. S9 (ESIT) show that FLIM images
were in good agreement with AFM experiments, so that the
transferred layers of compounds (S,S,P)-1 or (RR M)-1 resulted in
a clear phase separation, where the emissive molecules accumu-
lated. These regions were segmented and, using a particle-wise
analysis, the population of different lifetimes were obtained
(Fig. 5). For both compounds, increasing the number of transferred
layers caused a decrease in the average t values. Nevertheless,
several regions that exhibited long t values were occasionally
detected, especially in (R,R M)-1, indicating certain degree of het-
erogeneity, as can be seen in the violin plot in Fig. 5. In such cases,
it is useful to compare the median values for the different popula-
tions, that were 1.50 ns for 8 layers, 0.94 ns for 16 layers and 0.86 ns
for 32 layers in (S,S,P)1; and 1.14 ns for 8 layers, 1.01 ns for
16 layers and 1.06 ns for 32 layers in (RRM)-1. Fluorescence
lifetimes of both enantiomers were also analyzed in CH,Cl,
solutions. In this case, the average lifetime of (S,S,P)-1 was
4.84 ns whereas for (R.R M)-1 presents a similar value of 4.59 ns.
Some populations with these longer lifetimes can be also detected
in minor quantities for both compounds in the transferred sys-
tems. The decrease in t upon the transfer and further increasing
the number of transferred layers is consistent with a self-quenching
process due to aggregation in the separated phase.

This journal is © The Royal Society of Chemistry 2023
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Chiroptical characterization

For our purpose, the chiroptical response of diols (S,S,P)-1 and
(R,R,M)-1 in the solid state should be as intense as in solution
to obtain clear and reliable signals. Nevertheless, cautions
about the influence of macroscopic anisotropies in the signal
must be also taken into account. The invariance of the signal
after a flipping process guarantees the inexistence of a synergic
contribution of linear dichroism (LD) and linear birefringence
(LB) to the global signal (Fig. S22, ESI})."* Nevertheless, LD
spectra showed weak but not null signal at relevant wave-
lengths (Fig. S21, ESIt). In such situations the intrinsic signal
of the sample must be obtained as an average value of different
acquisitions obtained by rotation of the sample around the
optical axis (Scheme S2, ESIT). In our case, we selected eight
different orientations.

As far as the reliability of the electronic circular dichroism
(ECD) signal is concerned the study of samples with different
number of transferences (from 1 to 32) showed two key find-
ings: (i) the response is similar in shape and g,ps values to those
obtained in diluted solutions (Fig. 6B and Table S3, ESIt), and
(if) the intensities of ECD spectra in terms of differential
absorbance (AA) is directly proportional to the amount of
matter deposited (Fig. 6B). Regarding to this latter property a
simple normalization showed that each transference process
contribute equally (AA = 1.4 x 10~ mA) to the total differential
absorbance with a global g, value of 2.2 x 10~% at 371 nm
(Fig. S18A, ESIt). Accordingly with that value a reliable ECD
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Fig. 6 (A) Absorbance and (B) CD spectra of (S,S,P)-1 (continuous lines)
and (R,R.M)-1 (discontinuous lines) in quartz plates with 8 (black line), 16
(red line) and 32 (blue line) layers.
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signal can be also obtained with only one transference, showing
that the chiroptical response in this case is able to be detected
from a single molecular layer (Fig. S18B, ESIt). This result is
highly infrequent, pointing out the versatility of diol 1.>*°

CPL measurements of solid samples are usually more
delicate due to the fact that they can be heavily affected by
LD of the sample and photoselection. Uncertainties derived
from LD can be alleviated owing to the cosine dependence with
respect to the rotation of the sample, as in the case of ECD.
Nevertheless, removing photoselection artefacts requires the
depolarization process of diol 1 in the solid state. It is worth
noting that the analysis of fluorescence anisotropy in the
samples can shed light on the presence of interferences due
to photoselection and/or the formation of ordered, liquid
crystal-like phases. For that purpose the multi-layers of
(S,S,P)-1 or (R,R,M)-1 transferred onto glass slides were analysed
using different settings for the 375 nm excitation light: 0° and
90° linearly polarized light and right (R-CPL) and left circularly
polarized light (L-CPL). The collected emission from the
specimen was separated into the vertical (Iy) and the horizontal
(In) polarization components. We then reconstructed images
for the Iy/Iy ratio and obtained population histograms after
thresholding to remove background pixels.

In Fig. 7 we show an example of the images of one sample
(7A) and the histograms obtained for the sum of all the samples
(7B) with 16 monolayers of diol (S,S,P)-1 using the four types of
excitation and the corresponding extracted populations. As it
can be seen, very similar distributions were obtained in all
cases, with slight differences between linear excitations but
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Fig. 7 (A) Examples of different /,,/ly ratio images and (B) extracted overall
In/ly ratio histograms (from, at least, 4 different images) of compound
(S,S,P)-1 transferred onto glass slides after subsequent deposition of 16
layers at different excitation polarizations.
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ferred onto glass slides. (B) gum and C) Al values of (S,S,P)-1 (continuous
lines) and (R,R,M)-1 (discontinuous lines) in quartz plates with 8 (black line),
16 (red line) and 32 (blue line) layers. Excitation wavelength: 250 nm.

almost identical curves for different senses of CPL, thus support-
ing the absence of microscopic anisotropy in these samples. These
results are reproducible independently of the number of transfer-
ences and for both enantiomers (see Fig. S10-S14, ESI{). Overall,
the isotropic emission of both enantiomers upon different types of
excitation confirmed that artefacts from photoselection can be
neglected when measuring CPL emission.

Once this latter source of artifacts has been ruled out by taking
into account the depolarization process of diol 1, free-of-artefact
CPL signal could be obtained for compounds (S,S,P)-1 and
(R,R,M)1 in layers transferred onto quartz slides with a gy, value
of 1.2 x 102 (Fig. 8). This value is independent of the number of
transferences and matches the one obtained in diluted solutions,
pointing out a true molecular origin of the emission.

Chiral barcoding

With the confidence of having reliable values for ECD and CPL
for enantiomers (S,S,P)-1 and (R,R,M)-1 in layers transferred we
decided to generate a simple chiral barcoding presenting
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Fig. 9 (A) CD values of 1 (green inverted trianles), 8 (dark blue triangles),
16 (red circles) and 32 (black squares) layers of (S5,S,P)-1, and 1 (purple
diamonds), 8 (yellow triangles), 16 (light blue triangles) and 32 (gray circles)
layers of (R,R,M)-1. (B) Integral of gium graph of (5,5,P)-1 (green areas) and
(RRM)-1 (purple areas) layers in the selected wavelength region
(410-430 nm). See Fig. S25 and S26 (ESI¥) for raw data.

alternating positive and negative regions. For that, we built
two different barcodes, one with 16 and the second with 32 layers,
by mixing substrates with the same number of transferences of
each of the enantiomers. So we prepared the enantiomerically pure
samples and the two different regions were created by cutting and
pasting quartz with deposited (S,S,P)-1 and (R,R,M)-1.

Within this context, recording the complete ECD or CPL
spectra is not strictly required. The detection in a small wave-
length range around the maxima (ECD, 358-363 nm, CPL, 410-
430 nm) would be enough. Such conditions were explored for the
prepared samples using from 1 to 32 transferences of either
(5,S,P)-1 and (R,R M)-1 (Fig. 9). Owing to the intense chiroptical
response of the enantiomers of diol 1, the samples gave a stable
value in sign and magnitude for all the specimens including from
1 to 32 transferences with only 8 accumulations, each in one
different rotation with a global acquisition time of around 10 s
(CD) and 20 s (CPL). For the case of CPL we found that it is also
informative the relative integral of the g, spectra integrated
over the measured region. In that case point by point deviations
derived for the short acquisition times can be averaged and
compared between the different experiences (Fig. 9). Highly
homogeneous signals can be therefore observed.

Finally, the case of 32 transferences was selected as optimal
in terms of signal/noise ratio, time and amount of material to

This journal is © The Royal Society of Chemistry 2023
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S28 (ESIT) for raw data.

check the response in the chiral barcoding. The tracking of the
signal in a dual barcoding is shown in Fig. 10. The excitation
focus was manually displaced along the indicated axis. In the
extrema only one enantiomer is irradiated. At the inner points
the gium value diminished slightly owing to excitation is also
covering a small part of the other enantiomer region. A clear
sigmoidal curve can be observed as expected along the tracking
process for each wavelength and the corresponding average.

Conclusions

In summary, we have shown that enantiomeric (S,S,P)-1 and
(R,R,M)-1 0-OPEs are able to efficiently self-assemble in 2D films
thanks to their amphiphilic nature. The transference of these
films in glass supports has allowed the study and chiroptical
evaluation of solid materials cover exclusively with SOMs. Films
deposited on these substrates suffer a process of phase separa-
tion giving rise to discrete aggregates that increase in size as the
number of transferred films increases. This effect not only does
not affect chiroptical values, but it is also a great advantage
since the monomers in these aggregates can be reoriented
avoiding photoselection processes. This result is essential to
develop reliable systems and is difficult to obtain using other
types of compounds, like supramolecular polymers, and/or
deposition processes. State-of-the-art spectroscopic techniques
have been used to prove that the emission values of the substrates
are free of artefacts. With this verification and coupled with the
high emission values of the monomers that are preserved in the
solid substrates we have been able to develop a CPL-barcoding
system as a proof of concept. The possibility of using both

This journal is © The Royal Society of Chemistry 2023
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enantiomers makes it possible to develop a barcoding system
that can present positive and negative regions or values, making it
easier and safer to read.

Although the results presented here are a proof of concept,
the significant progress in recent years of molecules and
systems showing high CLP values and techniques or instru-
ments capable of measuring it suggests that this property will
soon be exploited in commercialized products.
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