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ABSTRACT

Herein, we report the synthesis and structural characterization of two spiro-linked tetraphenylethenes and investigate their

optical properties in solution, as aggregates, and in the solid state. This family comprises two double spirobisanthracene-

tetraphenylethene hybrid systems. Approaching the synthesis and understanding the structure of these unexplored spiro-systems

opens the door to studying their properties both in solution and in the solid state. Besides the structural novelty of the

prepared compounds, their solid-state optical properties are remarkable. White and blue emissions are observed in the double

spirobisanthracene-tetraphenylethene hybrid derivatives. In addition, one of the synthesized compounds is chiral, and separation

of its enantiomers enable the study of their chiroptical properties, revealing circularly polarized luminescence in films, aggregates

and dispersions. Crystals were analyzed via circularly polarized luminescence microscopy, allowing the identification of racemic
and enantiopure crystals via single-particle analysis. This work paves the way for a further extension of the spirobisanthracene

capabilities toward their implementation in emissive devices.

1 | Introduction

Spirocompounds are a family of organic molecules composed
of two cycles that share a common central tetrahedral atom.
Spiro-linkage is useful to connect two different 7-conjugated
structures through a non-conjugated central atom [1]. In this
sense, spiroconjugation may arise, influencing the electronic
distribution of the linked 7-systems, and providing a tool to
modulate their optoelectronic properties [2-7]. Carbon-based
spirocompounds are of special interest due to the structural
versatility of carbon compared to other elements. Spirobifluorene
(SBF) has been deeply studied [8] and is currently part of
commercially available and widely used hole transport material
in solar cells [9-11], among other applications [12]. Currently, pure

hydrocarbon SBF derivatives are under study, with a current focus
on extending the conjugated structure [13-19], or the preparation
of SBF monomers, dimers and trimers as hosts matrices for
emissive devices [20-22]. In this sense, the insertion of two double
benzylic carbons into SBF can generate a dihydro spirobisan-
thracene (SBA, Figure 1) scaffold. The extra benzylic positions
in SBA can be used to extend the conjugated structure and,
thus, connect different types of 7-systems through a spirocenter.
Surprisingly, SBA-related systems are still underexplored, with
only a few examples reported in the literature. SBA-diones have
shown potential as stabilized triplet excited states [23], while
polyspirocenters based on SBA have only recently been prepared
[24]. With this background, we explored the possibility of linking
two functional 7-systems through an SBA scaffold. As proof
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FIGURE 1 | Top: Structures of BTPE, as an all-carbon double TPE
molecule, and SBF-TPE as an example of spiro-TPE hybrid molecule
reported in the literature. Bottom: structure of SBA and structures of the
prepared spirobisanthracene-TPE hybrid molecules reported herein and
their main features.

of concept, we selected tetraphenylethene (TPE) [25]. TPE is a
well-known 7-system exhibiting aggregation induced emission
(AIE) [26, 27], which has enabled a plethora of applications
[28]. The TPE moiety has been used as a building block of
many different architectures, such as macrocycles and cages
with different number of TPE units [29]. TPE dimers, such as
4,4-bis(1,2,2-triphenylvinyl)biphenyl (BTPE, Figure 1), have also
shown interesting properties, including outstanding fluorescence
quantum yield (@) and deep blue AIE [30, 31]. However, carbon-
based spiro-TPE hybrids are underexplored, and only a single
reported example based on a SBF-TPE hybrid can be found in
literature (SBF-TPE, Figure 1) [32], whereas spiro-TPE hybrids
bearing heteroatoms are more common [33]. Therefore, we
envisage SBA as the central scaffold to explore new all-carbon
spiro-TPE hybrid systems. The SBA 7-systems can be regarded
as two half TPE moieties, which, by exploiting the benzylic
positions, can be completed to form full TPE units. With this
idea in mind, we proposed the synthesis of compounds 1 and 2
(Figure 1) and the study of their structural and optical properties
in solution and the solid state. Compounds 1 and 2 are designed
as SBA-TPE analogues bearing two TPE units. Additionally, we
took advantage of the SBA unit to introduce chirality in analogue
2 (Figure 1) and enable the study of its chiroptical properties. In
particular, circularly polarized luminescence (CPL) response was
evaluated for compound 2 in aggregates, films, dispersions, and
crystals. The latter was examined through CPL imaging [34, 35]
as one of the few examples of organic molecules detected using
this technique [36].
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SCHEME 1 | Synthesis of compounds 1 and 2. Reagents and condi-
tions:(a) (i) nBuLi, THF, —78°C to RT, 16 h, (ii) MeSOsH, CH,Cl,, RT, 16 h,
(iii) KMnOy, MeCN, 60°C, 16 h; (b) Lawesson’s reagent, toluene, 110°C,
16 h; (c) PPh;3, m-xylene, 140°C, 1 h; (d) PPhs, m-xylene, 140°C, 2 h.

2 | Results and Discussion
2.1 | Synthesis and Structural Characterization

Compounds 1 and 2 were synthesized according to Scheme 1.
Starting from 2-bromodiphenylmethane 3, and anthraquinone
4, spirobisanthracene dione 5 was prepared, using a modified
reported strategy (Scheme 1) [23]. Compound 5 was transformed
into its corresponding dithione 6 using Lawesson’s reagent. Sub-
sequent Barton—Kellogg reaction with diazo derivative 7 yielded
compound 1. Using an analogous strategy, the chiral derivative 2
was prepared using diazo derivative 8 during the Barton-Kellogg
reaction (Scheme 1).

Compounds 1 and 2 were isolated as white powders. Their
structures were confirmed by nuclear magnetic resonance spec-
troscopy (NMR), high-resolution mass spectrometry (HRMS),
and by single crystal x-ray diffraction (SCXRD) (Supporting Infor-
mation). According to SCXRD, the SBA moiety of 1 and 2 shows a
boat-like conformation in the two anthracene moieties (Figure 2)
with a bent angle (6) of 62° and 56° for 1 and 2, respectively.
This is in accordance with the DFT optimized geometries, 6 =
56° and 58°, respectively (B3LYP/6-31G(d,p)). The two possible
boat-like conformations can be interconverted by reverse folding
with a calculated energy barrier of 6.4 kcal mol™! for 1 (B3LYP/6-
31G(d,p), Figure S54), suggesting that the process takes place at
room temperature. This calculated energy barrier is lower than
the one observed in 10,10-dimethyl-9,10-dihydroanthracenes [37],
suggesting that the presence of the second anthracene moiety
and the p-tert-butylphenyl substituents contribute to a higher
energy ground state. Two energy barriers of 6.9 and 6.5 kcal
mol! were calculated for 2 (Figure S58), which interconvert
their three identified conformers (Figure S55—S57). Aromaticity
indexes were analyzed through the harmonic oscillator model of
aromaticity (HOMA) and the nucleus independent chemical shift
(NICS). The HOMA and NICS(0);,, show expected values for the
Clar sextets of 1 and 2, while the central rings of the SBA moiety
show a marked non-aromatic character (Supporting Information,
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FIGURE 2 | Single crystal x-ray diffraction structures of compounds
1-2. Top left: schematic representation of the measured angle 6. Color
code: C, gray; O, red. Hydrogen atoms and disorder of some Bu groups
are omitted for clarity [38].

Figure S68). Frontier molecular orbitals (FMOs) of 1 are extended
over the entire molecule, while they are mostly located at the
3,5-dimethoxyphenyl (HOMO) and the SBA (LUMO) moieties in
compound 2 (Figures S59—S61).

2.2 | Solid-State Emission

Solutions of 1 and 2 in THF exhibited absorption in the UV region
(270-390 nm), with maxima at 303 and 289 nm, respectively. The
molar absorption coefficient (¢) was evaluated as 2.50 x 10* and
2.48 x 10* L mol™! cm™ at the maxima, respectively (Figures
S31-S33). Remarkably, compound 2 shows a hypsochromic shift
compared to 1.

TPE-related compounds are well-known for their AIE properties.
Hence, we probed the emission properties of 1 and 2 upon
increasing the volume fraction of water (f,,) in THF solutions.
Aggregation caused notable spectral changes in 1 from f,, = 70%,
ranging from the appearance of a red band at 625 nm to, eventu-
ally, the arising of broad white emission in a dispersion of f,, =
99% (Supporting Information, Figure S35). The resulting CIE1931
coordinates (x,y) of this emission profile are (0.306, 0.321), which
match those of the daylight illuminant standard D65 (0.313, 0.329)
(Figure S48). We analyzed the 99:1 (v/v H,O/THF) dispersion
of 1 by TEM imaging, finding amorphous aggregates (Figure
S49). Similar behavior was found for 2, where the emission in a
99:1 (v/v H,O/THF) dispersion was slightly blueshifted (Figure
S36). The CIE1931 coordinates of this emission profile are (0.250,
0.225) (Figure S48). We measured the fluorescence emission

decay traces of those aggregates in a 99:1 (v/v H,O/THF) mixture,
using time-resolved fluorimetry, and obtained multiexponential
behavior varying along the emission band. The average lifetime
values of 1 varied from 1.3 + 0.1 ns at 450 nm to 3.7 +
0.2 ns at 550 nm whereas for compound 2 the lifetimes were
5.0 + 0.1 ns at 450 nm and 6.0 =+ 0.1 ns at 550 nm (Figures S37
and S38; Table S2). Interestingly, compound 2 exhibited complex
excited-state dynamics, evidencing the formation of red emissive
excimers, with long lifetime values. The broad-band emission of
aggregates from 1 and 2 was measured by multichannel confocal
fluorescence lifetime imaging (FLIM). We probed the emission of
aggregates deposited on glass slides over three detection channels
for blue (450 nm), yellow (550 nm), and red (630 nm) emission
upon excitation at 375 nm (Figure S42), and built the ratiometric
images, I;s50/Iss0, Isz0/Isso and Ig30/150, the later representing the
excess of red emission. Figure S31B,C show images of dispersed
aggregates of 1 and 2 in a 99:1 (v/v H,O/THF) mixture. A particle-
wise quantification of the images demonstrated that aggregates
of 1 have higher I ;,/I,5, ratio values than 2, indicating that 1
exhibits a broader emission band in the aggregate state. Moreover,
the aggregates of 1 exhibited a size-dependent I ;,/1,5, ratio, with
larger values for larger and brighter aggregates (Figure S42D),
indicating that the red emission is favored upon aggregation.

We then analyzed the solid-state emission of crystals of 1 and 2.
FLIM imaging of crystals of 1 and 2 showed striking differences.
On the one hand, 1 crystalized in the form of large flake-like
crystals, but small fragments were also detected (Figure 3A).
These crystals exhibited low lifetime values, indicating that
packing fostered emission quenching. In contrast, compound 2
exhibited two morphologically different types of crystals: small
flake-like and needle-shaped ones (Figure 3A). Importantly, these
two different types of crystals exhibited different lifetime values,
whereas flakes showed low lifetime values, similar to compound
1, the needle-shaped crystals had much larger lifetime values,
indicating a structurally different packing that fostered emission.
We performed a particle-wise analysis of the FLIM images
in three detection channels (450/40, 465/35, and 630/60 nm;
where xxx/yy refers to: xxx = center of the band, yyy = width
of the band) to extract lifetime values from different crystal
fragments and reconstruct lifetime distributions (Figure 3B).
Whereas flake-shaped crystals of 1 showed consistent lifetime
values of 1.1 + 0.2 ns, with slightly larger values in the red-
emission region, lifetime distributions of compound 2 fragments
clearly exhibited three distinct lifetime populations that correlate
with the different shapes and thus packing structures. Flake-
like crystals showed lifetime values of 2.1 + 0.3 ns, whereas
needle-shaped crystals exhibited two populations with lifetimes
of 4.1 + 0.1 and 6.6 + 0.1 ns. Interestingly, needle-crystals emitted
with the shortest lifetime at the short wavelengths, whereas
they preferentially emitted with the long lifetime at 630 nm.
Moreover, the different crystals showed differences in the spectral
distribution and thus on intensity ratio images (Figure 3C,D).
Figure 3C shows Ig;,/I,5, ratio images of crystals of 1 and 2.
Flake-like crystals of compound 1 exhibited I,;,/I,5, intensity
ratio values of 2.6 & 0.3, and 3.1 + 0.7 for flakes of compound 2.
In contrast, needle-like crystals of 2 showed an I;,/I,s, ratio of
5.1+ 0.7 (Figure 3D).

All these features indicated that needle-shaped crystals of 2
contain two different emissive states in the broad-band emission.
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FIGURE 3 | (A) Representative FLIM images in the 450 nm and
the 630 nm channels of crystals of compounds 1 and 2 suspended in
DMF:MeOH. Scale bars represent 10 um; (B) Automatic particle-wise
analysis is performed to select different ROIs for extracting lifetime
distributions. The lifetime histograms reconstructed from all images of
compound 1 (pink histograms) and 2 (blue histograms) in the 450, 465,
and 630 nm channels were fitted to 1, 2, or 3 gaussian functions. Box plots
show the distribution of lifetimes in the different ROIs from all images
collected in the three channels. Boxes represent std dev, whereas whiskers
represent 95% of events. (C) I¢30/1450 ratio imaging, on a pseudocolor scale,
of the images in (A); (D) Box plot of average I30/I450 ratio values from
different images of crystals of compounds 1 and 2. Boxes represent std
dev, whereas whiskers represent 95% of events.

Red-shifted, long-lived emission was likely caused by excimer-
like interactions, whereas the monomeric state preferentially
emitted in the blue region of the spectrum. However, these
are striking differences with respect to the emissive features of
the aggregates formed in H,O/THF (99:1 v/v) mixtures. Flake-
like crystals of 1 result in self-quenched, blueshifted emission,
indicating a different packing motif than that of the aggregates.
These observations were supported by spectral measurements
combined with the confocal, obtaining spectra from the different
crystals of 1 and 2 (Figure S41).

This observation led us to analyze the solid-state emission of com-
pounds 1 and 2 in the form of powder pellets. Figure 4A shows the
steady-state photoluminescence of 1 in the solid state under near-
UV excitation at 340 nm. As can be seen, compound 1 displays
a broad emission spanning an extremely wide spectral range
(400-700 nm) yielding a white-light appearance. This intense
solid-state luminescence is consistent with the well-established
restriction of intramolecular motion mechanism characteristic
of TPE-based emitters. Upon aggregation and crystallization,
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FIGURE 4 | Steady-state and time-resolved photophysical character-
ization of 1 (panels A and B) and 2 (C and D) in the solid state (thin
films).(A and C) Steady-state photoluminescence of compounds 1 and 2
collected with Aey. = 340 nm. A linear interpolation was applied in the
region around 680 nm to eliminate artifacts due to scattered laser light.
(B) and (D) False-color intensity maps of time-resolved emission as a
function of wavelength and delay after excitation; insets show decay traces
obtained by integrating the emission over the entire spectral band with
corresponding fits.

restricted molecular mobility suppresses non-radiative relaxation
pathways associated with intramolecular rotations of the periph-
eral phenyl rings and other torsional motions, including twisting
of the central C=C bond [39]. Time-resolved photoluminescence
measurements (Figure 4B) demonstrate substantial temporal
evolution during the decay, with pronounced progressive changes
in spectral shape (Figure S39A,B) and wavelength-dependent
decay kinetics (Figure S40A). These features, in agreement with
the results from aggregates in 99:1 (v/v H,O/THF), are a sign that
the white-light photoluminescence arises from the superposition
of multiple emissive components with distinct decay dynamics.
This behavior is consistent with a heterogeneous system in which
multiple chromophoric species contribute to the overall emission,
likely associated with different molecular aggregates, packing
motifs, or conformational states of compound 1 in the solid
state. A similar coexistence of multiple emissive states has been
reported in other AIE-active systems with sterically demanding
scaffolds, where high-energy locally excited states and lower-
energy excimer or aggregate states contribute simultaneously
to a broad, white-light emission [40, 41]. In our case, the SBA
scaffold is expected to prevent uniform close packing, favoring
a distribution of heterogeneous environments that give rise to
multiple emissive species. Despite this complexity, the decay
kinetics of 1 (Figure 4B, inset) obtained by integrating the
emission over the entire spectral band, can still be satisfactorily
described by a single-exponential function with a lifetime in
the nanosecond range (~2.5 ns, Table S3), characteristic of
highly dipole-allowed optical transitions. This apparent mono-
exponential behavior reflects the dominance of long-wavelength
emission components, which persist significantly longer than
the shorter-wavelength contributions, as can be seen from the
detailed wavelength-resolved analysis in Figure S40A, with the
results shown in Table S3. Interestingly, the different nature of the
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FMOs of compounds 1 and 2 leads to significant changes in their
solid-state optical response, despite the structural differences
between the two being subtle. Indeed, Figure 4C shows that
compound 2, although still exhibiting a broad emission, displays
a somewhat narrower spectral profile characterized by a more
pronounced peak in the blue region (around 440 nm). Besides,
the decay dynamics of this solid-state emission (Figures 4D and
S39C,D) still display spectral evolution during decay, confirming
contributions from different emitters, but this effect is much
less pronounced compared to compound 1. The decay kinetics
of 2 require a bi-exponential fitting function to adequately
describe the temporal evolution (Figure 4D, inset), revealing
the presence of at least two well-defined relaxation channels
with lifetimes of 1.8 + 0.3 and 5.2 + 0.6 ns (Table S4), in
excellent agreement with the values obtained from aggregates
(Table S2). This multiexponential behavior and the distinct solid-
state optical response between the two derivatives underscore
the active photophysical role of the spiro-linkage. As established
for related spiro-conjugated systems, the rigid 3D spiro core not
only limits detrimental 7z—7 stacking [33] but also participates
in excited-state conformational relaxation [42]. Together, these
effects strongly influence the energy landscape in the solid state,
thereby modulating the relative contributions of monomeric and
aggregate-derived emissive pathways.

2.3 | Chiroptical Properties and CPL Imaging

Compound 2 exhibits axial chirality. Therefore, its enantiomers
were separated using chiral stationary phase high performance
liquid chromatography (Figure S50). The electronic CD spectra
of (P)- and (M)-2 were measured in THF and shows a |A¢| of 10
L mol™ cm™ at 310 nm (Igy,| = 6.0 x 10~*) (Figure 5A). The
configuration was assigned with the help of TD-DFT calculations
(B3LYP/6-31G(d,p)) according to the Boltzmann distribution of
the three conformers (Figures S55—S57). The circularly polarized
luminescence of (P)- and (M)-2 was measured in aggregates from
a 99:1 (v/v H,0/THF) dispersion (Figure 5B), and in the solid
state, both as a dispersion in KBr (Figure 5C) and in thin films
(Figure 5D). The aggregates show a Ig,,| of 2.5 x 107%. The
dispersion in KBr exhibits a Ig,,| of 2.5 x 10~ at the emission
maximum. Films of (P)- and (M)-2 were prepared via drop casting,
and their CPL was recorded in the 400-500 nm range, exhibiting
a g, value in the range of 1073, Remarkably, the CPL sign of the
enantiomers is inverted with respect to the lowest energy band of
the CD spectra.

Given the detection of CPL emission of compound 2, we also
performed confocal imaging of circularly polarized dissymmetry
by modifying the instrumentation (Supporting Information). In
this mode, we used a 1/4 plate, with the fast axis set at +45°, set
in the detection optical pathway and the emission was split by a
polarizing cube in the horizontal (P) and vertical (S) components,
collecting two images with the intensities in each channel (I, and
I, respectively) (Figure 6). Using this configuration, an excess
of RCP emission resulted in an excess in the P component,
whereas an excess of LCP emission yielded larger intensities
in the S channel. Hence, by inspecting I/I; ratio images, CPL
dissymmetry can be detected. We applied this configuration
using two different chromatic detection bands, at 465/30 nm
for blue emission, and 630/60 nm for red emission (Figure 6A).
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FIGURE 5 | (A)Electronic circular dichroism spectra of compounds
(P)- (viridian) and (M)-2 (yellow). (B) Dissymmetry factor of lumines-
cence for (P)- (viridian) and (M)-2 (yellow) measured in a 99:1 (v/v
H,0/THF) mixture. (C) Dissymmetry factor of luminescence for (P)-
(viridian) and (M)-2 (yellow) measured in KBr pellets, raw data is shown
in dashed lines and smoothed data in solid lines. D) Dissymmetry factor
of luminescence for (P)- (viridian) and (M)-2 (yellow) measured in drop-
casted thin films, raw data is shown in dashed lines and smoothed data in
solid lines.

Flake crystals of compound 1 exhibited negligible dissymmetry,
with Ip/Ig ratio values close to 1 (Figure 6B). However, crystals
of 2 exhibited three distinct populations. While flake crystals
were characterized by low dissymmetry values, needles exhibited
either high I,/I; ratio values (corresponding to excess of RCP) or
low I,/I, ratios (indicating excess of LCP emission). We employed
the same automatic algorithm, as described in the FLIM section,
for identification of regions of interest (ROIs) and obtaining
the particle-wise Ip/I ratio distributions across all the images
(Figure 6C). These distributions clearly illustrate that compound
1 only showed negligible dissymmetry, whereas compound 2
presented crystal fragments with LCP, RCP, and no CPL emission.

To ensure that these differences in emission polarization do not
arise from artifacts, we collected the same FoVs but by rotating
the fast axis of the 1/4 plate to —45°. Under this configuration,
RCP light yields excess in the S component after the polarizing
beam splitter, whereas LCP light results in an excess of the P
component. Hence, I,/Ig < 1 indicates RCP, whereas Ip/I5 > 1
arises from LCP (Figure 6A). Figure 6D illustrates that crystals
of 1 did not notably undergo changes in the Ip/Iy ratio upon
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FIGURE 6 | (A)Scheme of the confocal microscopy instrumentation
to measure emission CPL dissymmetry. The collected emission passes
through a 1/4 plate, with the fast axis set at +45° or —45° and is split
into the vertical (S) and horizontal (P) components. Ratiometric imaging
reconstruction of the Ip/Ig ratio indicates excess of RCP or LCP, with
high or low values correlated with the different chirality, depending on
the orientation of the A/4 plate. (B) Representative Ip/Ig ratio images
of crystals of compounds 1 and 2 suspended in DMF:MeOH, in the
465/30 nm and the 630/60 nm bands, with the 1/4 plate set at +45°.
Scale bars represent 10 um. (C) Automatic particle-wise analysis was
performed to select different ROIs for extracting Ip/Ig ratio distributions.

rotating the A/4 plate, whereas crystals of 2 that exhibited high
I,/I ratio values correlated with low I,/I ratios with the change
in the direction of the 1/4 plate. Then, we correlated the I,/I
ratio values with 4/4 at +45° with the corresponding values when
the 1/4 plate was set at —45°, for all the different particles in
the images collected for compounds 1 and 2 (Figure 6D). This
plot corroborates that compound 2 presented crystal fragments
unequivocally emitting excess of RCP and other fragments emit-
ting excess of LCP. Importantly, these features indicate a complex
crystallization behavior of 2, including crystallization-driven
enantiomeric selection. The clearly different packing of needle-
like crystals with respect to flake crystals appears to correlate
with emission of CPL emission. Interaction and crystallization of
different enantiomers should not emit CPL, thus flake crystals
of 2 likely contain both (M)- and (P)-2 enantiomers. However,
emission of CPL should arise from chirality in the crystals, driven
by enantiomeric selection during nucleation. Crystal packing of
the different enantiomers results in needle-like crystals yielding
CPL emission.

3 | Conclusion

In this work, we have introduced the first family of
spirobisanthracene-tetraphenylethene  (SBA-TPE)  hybrids,
expanding the structural diversity of spiro-linked n-systems.
Single-crystal x-ray diffraction and theoretical studies revealed
that the SBA core adopts a boat-like conformation, with enhanced
twisting in derivatives bearing two TPE units. These structural
features critically influence the photophysical behavior of the
compounds. Both hybrids exhibit solid-state luminescence,
with compound 1 delivering broadband white emission closely
matching the D65 illuminant standard, while compound 2
shows intense blue emission. Time-resolved spectroscopy
indicates that these emissions arise from multiple emissive
states associated with distinct packing motifs and aggregate
structures. Furthermore, the axial chirality of compound
2 enabled enantiomeric resolution and the observation of
circularly polarized luminescence (CPL) in the solid state, with
dissymmetry factors up to 1073 in thin films and aggregates.
This chiral emission allowed discrimination of different types
of crystals according to their dissymmetry using CPL imaging.
These findings demonstrate that SBA-TPE scaffolds combine
structural novelty, tunable emission color, and chiroptical
activity, thereby paving the way for their implementation in

Box plots show distribution of Ip/I ratio from crystal fragments of 1 (dark
yellow) and 2 (orange) in the 465/30 nm (left) and the 630/60 nm (right)
bands. Boxes represent std dev, whereas whiskers represent 95% of events.
Note that a log scale is used because an intensity ratio is not a normal-
distributed function. In contrast, the log of the ratio follows indeed a
normal distribution. (D) Exemplary comparisons of Ip/Ig ratio images of
crystal fragments of 1 and 2, when the axis of the 1/4 plate is rotated from
+45° to —45°. The plot correlates the Ip/I ratio values of crystal fragments
of 1 (dark yellow symbols) and 2 (orange symbols) with the 1/4 plate set
at +45° (x-axis) or —45° (y-axis). Closed symbols represent results from
the 465/30 nm emission band, while open symbols are from results in the
630/60 nm band. APD: avalanche photodiode.
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advanced optoelectronic applications, including white-light
OLEDs and blue CPL-OLEDs.
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