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ABSTRACT. Circularly polarized luminescence (CPL) can be generated either from fluorescent
dyes with chiral structures or from achiral luminophores in chiral environments such as chiral
hosts or chiral self-assemblies. Herein, we demonstrate the CPL induction to an achiral

fluorophore grafted on an inorganic nanoparticle (NP) with a chiral shape. Nanoparticles



composed of a mercury sulfide (HgS) cinnabar phase with a chiral crystal structure are
investigated as a platform on which the achiral molecules self-assemble into a chiral
arrangement. Both the crystallographic and morphological chiralities of HgS NPs are
independently considered for the induction of a chiral arrangement of achiral dyes. The HgS NPs
with an ellipsoidal shape (NEs) are modified with the achiral fluorescent dye, resulting in no
CPL emission. The larger HgS NPs with a chiral twisted structure (NTs) are found to give rise to
CPL. The sign of CPL signals could be regulated through the modification of the twist direction
of the HgS NPs. Chirality is considered to be induced in the arrangement or assembly of achiral

fluorescent molecule on the chirally twisted surface of NPs.

INTRODUCTION

Circularly polarized luminescent (CPL) materials have received broad attention due to their
potential applications in 3D displays, > chiroptical materials,®* and optoelectronic devices.”*°

Extensive studies have been conducted on the development of CPL-active materials based on
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chiral organic dyes, polymers, metal complexes, and supramolecular assemblies.
The most common approaches to obtain CPL-active dyes is a combination of a chiral moiety
with a luminophore by a covalent bond or the design of intrinsically chiral luminophores.?®
While such chiral organic dyes sometimes require tediously long synthesis procedures, their CPL
performance is not always impressive. An alternative approach includes the coassembly of
achiral fluorescent materials with chiral molecules and supramolecular assemblies.*”?#?¢% The
optical activity of chiral molecular systems is successfully transferred into non-chiral

luminophores through chiral molecular arrangement and/or chiral electronic hybridization. For



example, cyclodextrins can incorporate achiral guest dyes in their hydrophobic cavity to achieve
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CPL generation. Helical chiral supramolecular assemblies were also employed to
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coassemble with achiral emitting substrates such as dyes, quantum dots and perovskite
nanocrystals,®* successfully generating CPL with various colors. The chiral supramolecular
assemblies could serve as a template for the chiral assembly of achiral dyes.?*®" The chiral
assemblies also incorporate achiral nanomaterials, providing a chiral electronic environment.?3
Although chiral organic systems have been well demonstrated as chiral inducers to stimulate
CPL activity partnered with achiral organic and inorganic luminophores, the potential of

inorganic materials as a chiral template has rarely been explored.***®

Recently, chirality transfer experiments from metal clusters with an intrinsically chiral
atomic arrangement to the organic ligands attached to the surface of the core have been
demonstrated.®® Achiral thiolate ligands coordinated to the surface of the chiral cluster adopt a
chiral arrangement on their surface, inducing interligand chiral interactions.** Huang and co-
workers demonstrated that the chirality of the surface of a chiral silver nanohelix generated by a
glancing angle deposition technique was transferred to the stereoselective adsorption of a
prochiral anthracene derivative leading to stereoselective photodimerization on the surface of the
nanohelix.*® Helical silica scaffolds also served as a platform for a helical arrangement of achiral
molecular chromophores and metal ions.**** To our knowledge, the combination of chiral
inorganic NP with achiral luminophore to generate CPL active materials has been limited to a
recent example employing helical plasmonic nanorods,* while dye grafting to the nanoparticle
surface has been extensively studied to promote unusual emission properties. The helical
plasmonic nanorods served as a nanopolarizer giving a filtering effect on the emission of achiral

fluorophore.*® From a viewpoint of inorganic-to-organic chirality transfer, cinnabar nanoparticles



are promising to address this challenge. Cinnabar (a-HgS), which crystallizes in the chiral
trigonal space group of P3;21 (or its enantiomorph P3,21), is a potential candidate for a chiral
inorganic template. Previous works reported the enantioselective synthesis of colloidal a-HgS
nanoparticles (NPs) possessing a chiral crystalline lattice but an achiral ellipsoidal
morphology.*** Furthermore, Ouyang and co-workers succeeded in the preparation of o-HgS
nanostructures with independently controlled chiral crystalline lattice and helically twisted
morphology.*®* While the chiral ligand in the initial synthesis of seed defines the
crystallographic handedness, the one in the latter growth stage determines the handedness in the
twist of morphology with the larger length scale. Herein, we report a new CPL-generation
system composed of an achiral luminophore 1 incorporating a grafting unit (Figure 1) and a-HgS
NPs. Both the crystallographic and morphological chiralities of HgS NPs were independently
considered for the induction of chiral arrangement of 1. The a-HgS nanoellipisoids (NEs) with
the achiral shape could not induce CPL of 1, whereas CPL signals could be observed upon the
combination of 1 and NPs with topological chirality (nanotwists, NTs). The sign of CPL was
dependent on the handedness of NT morphology regardless of the crystallographic chirality of

NTs.

Figure 1. Chemical structure of the achiral fluorophore 1.



EXPERIMENTAL SECTION

General Methods. 1 was synthesized according to the reaction procedures described in the
Supporting Information following Scheme S1. Absorption spectra in solution were studied with a
JASCO V-760 spectrophotometer. Fluorescence spectra were measured with a
spectrofluorometer (Hitachi F7000). Absolute fluorescence quantum yield of 1 was determined
by using a Hamamatsu C9920-02. TEM observation was conducted with a JEOL JEM-2200FS
electron microscope. Specimens for TEM were prepared by drop-casting of solutions of NEs or
NTs onto carbon-coated copper grids. XRD profiles were recorded wusing a
RigakuSmartLab9kW/IP/HY/N X-ray diffractometer. ATR-IR measurements were performed
using a JASCO FT/IR-4000 equipped with a JASCO ATR-PRO ONE. CPL spectra were

measured using a home-made CPL spectroscopy system.*

Synthesis of a-HgS NEs.* 39 mg Hg(NOs),-nH,0 was dissolved in 3.9 ml of water, followed
by addition of 0.9 ml of D- or L-penicillamine aqueous solution (100 mM) under stirring to get a
colorless solution. An aqueous 100 mM NaOH solution was added to adjust the pH value to ca.
11.5. After further stirring for 3 min, 0.9 ml of thioacetamide solution (100 mM) was injected
quickly and the mixture was stirred for 24 h at room temperature for the synthesis of a-HgS
NEs. The NEs was precipitated by the addition of acetone. The precipitate was redispersed in a
minimum volume of water and then precipitated using acetone. This procedure was repeated at

three times to remove unreacted species.

Synthesis of a-HgS NTs.*® Initially, a 100 mM thioacetamide stock solution was prepared by

dissolving 60 mg of thioacetamide in 8.0 ml of water. A mercury stock solution was prepared by



dispersing 41.3 mg of Hg(NOs3), « nH,0 in 4.0 ml of water. Then, 1.1 ml of D- or L-Pen solution

(100 mM) and 0.3 ml of NaOH (1 M) were added in a sequential fashion. In a three-neck round
bottom flask, 0.25 ml of D- or L-NEs colloidal solution was diluted with 2.25 ml of water under
N, atmosphere. Then, 0.3 ml of NaOH solution (1.0 M) was added, and 0.9 ml of D- or L-Pen
solution (100 mM) were added to the (+)- or (-)-NEs solution respectively. The 1.1 ml of
thioacetamide stock solution and 4.0 ml of mercury stock solution containing D- or L-Pen were
co-injected into the (+)- or (—)-NEs solution, respectively, for 2 h at room temperature. The
reaction solution was stirred overnight and mixed with acetone, followed by centrifugation at
5000 rpm for 5 min. The precipitate was redispersed in a minimum volume of water and then
precipitated using acetone. This procedure was repeated at three times to remove unreacted

species.

Ligand exchange from water-soluble Pen ligands to the mixture of 1 and OAmM.***° In a 2-
ml glass vial, 0.3 ml of an aqueous solution of a-HgS NTs or NEs was mixed with 1.5 mg of 1 in
0.05 ml of toluene and 0.05 ml of OAm. The mixture was stirred vigorously for 2 h at room
temperature. After the reaction, the two phases appeared by adding 0.3 ml of water and toluene.
The organic phase was carefully collected and mixed with methanol, followed by centrifugation
at 5000 rpm for 5 min. The precipitate was re-dispersed in a drop of N,N-dimethylformamide

(DMF) followed by re-precipitation with methanol. The washing step was repeated several times.

RESULTS AND DISCUSSION

Benzo[b]phosphole P-oxide derivatives bearing arylamine substituents exhibit excellent

fluorescent properties based on the combination of a push-pull system with aggregation-induced



emission behavior.”™* Here, we introduced a phosphinic acid group on the benzo[b]phosphole
scaffold, giving a 1-hydroxy-1H-phosphindole 1-oxide moiety (Figure 1), with the aim to anchor
the molecule on the surface of a-HgS NPs.>>*" Such binding unit was recently shown to
efficiently graft on ZnO NPs leading to highly emissive hybrid NPs.>® The anchoring phosphinic
acid group was introduced as a part of the hydroxyoxophosphole moiety to have a direct
interaction between the crystallographically chiral HgS surface and the fluorophore.
Furthermore, the n-conjugation is extended to two bulky triarylamine groups with single bonds
at the 2- and 3-positions of benzo[b]phosphole-based ring, enabling the adoption of chiral
conformations with axial chirality (Figure S4). The enantiomeric interaction on the surface of
intrinsically chiral HgS surface might induce such the conformational chirality. Compound 1 was
synthesized in two steps from 4,4'-(ethyne-1,2-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) by
Ag-mediated cyclization with ethyl phenylphosphinate followed by the hydrolysis of ethyl group
(see the Supporting Information for details). Photophysical study of 1 was performed in DMF
(Figure S5). The absorption spectrum showed an onset of the absorption band at 450 nm with a
maximum centered at 375 nm. The solution exhibits bright yellow-green emission (Amax = 511
nm) with a noticeable absolute fluorescence quantum yield (®g) of 0.17 under excitation at 370

nm.

HgS nanoparticles with an achiral ellipsoidal shape (NEs) were synthesized by a colloidal
precipitation method using D- and L-Penicillamine (Pen). The absorption spectra gave an
absorbance band at 470 nm (Figure S6), assigned to the formation of cinnabar phase.***® The a-
HgS NEs capped with D- and L-Pen showed positive and negative CD signals for the first Cotton

effect (hereafter referred to as (+)-NEs and (-)-NEs), respectively, at 540 nm, suggesting the

successful induction of crystallographic handedness depending on the chirality of Pen ligand



(Figure S6). Transmission electron microscopy (TEM) images of the both NEs exhibited an
achiral shape with the same size distributions with the average width and length of 7.4 and 11.3

nm, respectively (Figure $7).*4%4°

With the aim of transferring the crystallographic chirality of HgS to the chiral
arrangement of the achiral dye 1, the HgS NEs were subjected to ligand exchange with 1. We
also employed oleylamine (OAm) as a co-ligand to support the dispersibility of NPs after the
ligand exchange (see the Supporting Information for details).”®*® The mixture solution of OAmM
and 1 in toluene was added to the aqueous dispersion of NEs to form a biphasic system, which
was stirred vigorously for 2h at room temperature. The successful phase transfer of NEs from the
aqueous to toluene phase was recognized by the disappearance of orange color in the former
phase. Methanol, a good solvent both for OAm and 1, was added to the organic phase to remove
unbound ones followed by centrifugation, giving orange precipitate with a yellow supernatant.
The precipitate could be redispersed in DMF. The increase in the absorbance below 450 nm
corresponding to the light absorption by dye 1 indicates the successful anchoring of 1 on the NEs
(Figure 2a). Although the HgS NEs are not a fluorescent substance, excitation to the DMF
solution at 370 nm afforded an emission spectrum of which excitation spectrum was similar to
the absorption spectrum of 1 (Figure S5 and Figure 2b). The less effective quenching of the
emission of 1 may be ascribed to the small overlap between the emission band of 1 and the
absorption edge of HgS NEs. The emission band of 1 after anchoring on NEs appeared at 525
nm, which is apparently at longer wavelength compared to that of free 1 in the same solvent (511
nm). This red-shift suggested the possible interactions between the neighboring ligands including
1 and OAm on the identical NE. Similar absorption, emission and excitation spectra were also

obtained for (-)-NE@1 (Figure S8). The size and shape of NEs were maintained as confirmed by



TEM measurement (Figure S7). While both the (+/-)-NEs@1 were supposed to possess the
similar composition to each other, they exhibited the mirror image CD spectra (Figure S9)
suggesting the preservation of crystallographic chirality even after the ligand exchange with the
achiral ligands of OAm and 1.“**° The CD spectral shape was almost identical to that of before
the ligand exchange in water (Figures S6 and S9) and no chiroptical activity assignable to 1
seemed to be superimposed in the CD spectra of NEs@1. Furthermore, neither of NEs@1
afforded distinguishable CPL signal (Figure S10). While the formation of chiral conformation on
the surface of intrinsically chiral HgS NPs was expected, the single point interaction through the
phosphinic acid moiety is not enough to transfer chirality to the conformation of 1 (Figure S4).
The ligand exchange experiment on the achiral shape HgS NEs thus resulted in the unsuccessful

chirality transfer to the achiral fluorophore 1.
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Figure 2. (a) Absorption spectra of HgS NEs capped with D-Pen ligand in water and the mixture
of 1 and OAm in DMF. (b) Emission (solid line) and excitation (dotted line) spectra of HgS NEs
capped with the mixture of 1 and OAm in DMF. A¢ =370 nm, Aep = 525 nm.

We then explored the chirality induction to 1 on a-HgS NPs with topological chirality. o-

HgS NPs with a twisted triangular bipyramid morphology (HgS NTs) were employed as a



platform of chirality transfer. a-HgS NTs were grown according to a reported procedure using
(+)- and (-)-NEs as seed NPs in the presence of D- and L-Pen, respectively, controlling the
handedness of twist in morphology.*®*” Figure 3 shows typical TEM images of the epitaxially
grown NTs from (+)- and (-)-NEs, possessing right-(Plus, P) and left-(Minus, M) handedness,
respectively, in their twisted morphology ((+)P-NTs and (-)M-NTs, respectively). The average
length and aspect ratio of NTs are in the ranges of 90-100 nm and 1.75-1.90, respectively, similar
to the previous report,*® corresponding to the helical twisting angle of ca. 60° in the twisted
morphology of the NTs. Since the size of NPs increased to almost 100 nm, the non-negligible
effect of light scattering appeared in the absorption spectra (Figure S11). While no apparent
difference was found in the absorption profile between (+)P- and (-)M-NTs, the NTs displayed
mirror-image CD spectra in the visible region, supporting the preservation of crystallographic
chirality (Figure 4). The chiral twisted topology modified the CD profile around 450 and over

500 nm to a certain degree (Figure S6 and Figure 4).

(@)

(d)
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Figure 3. Schematic models (a) (+)P-NT and (d) (-)M-NT together with TEM images (b) (+)P-
NT@D-Pen, (¢) (+)P-NT@1, (¢) (—-)M-NT@L-Pen and (f) (—)M-NT@1.

(+)P-NT@1
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Figure 4. CD spectra of (+)P-NT@D-Pen (cyan), (—-)M-NT@L-Pen (orange), (+)P-NT@1 (blue),
and (-)M-NT@1 (red).

In a similar manner to the HgS NEs, the HgS NTs were also subjected to ligand exchange
with the mixture of OAm and 1.* The NTs were purified by repetitive dispersion/reprecipitation
cycles to remove unbound ligands. After the ligand exchange process, the NTs (NT@1) were
also dispersed in DMF. The ligand exchange was evaluated with attenuated total reflection
Fourier transform infrared (ATR-FTIR) study (Figure S12). A small band around 1000 cm™
corresponding to v(P-OH)® in the free ligand was observed to disappear on (+)P-NTs, as a proof
of the grafting. The phosphoric (P(=0)OH) group of free 1 gave characteristic peaks at 1267 and
1059 cm™ corresponding to stretching modes of phosphine oxide v(P=0O) and phosphinate
v(POO), respectively.®®®! The latter peak broadened and shifted to a lower wavenumber in (+)P-

NT@1, indicating that the POO™ group coordinates to the NT-surface. Furthermore, the
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disappearance of the v(P=0) peak around 1260 cm™ suggests the bridging or chelating

coordination mode, where the POO"™ group interacts with the surface using both oxygen atoms.

The ligand-exchange procedure had little effect on the size and shape of NTs (Figure 3).
TEM images of (+)P- and (-)M-NT@1 demonstrated no obvious change in the size and shape of
the NTs, confirming that the chiral morphology remained unchanged after the ligand exchange.
The NT@1 preserved the optical activity with an identical sign of the Cotton effect over 450 nm
to the corresponding NTs before the ligand exchange, thus demonstrating the preservation of the

crystallographic chirality in the NT core (Figure 4).

The successful modification of NTs with 1 was further supported by UV-vis absorption
and emission spectra (Figure 5). The ligand-exchanged NTs gave an increase in the absorbance
below 450 nm compared to the Pen-capped NTs. Both the (+)P- and (-)M-NT@1 exhibited
yellow-green emission with maxima at around 520-530 nm (Figure 5b), respectively, which red-
shifted compared to that of free 1 in a similar manner to the NEs@1. The excitation spectra of
the NT@1 monitored at 525 nm were identical with that of free 1 (Figure S13), indicating that
the observed emission stems from capped 1 and that excitonic energy transfer from the HgS NT
core did not take place. The amount of 1 on the NT-surface was reduced by decreasing the
charging amount of 1 in the ligand-exchange procedure. The decrease in the amount of surface-
bound 1 resulted in the decrease of emission intensity as well as a prominent blue-shift of
emission spectrum (Figure S14), indicating the decreased intermolecular interaction of 1 with

decreasing the grafting density on the surface of NTs.
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Figure 5. (a) Absorption spectra of 1 and (+)P-NT@1 in DMF and (+)P-NT@Pen in water. (b)
Emission spectra of 1, (+)P-NT@1 and (—)M-NT@1 in DMF.

Interestingly, the (+)P- and (-)M-NT@1 exhibited intense CPL signals around
fluorescence maxima, while no CPL signal was detected for free 1 (Figure 6). Although the
spectral shapes were not very clear mirror images to each other, the distinct positive and negative
CPL signals were recorded for the (+)P- and (-)M-NT@1, respectively. The intensity of CPL
can be evaluated by the luminescence dissymmetry factor (gium), which is defined as gum = 2(IL —
Ir)/(I. + Ir), where I and Ig are the intensities of left- and right-handed circularly polarized
emission, respectively. The |gum| values at the peak wavelength were about 0.004 for both
NT@1. Since the achiral shaped NEs could not induce the CPL activity to the achiral dye 1, the

topological chirality of NTs should play a role in this chirality induction.

The role of chiral morphology of HgS NTs in the chirality induction of 1 could be figured
out by employing HgS NTs with different handedness combinations of crystalline lattice and
morphology. The twisting direction of HgS NTs could be controlled independently from the
crystallographic chirality of HgS, enabling the synthesis of (+)M- and (-)P-NTs by using a
combination of opposite enantiomeric Pen-ligands in the seed preparation and growth stages.*®

The (+)-NEs prepared with D-Pen were used as a seed for the growth of M-NTSs in the presence
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of L-Pen for the synthesis of (+)M-NTs, and vice versa for (-)P-NTs. Each NTs exhibited a CD
profile with the sign of Cotton effect over 500 nm identical to the original seed NEs (Figure
S15), indicating the preserved crystallographic handedness of HgS seed after the epitaxial
growth. TEM images of the NTs revealed that M- and P-twisted morphologies were grown on
the (+)- and (-)-NE seeds with a similar average length of 50 nm (Figure S16). The ligand
exchange procedure with the mixture of OAm/1 afforded (+)M- and (-)P-NTs@1 dispersed in
DMF with spectroscopic characteristics similar to those of (+)P- and (-)M-NT@1 (Figures S17,
18), suggesting the successful preparation of 1-modified (+)M- and (-)P-NTs. The CD spectral
profiles over 450 nm are mostly preserved for (+)M- and (-)P-NT@1 after the ligand exchange,
indicating that the ligand exchange did not have an effect on the crystallographic chirality of the
NTs (Figure S15). As shown in Figure 6, the NTs@1 displayed CPL signals with amplitudes
comparable to those of NTs with other chirality combinations (|gium| ~ 0.004). A negative CPL
signal was observed for the (+)M-NT@1, whereas a positive one was recorded for the (—)P-
NT@1. Considering this result together with that of (+)P- and (—)M-NTs@1, it should be noted
that the sign of CPL signal is regulated not by the crystallographic chirality but the
morphological chirality of the twisted bipyramid NTs. The importance of topological chirality in
the chirality induction was further confirmed by employing NPs with an achiral rod shape (NRs,
Figures S19-S21). Although the NRs@1 exhibited a fluorescence spectrum ascribed to 1, they
afforded no identifiable CPL activity in a similar manner to the NEs with a smaller size (Figure

S10).
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Figure 6. CPL spectra of free 1, (+)P-NT@1, (+)P-NT@1, (-)M-NT@1 and (+)M-NT@1.

The typical radius of surface curvature of the NTs is about 30-50 nm, which seems too
large to have an impact on the unimolecular conformation of individual 1 for inducing the
conformational chirality. Given the monodentate nature of the achiral dye 1 in anchoring on the
surface of NPs, it seems difficult to induce a chiral twist to the conformational geometry in 1
adsorbed on NPs. The crystallographic chirality thus could not serve as a source of chirality
induction from inorganic NPs to achiral dye 1 as demonstrated by the absence of induced CPL in
the NEs@1 and NR@1. One may also consider the selective quenching of right or left circularly
polarized light by the optically active chiral HgS NPs. However, the effect of optical activity of
NPs could be excluded by considering the correlation of sings between the CD and CPL signals.
For example, both (+)P- and (+)M-NTs@1 afforded the positive first Cotton effect around 530
nm stemming from the crystallographic chirality of cinnabar phase, whereas the former and latter

NPs exhibited a positive and negative CPL signal, respectively.

The chirality is, therefore, considered to be induced in the arrangement, or assembly of

compound 1 on the helically curved surface (Figure 7). The red-shift in the emission spectrum
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with increasing the grafting density of 1 (Figure S14) also supports the intermolecular interaction
of 1 on the surface of NTs. Regardless of the lattice handedness, right-handed arrangement of 1
could be attained on the NPs with a right-handed twist (P-NTs), generating positive CPL, and
vice versa on the M-NTs (Figure 6). Recently, Fernandez-Léazaro, Bassani, Oda and coworkers
reported the chirality induction to achiral dye molecules on the nanometric silica helices.** The
surface of helical silica with topological chirality (helical pitch ~65 nm and diameter ~35 nm)
was modified with achiral chromophores via a single-point covalent interaction. The chiral
positive curvature of helical silica surface was expected to give a slight offset in the arrangement
of anchored chromophores, imparting a relative rotation in the direction vectors of their
electronic transition dipole moments.**® While the chiral curvature was negative on the NTs
surface, the similar effect is expected to operate on the surface-bound 1. The exciton coupling
mechanism, which works on the helically arranged vicinal chromophores,® is responsible for the
emergence of induced CD* or CPL. The chiral induction on the surface of silica helices was
successfully evaluated by the induced CD of achiral dyes.** As a preliminary test, we also tried
to extract the optical activity derived from the chiral interaction between 1 with substruction of
the CD profile assigned to NT@OAmM from that of NT@1 as a back ground signal (Figure S22).
Although the differential CD spectra were not mirror images to each other, the (+)P- and (-)M-
NTs afforded a positive and negative Cotton effect, respectively, in the absorption region of
achiral dye 1 (370-440 nm). The CD sing accorded with that of corresponding CPL signal,

supporting the induction of chirality in the assembly of 1 on the NT surface.
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Figure 7. Schematic illustration of the induced CPL generation on the chirally shaped HgS NTs.

CONCLUSION

In conclusion, we have developed a new approach to generate hybrid CPL-active materials
composed of a chiral inorganic nanoparticle and achiral fluorescent ligands incorporating a
grafting unit. The achiral molecule 1 adsorbed on the helically twisted surface of a-HgS NTs
exhibited noticeable CPL signals depending on the morphological chirality of NTs, regardless of
the crystallographic chirality. The chiral negative curvature on the surface of NTs was
considered to serve a platform for the chiral assembly of achiral dye 1, giving rise to induced
CPL. The a-HgS NTs could possess both handedness in the crystalline lattice and nanoparticle
morphology. The present work demonstrated the latter played a key role in the chirality transfer

from the curved surface of NTs to the arrangement of achiral 1. Further design of organic
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luminescent molecules with appropriate coordinating groups would demonstrate the utility of the

present chiral-inorganic and organic hybrid system as versatile CPL generation systems.
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