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Activating  circularly  polarized luminescence othreughioose:
environment-modulated polymorphic assembly of glycerolipid-

modified carbazolyl phthalonitriles

Chuanging Lan,® Xiao Chen,® Qingshuang Zou,* Zhiqi Liu,® Liwen Jiang,®

Zhifeng Huang? and Dennis K. P. Ng*?

Abstract:

Lipid molecules can self-assemble to form various supramolecular structures due to lipid
polymorphism. Based on this property, conjugation of functional dyes with lipids can form a
wide range of nanostructures with intriguing properties that have potential application in
various disciplines. In particular, materials that exhibit circularly polarized luminescence (CPL)

are of much current interest. We report herein a simple molecular design of luminophore-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

glycerolipid conjugates, which can be molecularly engineered to induce CPL activity through

changing the self-assembled environments. It involves an amphiphilic lipid chain substituted
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with a tris(carbazolyl)phthalonitrile moiety at the chiral center. With only one lipid chain, one

(cc)

polar head, one chiral center, and one luminophore, these molecules underwent self-assembly
on a polar glass surface, on a nonpolar polydimethylsiloxane surface, and in water, leading to
the formation of lipid nanocones, nanohemispheres, and nanotubes, respectively. Interestingly,
while the latter two were CPL silence, the lipid nanocones could emit CPL with a significant

luminescence dissymmetry factor of 0.01.
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Circularly polarized luminescence (CPL) has emerged as a critical phenomenon in the rapidly
growing field of chiral photonics.!? This unique feature producing light with a specific
handedness has driven significant advancements in a variety of applications, such as
optoelectronic  displays,® bioimaging,* information encryption,>’ and asymmetric
photochemical reactions.®® The ability of chiral systems to emit CPL has garnered considerable
attention due to its potential to revolutionize these technologies. Broadly, CPL-active materials
are classified into two primary categories, namely chiral luminophores, which possess an
intrinsically chiral molecular structure,'®!'* and achiral luminophores, which acquire chiral
emission through self-assembly into supramolecular chiral structures.'>!¢ A notable example
of chiral luminophores is helically structured organic molecules, which exhibit CPL due to
their inherent molecular chirality.!”!8 On the other hand, self-assembled CPL-active systems
often involve supramolecular strategies to form chiral structures, such as chiral cages,'® double
helical m-aggregates,?® helical microtoroids,?! and chiral covalent organic frameworks.?? The

assembling of these materials offers a cost-effective and versatile approach to achieve CPL, as

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

it relies on molecular packing and surface interactions to induce chiral order, circumventing
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the need for labor-intensive and expensive synthesis of chiral molecules. However, while these

(cc)

self-assembled systems are promising, challenges remain in optimizing the efficiency of CPL
generation and controlling the specific chiral packing required for consistent performance.
Advances in the understanding of the structure-activity relationship in these self-assembled
CPL-active nanostructures are crucial for further development, which is still an active area of
ongoing research.

Among the various classes of amphiphiles that can form supramolecular structures in
aqueous media, amphiphilic lipids are of particular interest due to their unique ability to self-

assemble into a variety of supramolecular architectures, such as liposomes, lipid nanoparticles,
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micelles, and bilayers, thanks to their adjustable hydrophilic-hydrophobic balangg.?3:2 FHiS: o hon
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intrinsic polymorphism allows for versatile design and fabrication of a wide range of functional
lipid-based nanosystems for various applications, such as drug delivery, biosensing, and
fluorescence imaging.?>27 It is expected that the analogues with chiroptical properties could
further advance the applications of these materials. To date, a number of CPL-active lipid-
based materials have been reported, in which the luminophores are either covalently conjugated
to the lipid components?®-30 or physically embedded in a chiral lipid-based supramolecular
scaffold.?!-33 While most of these materials are based on cholesterol’*33 or glutamate-based
lipids,36-37 glycerol-based lipids represent another promising class of lipid components. In
particular, being the major building blocks of cell membranes, phospholipids constitute a key
subject in homochirality research,’® as in the case of amino acids. However, reports on CPL
materials derived from glycerolipids remain scarce due to various challenges. Firstly, the
glycerol backbone contains only one point-chiral center, which offers limited chirality
amplification during supramolecular assembly, compared to the systems with axial chirality.?®
In addition, the self-assembly of glycerolipids relies predominantly on hydrophilic-
hydrophobic interactions, lacking stronger intermolecular forces such as hydrogen bonding and
n-nt stacking.*® As a result, they usually exhibit low phase transition temperatures, which can
lead to collapse of the chiral supramolecular structures.*! It is worth noting that not all chiral
lipid-based systems are capable of generating CPL, and the molecular and supramolecular
factors that determine the CPL generation efficiency remain elusive. Further research is needed
to address these issues and improve the efficiency and stability of CPL emission in lipid-based
supramolecular structures, making them more viable for practical applications.

To this end, we report herein a simple molecular design of luminophore-glycerolipid
conjugates that can self-assemble into different supramolecular structures to give different CPL

activity. It involves an amphiphilic lipid chain substituted with a tris(carbazolyl)phthalonitrile
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(Cz3PN) moiety at the chiral center (Fig. la). Carbazolyl phthalonitrile derivatiygs, ang Wellicorzon
known for their thermally activated delayed fluorescence (TADF), aggregation-induced
emission characteristic, and high photoluminescence quantum yields, making them attractive
candidates for optoelectronic, photocatalytic, and sensing applications.*>** Through lipid
conjugation, which provides an effective strategy to introduce chiral environments, the CPL
activity of these molecules can be modulated via controlled self-assembly. In contrast to the
previously reported CPL-active lipid-based systems,?837 this enantiomeric pair of conjugates
contain only one lipid chain, one polar head, one chiral center, and one luminophore, which
can self-assemble without the need of other lipid components. These single-component self-
assembled nanosystems can facilitate the study of structure-activity relationship and
modulation of the CPL activity. Specifically, the self-assembly of these molecules on a polar
glass surface, on a nonpolar polydimethylsiloxane (PDMS) surface, and in water led to the
formation of lipid nanocones, nanohemispheres, and nanotubes, respectively (Fig. 1b). Only
the lipid nanocones on glass surface could emit CPL with a notable luminescence dissymmetry

factor (gjum) of 0.01. The results are reported and discussed in detail below.
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Fig. 1 (a) Molecular structures of the enantiomeric Cz;PN-modified glycerolipids. (b) Self-

assembly of these lipid molecules on a polar glass surface, on a nonpolar PDMS surface, and

in water forming different supramolecular structures with different CPL activities.

Results and discussion

Synthesis and characterization

Scheme 1 shows the synthetic pathway used to prepare these enantiomeric Cz;PN-modified

glycerolipids. Treatment of cetyl alcohol (1) with optically pure (R) or (S)-epichlorohydrin (2)

in the presence of NaOH and tetrabutylammonium bromide (TBAB) afforded the substituted

products 3 in excellent yield. By measuring the plane-polarized light rotation angles of these

compounds and making reference to those of optically pure (R)-(-) and (S)-(+)-2-

(hexadecyloxymethyl)oxirane reported previously,** it was found that the reactions proceeded

predominately via epoxy ring opening followed by intramolecular substitution instead of direct

displacement of the chloro leaving group, leading to inversion of the chiral center with an

enantiomeric excess (ee) of ca. 60%. These enantiomeric mixtures were then treated with 3-

dimethylamino-1-propanol (4), using potassium with 18-crown-6 to facilitate deprotonation of
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the hydroxy group. The reactions resulted in attack likely at the less substituted epgxide catBoti o ton
by the alkoxide formed, leading to the formation of alcohols 5 with retention at the chiral center.
These compounds were then separately treated with tetrafluorophthalonitrile (6) in the presence
of K,COj; to afford the corresponding mono-B-substituted products 7 as indicated by the
appearance of three doublets of doublets for the three fluoro groups.* Further nucleophilic
aromatic substitution of the remaining fluoro groups with carbazole (8) resulted in the
formation of the target conjugates. To enhance the optical purity, the resulting enantiomeric
mixtures were crystallized from hexane/CHCI; to give (R) and (S)-9, respectively, based on the
fact that the chirality should be retained in the last two steps. Chiral high-performance liquid
chromatography (HPLC) analysis revealed that these enantiomers were optically pure with an
ee of 91% and 94%, respectively (Fig. S1), showing that enantioenrichment could be achieved
through crystallization.*® All the new compounds were characterized by various spectroscopic

methods. The experimental details are reported in supplementary information.
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Scheme 1. Synthesis of enantiomeric Cz;PN-modified glycerolipids (R) and (S)-9.
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The optical properties of (R) and (S)-9 were first studied in N,N-dimethylformaniide: s o

(DMF), a good solvent that can disperse the molecules of these compounds. Both of them
exhibited a broad absorption with maximum at ca. 330 nm (Fig. S2), which could be attributed
to the Cz;PN chromophore.*’ Upon excitation at 320 nm, they emitted fluorescence at ca. 550
nm (Fig. S3). The fluorescence lifetime was measured by time-correlated single photon
counting, giving a value of 3.3 ns for both compounds (Fig. S4). As expected, both compounds
did not give circular dichroism (CD) and CPL signals due to their well dispersed and non-chiral
state (Fig. S5 and S6, respectively). Their virtually identical optical properties were also

expected due to their enantiomeric relationship.

Self-assembly and spectral properties in aqueous media
The self-assembly properties of the enantiomeric (R) and (5)-9 in aqueous media were then
studied using a nanoprecipitation method. To ensure the reproducibility and enhance the
stability of the resulting nanostructures, a microfluidic Y-shape chip was used to mix a solution
of these compounds in ethanol (100 uM) at a flow rate of 100 pL min'! with citrate buffer (50
mM, pH 4.0) at a flow rate of 500 pL min! at room temperature. The key parameters of the
microfluidic chip provided by the manufacturer is given in Fig. S7. Dynamic light scattering
(DLS) study revealed that the resulting nanoparticles exhibited a hydrodynamic diameter of ca.
220-230 nm (Fig. S8). To further examine the nanostructures, cryo-transmission electron
microscopy (TEM) was used to image the nanostructures and determine their dimensions. As
shown in Fig. 2a and 2b, these enantiomers self-assembled into nanotubes with a length of ca.
230 nm, which was consistent with the DLS data, a diameter of 20-22 nm, and a thickness of
5-6 nm, which was typical for lipid bilayers.*®

After measuring the basic structural parameters, the spectral properties of these lipid

nanotubes were investigated and compared with those of the free molecules generated by
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adding 1% Triton X-100 to disrupt the aggregates. Fig. 2c shows the electronic absoupfigicoiion
spectra of these systems. All of them displayed notable absorption bands at ca. 320-330 nm
arising from the Cz;PN chromophore,*’ in a strong scattering background, particularly for the
lipid nanotubes. The spectra recorded in the presence of 1% Triton X-100 resembled those
measured in DMF (Fig. S2), supporting the dissociation of the nanoaggregates. These
absorption bands were not significantly shifted upon disassembly of the nanostructures,
showing that the stacking environment of the chromophoric units remained essentially
unchanged upon disassembly. As shown in Fig. 2d, the nanotubes of (R)-9 exhibit two positive
CD bands at approximately 330 and 355 nm, along with a weak negative feature at ~420 nm.
Upon inversion of handedness to (S5)-9, the CD spectrum becomes approximately mirror-
symmetric with respect to the zero line. However, the signal at ~420 nm is significantly
attenuated and not clearly resolved in the (S)-enantiomer. This deviation from ideal mirror
symmetry likely reflects the intrinsically weak chiroptical response of the lower-energy charge-
transfer (CT) transition and its sensitivity to subtle differences in supramolecular organization,

rather than solely instrumental or baseline offsets. For the molecular counterparts, these effects

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

vanished, as the Cz;PN chromophore that is responsible for these absorptions is achiral. This

Open Access Article. Published on 21 May 2026. Downloaded on 5/24/2026 3:11:24 AM.

clearly indicates that the originally non-chiral chromophore acquires point chirality upon

(cc)

conjugation to a chiral lipid chain, and upon self-assembly, the molecules transfer their point
chirality to the entire supramolecular structure, causing the chromophoric units to exhibit a
chiral activity. The absorption asymmetry factors (gcp) were also determined for both types of
nanotubes (Fig. 2¢). The values (up to 4 x 10%) were relatively small compared with those of
materials based on other lipids.4*-0

After studying the chirality of the nanotubes in the ground state of the molecules, we
examined their excited state properties. As shown in Fig. 2f, a photoluminescence band at 525

nm was clearly observed for the nanotubes of (R) and (S5)-9 upon excitation at 320 nm. The
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weak shoulder at 475 nm may be attributed to trace amounts of isomeric impurities Qf carbdZole 5o ton

that are commonly found in commercial samples.’! Their fluorescence lifetimes were

determined to be 3.5 ns by time-correlated single photon counting, which was comparable with

that recorded in DMF (3.3 ns) (Fig. S4). Unfortunately, the CPL signals were not noticeable,

and the gy, values could not be determined (Fig. 2g and 2h).
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Fig. 2 Cryo-TEM images of the nanotubes of (a) (R)-9 and (b) (5)-9. (c) Electronic absorption

spectra, (d) CD spectra, and (e) absorption asymmetry factor (gcp) of the nanotubes of (R) and

(5)-9 with or without the addition of 1% Triton X-100. (f) PL spectra (Ax = 320 nm), (g) CPL

spectra, and (h) luminescence dissymmetry factor (g,m) of the nanotubes of (R) and (5)-9. The

concentration of the Cz;PN unit was fixed at 20 uM for all the cases.
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Self-assembly behavior on polydimethylsiloxane and glass DOI: 10 1039/ DEQMOCISOA

Considering the polymorphism of lipid molecules, their self-assembled forms can be altered,
which may provide a mechanism to alter the CPL activity of (R) and (S5)-9. Hence, we selected
a solid substrate to establish an air-solid interfacial environment for the molecules to align.
Owing to the distinct interfacial properties of solids, the use of different solid substrates enables
tuning of the environment that can modulate the molecular packing and eventually their chiral
properties. Specifically, polydimethylsiloxane (PDMS) and glass were employed to
approximate air—nonpolar and air—polar interfaces, respectively. A solution of (R) or (S5)-9 in
ethanol (I mM, 30 pL) was deposited onto PDMS and glass substrates. After solvent
evaporation, the resulting films were analyzed by atomic force microscopy (AFM) (Fig. 3). In
both cases, nanoscale assemblies were observed, suggesting that Cz;PN-modified glycerolipid
molecules are capable of organizing into discrete structures on these substrates. The lateral
dimensions of the assemblies were broadly distributed in the range of ~400-600 nm, while their
heights varied depending on the substrate. Specifically, features on PDMS exhibited heights of

~30-50 nm, whereas those on glass appeared taller, typically ~80-100 nm (Fig. 3a and 3b). This

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

apparent substrate-dependent height difference may be influenced by variations in interfacial

Open Access Article. Published on 21 May 2026. Downloaded on 5/24/2026 3:11:24 AM.

wetting, spreading behavior, and solvent evaporation dynamics, although contributions from

(cc)

tip-sample interactions and substrate-induced deformation cannot be excluded.>? Statistical
analyses of the AFM images (Fig. S9 and S10) indicate that the structures shown in Fig. 3 are
representative of the predominant features under the examined conditions.

To further examine morphology, AFM data were processed using edge detection and
three-dimensional (3D) reconstruction (Fig. 3¢ and 3d). The assemblies formed on PDMS
appear dome-like, whereas those on glass exhibit more tapered or cone-like profiles. However,
given the known limitations of AFM in resolving steep or high-aspect-ratio features, these

shape assignments should be interpreted with caution. Higher-magnification 3D renderings

11
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reveal surface textures on the cone-like structures that may suggest a degree of, structiiral
anisotropy (Fig. 3e). Differences observed between assemblies derived from (R) and (5)-9,

including apparent opposite twisting features and scan-direction-dependent contrast, are

consistent with a mirror-symmetric relationship. Nevertheless, while these textures could be

indicative of supramolecular chirality, alternative explanations, such as imaging artifacts, tip

convolution effects, or reconstruction-induced distortions, should also be considered.

To probe possible substrate-molecule interactions, Raman spectra of the assemblies were
compared with those of the bare substrates (Fig. S11). No significant shifts were observed in
the vo.y band of glass (~3270 cm!) or the ve.y bands of PDMS (~2900 cm™!) after deposition.
While this may suggest that strong specific interactions (e.g., O—H---N hydrogen bonding) are
not dominant, the absence of detectable spectral shifts does not definitively rule out more subtle
or localized interactions. Overall, the self-assembly process is likely influenced by a
combination of hydrophobic effects and interfacial factors, although the relative contributions

of these interactions remain to be fully elucidated.

12
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Fig. 3 AFM images of the nanostructures of (R) and (S)-9 formed on (a) PDMS and (b) glass:co12on

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Magnified images and the height of selected nanostructures are shown in the lower row. (c)
AFM images of the nanohemispheres of (R) and (S5)-9 formed on PDMS viewed by edge
detection (upper row) and 3D view (lower row). (d) Corresponding images of the nanocones
of (R) and (S)-9 formed on glass. (¢) AFM images of enlarged nanocones of (R) and (S)-9
formed on glass viewed by edge detection (left-most column) and 3D view with different

rotation degree (the other three columns).

Spectral properties on polydimethylsiloxane and glass

After elucidating the nanostructures of these interfacial self-assemblies, we next investigated
their spectroscopic properties. The films were mounted on a solid sample holder, and CD
signals were recorded by averaging measurements at rotation angles of 0°, 90°, 180°, and 270°
to minimize artifacts arising from linear dichroism. For CD and CPL measurements, the film
planes were oriented perpendicular and at 45° to the optical path, respectively. As shown in
Fig. 4a, the absorption spectra of the nanohemispheres and nanocones closely resemble those
of the nanotubes, with a prominent band at ~330 nm attributed to the Cz;PN chromophore. The
CD spectra of the nanocones derived from (R) and (S5)-9 exhibit approximate mirror symmetry,
similar to the nanotubes (Fig. 4b), but display markedly enhanced Cotton effects at ~420 nm.
In contrast, although the nanohemispheres of (R) and (S5)-9 also show mirror-image CD profiles,
the symmetry axis is slightly offset from zero, and the dominant Cotton effect likewise appears
at ~420 nm. As summarized in Fig. 4c, the gcp values for the nanocones are 1.0, 0.5, and 0.5
(x10-%) at 330, 355, and 420 nm, respectively, whereas the corresponding values for the
nanohemispheres are 0.1-0.2, 0.1-0.2, and 2.0 (x10*%). These results highlight the strong

dependence of chiroptical properties on the specific nanostructure.

14
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For carbazolyl phthalonitrile derivatives, the absorption band at ~330 nmjs genefally,;
assigned to the localized m—n* transition of the carbazole unit, whereas the longer-wavelength
bands (~350-420 nm) are associated with transitions of increasing CT character.’*3% In
donor—acceptor-type TADF systems, these CT transitions are highly sensitive to the dihedral
angle between donor and acceptor moieties. Based on previous studies, including that of
understanding complex spin up-conversion processes in CT-type organic molecules, the band
near 355 nm can be interpreted as a transition with mixed local excited (LE) and weak CT
character, consistent with limited donor—acceptor orbital overlap (e.g., near-orthogonal
geometries), whereas the ~420 nm band reflects a more delocalized CT state enabled by
increased conjugation. On this basis, the CD spectra of the different nanostructures of 9 provide
insight into supramolecular organization. Lipid nanotubes exhibit strong, mirror-symmetric
CD signals at 330 and 355 nm, with minimal contribution at 420 nm, suggesting predominantly
weakly coupled LE/CT states arranged in a chiral fashion. Lipid nanocones display CD signals
across all three bands, indicating coexistence of multiple conformations. In contrast, lipid
nanohemispheres show dominant CD at 420 nm, consistent with enhanced CT delocalization,
while reduced signals at shorter wavelengths may arise from partial cancellation of chiroptical
responses due to increased conformational heterogeneity.

Subsequently, the photoluminescence spectra of these nanostructures were measured.
Upon excitation at 320 nm, all of them exhibited strong emission, as shown in Fig. 4d. However,
only the nanocones displayed a pronounced CPL signal (Fig. 4e). This comparison indicates
that neither efficient luminescence nor ground-state chirality alone is sufficient to generate CPL
generation; instead, a chiral excited-state organization is required. The g, value of the
nanocones was determined to be approximately 0.01 (Fig. 4f), which is significantly higher
than those reported for some TADF-based systems>’>? and lipid-based assemblies,?'? and is

comparable to that of the chiral rt-gelator reported by Yang et al. (1.1 x 10-2).%° These results
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collectively suggest that the nanocones support a chiral excited state, whereass,
nanohemispheres, despite being chiral in the ground state, do not effectively translate this
chirality into the emissive excited state.

To rationalize the distinct CPL activities of the three nanostructures, the role of exciton
coupling between closely packed chromophores is considered. Exciton coupling typically
arises when transition dipoles interact in a chiral arrangement, often manifested as bisignate
CD signals.®! For the nanotubes of (R)- and (S)-9, although pronounced CD signals are
observed, the spectra are dominated by the higher-energy band (~355 nm) with relatively weak
contribution from the lower-energy CT band (~420 nm). This behavior is consistent with
transitions of mixed LE/CT character with limited conjugation. The absence of clear bisignate
features suggests that excitonic interactions are weak, likely due to insufficient electronic
coupling between carbazole units. Consequently, the excited states remain only weakly chiral,
leading to negligible CPL activity.

In the case of nanohemispheres, the CD spectra are dominated by a strong, non-sign-
inverting band at ~420 nm, indicative of a more delocalized CT state. While this suggests
enhanced donor—acceptor conjugation, the lack of bisignate CD features implies limited
exciton coupling between chromophores. The excited states are therefore not effectively
organized into a chiral excitonic manifold, resulting in weak CPL.

In contrast, the nanocones exhibit mirror-symmetric, bisignate CD signals spanning 350—
450 nm, characteristic of strong exciton coupling. This indicates a chiral arrangement of
interacting transition dipoles, consistent with a helical supramolecular organization. Such
coupling enables the formation of chiral excited states, thereby giving rise to pronounced CPL

activity.
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Fig. 4 (a) Electronic absorption spectra, (b) CD spectra, (c) absorption asymmetry factor (gcp),
(d) PL spectra (Aex =320 nm), (e) CPL spectra, and (f) luminescence dissymmetry factor (gjum)

of the nanohemispheres and nanocones of (R) and (.5)-9.

Conclusion

In summary, we have reported a simple molecular design of luminophore-lipid conjugates that
contains one lipid chain, one polar head, one chiral center, and one luminophore. By using
glycerolipids, a typical class of chiral lipids, as the backbone and Cz;PN as the luminophore,
the resulting conjugates exhibited different self-assembly properties under different conditions
mainly due to the lipid polymorphism. Interestingly, on a polar glass surface, molecules of the
enantiomeric (R) and (S)-9 underwent self-assembly to form nanocones with a diameter of
approximately 400-600 nm and a height of 80-100 nm as determined by AFM. These
nanostructures exhibited mirror-symmetric Cotton effects in their CD spectra and notable CPL
signals with a high luminescence dissymmetry factor of 0.01. These simple molecular and

supramolecular designs could facilitate further study of the structure-activity relationship in
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self-assembled CPL-active nanostructures that could improve their performance fgr,praci 00150

applications.
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