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riven two-dimensional assemblies
from a phenothiazine-conjugated poly(L-lactide):
redox-responsive tunable emission, white-light
harvesting and surface-enabled nanoparticle
decoration

Chhandita Chakraborty and Anindita Das *

Crystallization-driven self-assembly (CDSA) of amphiphilic crystallizable block copolymers represents

a powerful tool for constructing precision nanostructures with uniform shapes and dimensions. To date,

major efforts have been made towards achieving structural control by employing living-CDSA. Herein,

we unravel a new approach for precision two-dimensional (2D) architectures that can exhibit redox-

responsive surface-emission color tunability, including white-light harvesting from a single phenothiazine

end-capped poly(L-lactide) homopolymer (PTZ-P1) without compromising the intrinsic 2D morphology.

By CDSA in 20% isopropanol/water, PTZ-P1 produced lozenge-shaped nanoplatelets with multilayered

thickness via crystallization of the poly(L-lactide) core, while the phenothiazine (PTZ) moieties occupying

the 2D surface act as the soluble corona. These surface-bound PTZ units show selective and ratiometric

sensing toward hypochlorite ions (ClO−), a key component of the reactive oxygen species, with a low

detection limit of 1.54 mM. The sensing response is triggered by NaClO-induced oxidation of the

surface-anchored PTZ to phenothiazine sulfoxide (OPTZ), as confirmed by X-ray photoelectron

spectroscopy (XPS) and mass spectrometry data, which alters the emission color of the nanoplatelets

from orange to cyan via an intermediate white-light-emitting state with CIE coordinates (0.31, 0.36),

depending on the analyte concentration. The in situ formation of the white-light-emitting platelets was

attributed to the partial oxidation of PTZ (orange-emissive) to OPTZ (cyan-emissive) on the 2D surface,

as confirmed by confocal microscopy imaging. This yielded a broad-emission spectrum, ranging from

400 to 750 nm, producing white light. Building on this, co-assembly of PTZ-P1 with its oxidized

counterpart, OPTZ-P1, separately synthesized from a phenothiazine sulfoxide initiator (OPTZ-OH), was

successfully achieved for better control over the surface emission properties. At a composition of 7 : 1

(OPTZ-P1 : PTZ-P1), stable white-light-emitting platelets (CIE: 0.31, 0.32) were produced due to the dual

color emission and contribution from Förster resonance energy transfer (FRET), with a 32% efficiency

between the donor (OPTZ) and acceptor (PTZ) chromophores. In contrast, mixing preformed PTZ-P1

and OPTZ-P1 platelets at a 2 : 1 ratio also yielded near-white light via only additive color mixing, without

FRET, from the spatially separated orange- and cyan-emitting platelets. Interestingly, surface-grafted PTZ

moieties enabled photo-induced silver nanoparticle deposition, imparting conductive properties to the

PTZ-P1 nanoplatelets.
Introduction

Organic two-dimensional (2D) materials1 have garnered a lot of
attention because of their broad potential applications, ranging
from photonic and electronic devices1d–f to biomaterials.1g

Among these, two-dimensional self-assembled p-systems2 have
attracted particular interest for their tunable optoelectronic
ces, Indian Association for the Cultivation

ullick Road, Jadavpur, Kolkata 700032,

the Royal Society of Chemistry
properties covering large surface areas, which play a critical role
in determining their functional potential. However, controlling
hierarchical supramolecular assembly of p-systems in two
dimensions over mesoscopic length scales is a key challenge,3

largely due to the absence of generally applicable methods that
can generate 2D assemblies with structural predictability and
uniformity. Crystallization-driven self-assembly (CDSA) of crys-
tallizable block copolymers has gained tremendous attention as
a potent method for creating a variety of complex hierarchical
anisotropic architectures in the solution phase.4 This technique
enables the core-forming polymeric block to crystallize via
Chem. Sci., 2025, 16, 20851–20864 | 20851

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc04392a&domain=pdf&date_stamp=2025-11-08
http://orcid.org/0000-0001-8723-6291
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04392a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016044


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

3.
02

.2
6 

23
:2

7:
12

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a chain-folding process in a corona-selective solvent, which
forces the terminal corona-forming block to locate on the
surface of the resultant crystalline lamellae and offer colloidal
stability. Furthermore, building on the principles of living/
controlled covalent polymerization,5 living crystallization-
driven self-assembly (living-CDSA)6 has emerged as a powerful
strategy that offers precise control over the size, shape,
topology, sequence and dispersity of the block copolymer
nanostructures, which could be readily achieved by adjusting
the unimer: seed ratio and other self-assembly conditions.7 The
possibility for exceptional structural control expands the
application of this living-CDSA strategy into broader areas of
living supramolecular polymerization of p-systems.8 In
a different approach, we rst attempted to integrate CDSA of
crystallizable polymers with the self-assembly of p-systems to
expand the potential of this technique beyond non-functional
block copolymers. In this context, we earlier reported a novel
supramolecular bottom–up strategy for creating monolayered
2D assemblies of p-systems from various chromophore-
conjugated poly(L-lactide) (PLLA) homopolymers via CDSA
with predictable morphology and programmable surface prop-
erties.9 By strategically incorporating different corona-forming
polar dyes at the chain end of the semicrystalline PLLA homo-
polymers, we successfully generated well-dened lozenge
(diamond)-shaped crystalline lamellae with excellent colloidal
stability and uorescent properties in isopropanol (iPrOH). The
ordered 2D array of polar chromophores on the platelet surface
enabled effective dispersion in the corona-selective polar
solvent through favorable chromophore–solvent interactions,
which allowed the crystalline lamellae to achieve the required
colloidal stability for discrete monolayered structure formation.
This end-group engineering strategy involving the incorpora-
tion of different p-systems in place of conventional non-
functional polymeric segments remarkably expanded the func-
tional diversity and design scope of the CDSA-derived nano-
structures. Additionally, by incorporating appropriate donor–
acceptor pairs at the PLLA chain end, Förster resonance energy
transfer (FRET) could be achieved from the 2D surface of these
Scheme 1 Schematic illustration of the crystallization-driven self-assem

20852 | Chem. Sci., 2025, 16, 20851–20864
polymeric single crystals.9a,b Despite these attractive features,
CDSA-driven polymeric 2D materials capable of modulating
their surface emission properties upon exposure to external
stimuli remain largely elusive.10 Independently, stimuli-
responsive p-systems11 with tunable properties originating
from their ability to physically or chemically respond to a variety
of external stimuli have drawn signicant attention. We envis-
aged that integrating such responsive p-systems to crystalliz-
able polymers will endow CDSA-based nanostructures with
unprecedented surface-tunable optical properties while
preserving the structural integrity of the crystalline core. This
might pave the way for the design of customizable 2D materials
for sensing, detection, and other advanced functions, which
remain unexplored in the eld of CDSA.

As a proof-of-concept, herein, we designed and synthesized
redox-active CDSA-induced 2D nanoplatelets from a phenothia-
zine (PTZ) dye end-capped PLLA polymer (PTZ-P1) (Scheme 1).
The sulfur atom in the phenothiazine moiety is in the sulde
state (+2 oxidation) and can be oxidized to sulfoxide (+4 oxida-
tion) and sulfone (+6 oxidation) states12 in the presence of
different reactive oxygen species (ROS), including hypochlorite
ions (ClO−).12c The optoelectronic properties of phenothiazine
5-oxide (sulfoxide) and phenothiazine 5,5-dioxide (sulfone)
exhibit drastic changes as the electron-donating sulfur (S) atom
in the sulde state transforms into electron-withdrawing sulf-
oxide/sulfone.13 Taking advantage of the redox properties of the
surface-decorated PTZ dye, we herein demonstrated stimuli-
responsive surface modications of the PTZ-P1 nanoplatelets
in the presence of ClO− ions in a 20% iPrOH/water mixture.
This enables unprecedented tuning of the photophysical (uo-
rescent) properties of the crystalline 2D lamellae derived from
the PLLA biopolymer. By hypochlorite (ClO−) treatment, we
could successfully transform orange emissive 2D platelets to
cyan emissive ones by selectively oxidizing the surface-occupied
PTZ dyes from sulde to sulfoxide, without affecting the core-
forming crystalline lamellae. By integrating the CDSA proper-
ties of PTZ-P1 with the stimuli-responsive emission color
tunability of the surface-decorated PTZ chromophores, we
bly (CDSA) of PTZ-P1 and OPTZ-P1 in 20% iPrOH/water.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM images of self-assembled PTZ-P1 exhibiting multi-layered
diamond-shaped 2D morphology in (a) iPrOH, c = 0.25 mg mL−1; (b)
20% iPrOH/water, c = 0.05 mg mL−1; (c) AFM image (inset: showing
the height profile of the nanoplatelets) and (d) CLSM image from
a solution of PTZ-P1 in 20% iPrOH/water mixture; c = 0.05 mg mL−1.
(d) CLSM image from a solution of PTZ-P1 in a 20% iPrOH/water
mixture; c = 0.05 mg mL−1.
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developed a 2D uorescent probe for the ratiometric detection
of ClO− ions utilizing the uorescence intensity ratios of the
reduced (sulde) and oxidized (sulfoxide) forms appearing at
two independent wavelengths. Noteworthily, the uorescent
color tunability of 2D platelets involves a transient white-light
emissive state resulting from the coexistence of complemen-
tary orange (sulde) and cyan (sulfoxide) emissive forms of PTZ
within the same platelets during partial oxidation. By opti-
mizing various conditions for partial oxidation of the PTZ
moiety, we successfully converted the transient white-light-
emitting 2D platelets into a stable form, starting from a single
component14 PTZ-P1 homopolymer, which is unprecedented in
the eld of CDSA. Further control over the emission properties
of the nanoplatelets was achieved through co-assembly of PTZ-
P1 with its oxidized counterpart OPTZ-P1, end-capped with
phenothiazine sulfoxide (O-PTZ). Additionally, we explored the
role of surface-occupied PTZ in photo-induced silver (Ag)
nanoparticle (NP) deposition, where it could function as both
a reducing and capping agent by facilitating the formation and/
or stabilization of the AgNPs.15 Unlike the non-conducting
nature of the pristine PTZ-P1 nanoplatelets, the AgNP-
decorated counterparts exhibited measurable electrical
conductivity, originating from surface-occupied AgNPs.

Results and discussion
Two-dimensional nanostructures by crystallization-driven
self-assembly (CDSA) of a phenothiazine-functionalized PLLA
homopolymer and its stimuli-responsive tunable uorescence
properties

Phenothiazine (PTZ)-end-capped poly(L-lactide) PTZ-P1 was
synthesized by ring-opening polymerisation (ROP) of the L-lac-
tide monomer using a hydroxyl-functionalized phenothiazine-
based initiator (PTZ-OH) and reported elsewhere.9c Following
a similar synthetic procedure, phenothiazine sulfoxide (OPTZ)-
conjugated OPTZ-P1 (Scheme 1) was synthesized from OPTZ-
OH (see the SI). In order to detect hypochlorite ions, herein, we
aimed to achieve 2D assemblies of PTZ-P1 in an aqueous
medium. At rst, we generated the 2D platelets from PTZ-P1 in
isopropanol (iPrOH) (c = 0.25 mg mL−1) by heating the solution
vigorously and then allowing it to cool spontaneously and age
for 30 minutes, which produced lozenge- and truncated-
lozenge-shaped multi-layered, pyramid-like nanoplatelets with
an average size of z3 to 3.5 mm, as visualized by transmission
electron microscopy (TEM) (Fig. 1a, S1a and b) and atomic force
microscopy (AFM) (Fig. S1c and d). The average central thick-
ness of the multi-layered 2D structures was ∼100 nm (Fig. S1d).
This is in sharp contrast to our previous report of single-layered
2D platelets from a lower concentration (c = 0.05 mg mL−1) of
PTZ-P1 in iPrOH,9c with a thickness of ∼8 to 9 nm, nearly
equivalent to the length of ∼32 repeating units.16b,c Similar
concentration effects on the lamellar thickness were previously
reported by He and co-workers with the conjugated diblock
copolymer, poly(p-phenylenevinylene)-block-poly(-
ethyleneglycol).16a They showed a uniform decrease in the
lateral dimension with increasing height towards the middle of
the 2D assemblies, which was driven by a screw dislocation
© 2025 The Author(s). Published by the Royal Society of Chemistry
mechanism.16a Next, we gradually dispersed these 2D structures
prepared in iPrOH into water to adjust the nal solvent
composition to 20% iPrOH/water and a concentration of 0.05
mg mL−1. The TEM images of PTZ-P1 in 20% iPrOH/water
(Fig. 1b and S1e–h) revealed the major formation of multi-
layered 2D structures with strong interplatelet interactions.
The AFM analysis (Fig. 1c and S1i–q) showed a uniform
decrease in lateral dimension with a central lamellar thickness
of ∼80–100 nm due to screw dislocation, similar to what was
observed in iPrOH. The multi-layered 2D structures were
strongly facilitated by the increased concentration of PTZ-P1 in
iPrOH16a and hydrophobically predominated p–p interactions
between the surface-decorated PTZ dyes, which caused addi-
tional aggregation propensity in the water-rich environment as
evident from the TEM images (Fig. S1e–h). The surface-
occupied PTZ chromophores confer good colloidal stability to
the resultant 2D platelets as indicated by the lack of visible
precipitation in 20% iPrOH/water at the tested polymer
concentration. The 2D platelets displayed orange emission from
the surface-occupied PTZ dyes, as evident from the confocal
laser scanning microscopy (CLSM) images (Fig. 1d). Next, we
explored the redox-responsive properties of the resultant 2D
platelets by titrating with varying concentrations of NaClO. As
shown in Fig. 2a, PTZ-P1 displayed two absorption bands at 313
and 435 nm in 20% iPrOH/water, which is the characteristic of
the end-capped PTZ chromophore. Notably, the PTZ-P1
absorption band gradually disappeared with a concomitant
emergence of a new band centered at l∼ 390 nm upon addition
of ClO−. At wavelengths of 344 nm and 417 nm, two different
isosbestic sites were observed, which correlated with the tran-
sition of the surface-bound PTZ dyes between two different
states. Similarly, when PTZ-P1 was exposed to NaClO, its
Chem. Sci., 2025, 16, 20851–20864 | 20853
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Fig. 2 The changes observed in the (a) absorption spectra of PTZ-P1 (c = 0.1 mg mL−1) and (b) normalized fluorescence spectra of PTZ-P1 (c =
0.05 mg mL−1) upon addition of NaClO (0–31 mM); each spectrum was recorded after 3 min in 20% iPrOH/water (lex = 390 nm); (c) plot of the
fluorescence intensity ratios (I470/580) monitored at 470 nm and 580 nm of PTZ-P1 from the titration plot (b) (inset: I470/580 plot showing linear
changes upon addition of lower concentrations of NaClO in the range of 1–10 mM); (d) fluorescence response of PTZ-P1 (c = 0.05 mg mL−1) in
the presence of NaClO, cOH (Fenton's reagent), H2O2 and NaNO3. Emission signals were recorded at 470 nm (lex = 390 nm); (e) CLSM image of
PTZ-P1 in 20% iPrOH/water after exposure to NaClO showing a color change from orange to cyan; (f) schematic representation of hypochlorite-
triggered emission color tuning properties displayed by PTZ-P1 nanoplatelets. The actual nanoplatelets aremulti-layered; the schematic diagram
is simplified by showing single-layered structures.
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uorescence changed from orange to cyan, causing
a pronounced blue-shied emission from 580 to 470 nm
(Fig. 2b). As the NaClO concentration increased, the uores-
cence intensity at 470 nm clearly increased, and in tandem, the
peak at 580 nm declined and eventually vanished. At an NaClO
concentration of 31 mM, the uorescence intensity (lem = 470
nm) reached a maximum at an excitation wavelength of lex =
390 nm, with a 16-fold increment as compared to the initial
state (Fig. 2b). This is also visible from the change in the
emission color of the solution from orange to cyan upon UV
light irradiation (lex ∼ 390 nm) (Fig. 2b inset). Fluorescence
intensity ratios (I470/580) monitored at 470 nm and 580 nm were
used to test PTZ-P1's detection ability for NaClO. The I470/580
plot displayed a linear relationship with the concentration of
NaClO between 0 and 10 mM (R2 = 0.81348), with a limit of
detection (LOD) of 1.54 mM and a limit of quantication (LOQ)
of 5.298 mM using 3s/m and 10s/m respectively (Fig. 2c),17 where
s represents the standard deviation of three blank measure-
ments and m is the slope obtained from the graph of the uo-
rescence intensity ratio vs. concentration of NaClO. PTZ-P1 (c =
0.05 mg mL−1) can therefore detect NaClO in a concentration
range of 1.54 mM to 31 mM, signicantly lower than the physi-
ological range of hypochlorite (5–200 mM).18 Next, the sensi-
tivity of PTZ-P1 to other reactive oxygen species was examined
(Fig. 2d). Unlike the prompt and noticeable change observed in
the uorescence properties of PTZ-P1 as marked by the emer-
gence of the emission band centered at 470 nm when treated
with NaClO (c= 30 mM), the interactions with other types of ROS
20854 | Chem. Sci., 2025, 16, 20851–20864
or ROS precursors [H2O2, cOH (Fenton's reagent) and NaNO3] in
a similar concentration range resulted in negligible changes in
uorescence, even aer 4 hours of exposure (Fig. 2d). Cyclic
voltammetry measurements of all tested ROS generators show
that NaClO has the highest reduction potential (0.35 V), making
it the strongest oxidizing agent, which possibly renders it
capable of selectively oxidizing the electron-rich sulfur atom of
phenothiazine under the given experimental conditions (Fig.
S2a–g). This demonstrates the high specicity of the PTZ-P1
platelets for NaClO, making it a promising candidate for
hypochlorite sensing. To further test whether such changes in
the emission spectra affect the morphology, CLSM imaging was
performed on the hypochlorite-treated PTZ-P1 samples. As
shown in Fig. 2e, 2D platelets treated with NaClO (c = 31 mM)
displayed a strong cyan emission with the retention of the
supramolecular structure, indicating that the NaClO respon-
siveness is limited to surface property changes as depicted in
Fig. 2f. Unlike previously reported stimuli-responsive systems
that underwent morphological changes,19 the structural
robustness of the crystalline PLLA core allowed the NaClO-
induced changes to be conned exclusively to the surface
without affecting the primary 2D crystalline lamellae, making
CDSA-induced PTZ-P1 platelets a robust chemosensor for the
real-time detection of hypochlorite ions.

To better comprehend the origin for such hypochlorite
sensing by the 2D probe, we subsequently conducted a series of
experiments to identify the chemical species formed on the 2D
surface that contributed to the observed cyan color emission.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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We rst identied the reaction product of the initiator, PTZ-OH,
upon hypochlorite ion (ClO−) treatment. Following a 30-minute
reaction between PTZ-OH and NaClO, high-resolution mass
spectrometry (HRMS) analysis of the probe revealed prominent
mass peaks for [OPTZ-OH + H]+ at 368.1165 and for [OPTZ-OH +
Na]+ at 390.0960, corresponding to the oxidized sulfoxide
derivative (OPTZ-OH) (Fig. S2h). Consistent with this, NaClO-
treated PTZ-OH in 20% iPrOH/water exhibited a similar
change in the emission color from orange to cyan (Fig. S2i),
matching the emission color change observed from the PTZ-P1
2D probe (inset Fig. 2b). This nding suggests the oxidation of
surface-anchored phenothiazine (PTZ) to phenothiazine sulf-
oxide (OPTZ) upon exposure to hypochlorite ions, causing cyan
colored uorescence.20 To further validate this hypothesis, we
aimed to directly synthesize cyan-emitting 2D platelets by CDSA
from the PLLA homopolymer end-capped with the oxidized
initiator (OPTZ-OH). We rst created OPTZ-OH by treating PTZ-
OH with NaClO at room temperature in acetonitrile, which
resulted in controlled oxidation. Subsequent ring-opening
polymerization (ROP) of L-lactide using OPTZ-OH resulted in
a new OPTZ-P1 homopolymer (Scheme 1), which displayed
a degree of polymerization (DP) = 140, and a monomodal size
distribution with dispersity (Đ) = 1.19, as determined by size
exclusion chromatography (SEC) analysis (Fig. S3).
Fig. 3 (a) XPS spectra of the S 2p orbital of PTZ-P1 (orange trace) and O
spectra of PTZ-P1 in the presence of 52 mM (saturated amount) of NaClO
spectra displayed normalized fluorescence intensity; (c) changes in the fl

plotted as a function of time from (b); (d) luminescent color coordinates
PTZ-P1 up to 24 h plotted in the Commission Internationale de L'Eclaira

© 2025 The Author(s). Published by the Royal Society of Chemistry
Evidence for the chemical transformation of the surface-
decorated PTZ to OPTZ was provided by X-ray photoelectron
spectroscopy (XPS) analysis of PTZ-P1, OPTZ-OH, and OPTZ-P1
(Fig. 3a and S4). In PTZ-P1, the sulfur atom's 2p orbital binding
energy (BE) appeared at 164.2 eV, which represents the +2
oxidation state21 of sulfur and it exhibits the expected spin–orbit
doublet (S 2p3/2 and S 2p1/2). In contrast, the BE of the sulfur 2p
orbital shied to 168.3 eV in the OPTZ-P1 polymer (Fig. 3a),
matching that of the oxidized OPTZ-OH initiator, which corre-
sponds to the +4 oxidation state of sulfur21 (Fig. S4d), thereby
conrming the transformation of phenothiazine (PTZ) to
phenothiazine sulfoxide (OPTZ) upon ClO− treatment. OPTZ-P1
also produced multi-layered truncated lozenge-shaped platelets
in 20% iPrOH/water (Fig. S5a and b), similar in morphology to
PTZ-P1, and displayed strong cyan emission (Fig. S5c and d).
This further establishes that the hypochlorite-triggered oxida-
tion of surface-decorated PTZ to OPTZ caused the change in the
emission color of the 2D platelets from orange to cyan (Fig. 2f).

Next, to verify the stability of OPTZ-P1 in its sulfoxide state,
we treated the preformed platelet of PTZ-P1 in a 20% iPrOH/
water mixture with ∼52 mM NaClO (saturated equivalent) and
monitored the time-dependent changes in the emission prop-
erties (Fig. 3b). Within 1 minute, a new emission band at
470 nm corresponding to the sulfoxide was generated along
PTZ-P1 (cyan trace); (b) the time-dependent changes in fluorescence
in 20% iPrOH/water (c = 0.05 mg mL−1) monitored up to 24 hours; PL
uorescence intensity ratios (I470/580) monitored at 470 nm and 580 nm
obtained from the time-dependent changes in fluorescence spectra of
ge (CIE) 1931 chromaticity diagram.

Chem. Sci., 2025, 16, 20851–20864 | 20855
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with the original band for PTZ at 580 nm, suggesting partial
oxidation. The band corresponding to the reduced (PTZ) form
disappeared within 7 minutes with a further increase in the
intensity of the new peak at 470 nm. Aer 20 minutes, the
uorescence intensity ratio (I470/580) reached equilibrium and
remained unaltered (Fig. 3c). Confocal microscopy images (Fig.
S6a and b) clearly showed no loss of structural integrity of the in
situ formed cyan emissive 2D platelets even aer 24 h of NaClO
treatment. In fact, even a 7-day aged sample did not show any
noticeable change in the morphology or uorescence proper-
ties, indicating the robustness of the 2D structure (Fig. S7a). In
agreement, the 2D platelets generated directly from the oxidized
polymer, OPTZ-P1, showed no change in color or spectral
properties over the same tested period of time (Fig. S7b). Thus,
OPTZ-P1 was the only product formed during the oxidation of
PTZ-P1 in the presence of hypochlorite, and no overoxidized
product such as sulfone was detected. Interestingly, upon
addition of ClO−, the solution's emission color shied from
orange (CIE: 0.48, 0.45) to cyan (CIE: 0.19, 0.26) through
a transient white-light-emitting state (CIE: 0.32, 0.38)9b,22 shown
in Fig. 3d, which is discussed in detail in the following section.
Fig. 4 (a) The time-dependent changes in the fluorescence spectra of PT
displayed normalized fluorescence intensity; the broad spectrum gener
near-white light as evident from the CIE coordinates of that sample in t
intensity ratios (I470/580) monitored at 470 nm and 580 nm of PTZ-P1 ove
same sample on the 7th day; (d) schematic representation of NaClO-tri
CLSM images of NaClO-treated nanoplatelets of PTZ-P1 visualized thro
white-light emission (inset: picture of white-light-emitting solution in 20

20856 | Chem. Sci., 2025, 16, 20851–20864
White-light-emitting two-dimensional assemblies from
a redox-responsive PLLA homopolymer by CDSA

In recent years, signicant efforts have been devoted towards
developing organic light-emitting diodes (OLEDs) for a range of
display and lighting applications, owing to their exibility,
processibility, superior color quality and color tunability.22d

Responsive 2D organic materials that exhibit the properties of
color generation and tunability are highly sought aer for their
ability to dynamically modulate emission properties in
response to external triggers. Conventional strategies for white-
light-emitting OLEDs largely rely on multicomponent systems
combining two complementary colored luminescent dyes or
three primary colored (red, green, and blue) dyes that cover the
whole visible spectrum from 400 to 750 nm. Although rare,
more recent advancements have demonstrated the feasibility of
white-light luminating systems from unimolecular emitters,
which can be constructed by employing monomer/excimer
emission, excited-state intramolecular proton transfer,
prompt/delayed dual uorescence, and hybrid uorescent/
phosphorescent systems.23 It is still challenging to design
Z-P1 (c= 0.05mgmL−1) upon treatment with NaClO (8 mM); PL spectra
ated after 15 minutes remained invariant up to 106 hours and exhibits
he (b) CIE 1931 chromaticity diagram; (c) changes in the fluorescence
r time as plotted in (a); inset: white-light (WL) emitting spectrum of the
ggered transient white-light-emitting 2D nanoplatelets from PTZ-P1;
ugh (e) orange channel, (f) cyan channel and (g) without filter showing
% iPrOH/water under UV-light irradiation; lex = 390 nm).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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single polymeric systems for white-light emission. We previ-
ously reported white-light emission through the co-assembly of
three separately emissive components (blue, green, and red) via
crystallization-driven self-assembly (CDSA).9b In contrast, we
made a signicant advancement in this work through the
realization of a tunable emission color response from a single-
component 2D platelet resulting from the CDSA of PTZ-P1.
Depending solely on the analyte (ClO−) concentration, the
nanoplatelets of PTZ-P1 displayed a remarkable change in the
emission color from orange to cyan, passing through a transient
white-light-emitting state.

Next, to achieve stable white-light emission, we titrated the
dispersion of PTZ-P1 in 20% iPrOH/water with much reduced
concentrations of the analyte (8 mM), to prevent complete
oxidation. Aer 15 minutes of ClO− addition, PTZ-P1 generated
a near-white light emitting broad-spectrum ranging from 400 to
750 nm (Fig. 4a) with CIE coordinates (0.31, 0.36) (Fig. 4b). The
emitted white light from the single-component source
remained invariant when monitored for up to 7 days (Fig. 4c).
The white-light emitting property was attributed to the partial
oxidation of the surface-anchored PTZ (orange-emissive) to
OPTZ (cyan-emissive) in the presence of ClO− (Fig. 4d). There-
fore, the resulting single-component 2D platelets exhibit dual
emission arising from the coexistence of both PTZ and OPTZ
chromophores on the 2D surface, with complementary color-
emitting properties that generate white light. This was further
established by confocal laser scanning microscopy (CLSM)
Fig. 5 (a) Normalized photoluminescence (PL) spectrum of the white-lig
(c = 0.14 mg mL−1) + PTZ-P1 (c = 0.02 mg mL−1) in 20% iPrOH/water; (
binary co-assembly of OPTZ-P1 + PTZ-P1 (7 : 1) by CDSA; (c) near-white
(taken from (a)) in the CIE 1931 chromaticity diagram; CLSM images show
the respective channels, from the 7 : 1 co-assembled 2D platelets (inset:
light irradiation; lex = 390 nm).

© 2025 The Author(s). Published by the Royal Society of Chemistry
images (Fig. 4e–g), conrming dual cyan and orange emission
from the same 2D nanoplatelets, which could be visualized in
their respective uorescence channels (Fig. 4e and f). In the
absence of any lter, the resultant platelets emitted white-light
(lex = 405 nm) (Fig. 4g), and the corresponding solution
appeared visibly white under UV light irradiation (lex = 390 nm;
the inset image of Fig. 4g).

To further validate the white-light emission originating from
the simultaneous uorescence of the complementary color-
emitting sulde (orange) and sulfoxide (cyan) emitters present
on the PLLA platelet surface, and also to develop a robust white-
light-emitting system, we deliberately co-assembled PTZ-P1 and
OPTZ-P1, in different ratios following the CDSA technique in
20% iPrOH/water. OPTZ-P1, separately prepared from the
oxidized initiator (OPTZ-OH), served as the source of the sulf-
oxide dye, which enabled us to estimate the optimal ratio of
oxidized to unoxidized chromophores generated on the 2D
surface during the hypochlorite-triggered oxidation. This
provides insight into the required compositions of the two
chromophores essential for achieving a near-pure white-light-
emitting system from a single PLLA homopolymer upon hypo-
chlorite treatment. Among the various compositions tested, the
co-assembly of OPTZ-P1 and PTZ-P1 in a 7 : 1 ratio produced
white-light emitting nanoplatelets with Commission Inter-
nationale de l'Éclairage (CIE) coordinates (0.31, 0.32), closely
matching with pure white light (Fig. 5a–c). We further investi-
gated the potential contribution of Förster resonance energy
ht-emitting 2D platelets obtained from a 7 : 1 co-assembly ofOPTZ-P1
b) schematic representation of the white-light (WL) emission from the
-light emitting CIE coordinates obtained from the emission spectrum
ing (d) orange emission, (e) cyan emission and (f) white-light emission in
picture of white-light-emitting solution in 20% iPrOH/water under UV-
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transfer (FRET) between the OPTZ and PTZ chromophores to
the overall emission properties and white-light emission. Such
possibilities cannot be overruled considering the fact that the
two chromophores were colocalized within the permissible
FRET range (<10 nm) on the 2D surface.9,24 Moreover, the sulf-
oxide (OPTZ) dye could act a potential donor for the sulde-
acceptor (PTZ) with their respective emission and absorbance
spectra displaying partial overlap, a prerequisite for FRET. In
the 7 : 1 co-assembled system, the time-correlated single-photon
counting spectroscopy (TCSPC) measurements revealed
a decrease in the uorescence lifetime of OPTZ-P1 in the pres-
ence of PTZ-P1 (Fig. S8a and b), indicating the possibility of an
intermolecular energy transfer from the OPTZ-donor to the PTZ-
acceptor with an estimated FRET efficiency of 32%. While the
energy transfer between the OPTZ and PTZ pair wasminimal, its
role in facilitating white-light emission through spectral
broadening from the co-assembled 2D platelets could not be
ignored. This was further evident from a control experiment
performed with a physical mixture of the preformed 2D plate-
lets of OPTZ-P1 and PTZ-P1 that failed to generate white-light in
the same 7 : 1 ratio, unlike the co-assembled system (Fig. S8c).
This is attributed to the lack of exchange dynamics between the
PLLA chains of orange-emitting PTZ-P1 and cyan-emitting
OPTZ-P1 platelets, resulting in self-sorting. Consequently, the
FRET process was suppressed between the spatially separated
donor and acceptor chromophores, which is necessary for ne-
tuning white-light emission.
Fig. 6 (a) Comparison of normalized emission spectra of the white-ligh
OPTZ-P1 (c = 0.04 mg mL−1) and PTZ-P1 (c = 0.02 mg mL−1) with the m
P1 in 20% iPrOH/water; (b) schematic representation of white-light (WL) e
P1; (c) CIE 1931 chromaticity diagram showing near-white-light CIE co
corresponding CLSM images of the sample showing (d) cyan-emitting pla
their (f) merged image displaying self-sorting; (f) inset: picture of white-l
lex = 390 nm) from self-segregated 2D platelets of OPTZ-P1 and PTZ-P

20858 | Chem. Sci., 2025, 16, 20851–20864
Subsequently, we explored the possibility of harvesting
white-light from the physical mixture of two complementary
color-emitting platelets i.e., PTZ-P1 and OPTZ-P1 in a 20%
iPrOH/water mixture. Interestingly, a 2 : 1 ratio of the preformed
platelets of OPTZ-P1 and PTZ-P1 produced white light with CIE
coordinates of (0.32, 0.31), closely approaching the ideal white
light coordinates (0.33, 0.33) (Fig. 6a–c). Furthermore, the broad
emission spectrum generated from the 2 : 1 physical mixture of
the 2D assemblies ofOPTZ-P1 and PTZ-P1 closely resembled the
mathematical summation of the individual uorescence
spectra of OPTZ-P1 and PTZ-P1 in a 20% iPrOH/water mixture
(Fig. 6a). This conrms that no energy transfer occurs between
spatially separated cyan- and orange-emitting 2D platelets. In
agreement, CLSM imaging displayed self-sorted cyan- and
orange-emissive platelets co-localised in the mixture (Fig. 6f),
which visibly emitted white-light under UV irradiation (Fig. 6f,
inset: solution picture emitting white light). Therefore, the
observed white-light emission from the 2 : 1 mixture results
from pure additive emission color mixing, unlike in the 7 : 1 co-
assembled system where the contribution from FRET in tuning
the emission color was also considered. The 7 : 1 co-assembly
and 2 : 1 physical mixture of the self-segregated 2D assemblies
of OPTZ-P1 and PTZ-P1 in the lm state (prepared by drop-
casting samples from 20% iPrOH/water onto quartz plates
and subsequent drying) also produced emission close to white
light with CIE coordinates of (0.28, 0.35) and (0.27, 0.34),
t-emitting 2D platelets obtained from a 2 : 1 self-segregated system of
athematical summation of the individual spectra of OPTZ-P1 and PTZ-
mission from 2 : 1 self-segregated 2D assemblies ofOPTZ-P1 and PTZ-
ordinates from a 2 : 1 self-segregated system of OPTZ-P1 + PTZ-P1;
telets and (e) orange-emitting platelets in the respective channels, and
ight-emitting solution in 20% iPrOH/water (under UV-light-irradiation;
1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively (Fig. S8d–i), indicating their potential as solid-state
emitters.
Silver nanoparticle (AgNP)-decorated 2D assemblies and their
conducting properties

Because of their intriguing optical properties and possible uses,
nanoparticles (NPs) have garnered a lot of interest.25 More
recently, CDSA has established itself as a unique technique for
graing metal nanoparticles onto two-dimensional surfaces,
enabling the fabrication of large-area mono-layered assemblies
of nanoparticles.26 Such templated organization of NPs in two-
dimensions is anticipated to show emergent properties
through plasmonic coupling or quantum effects,27 as compared
to isolated NPs, and therefore, this strategy holds great scien-
tic and technological importance for advancing the scope of
functional 2D materials. It is commonly recognised that silver
(Ag) nanoparticles (AgNPs) are stabilised by thiol and amine-
based ligands via Ag–S and Ag–N interactions.28 Derivatives of
phenothiazine are reported to stabilise AgNPs by coordinating
with the nitrogen (N) or sulfur (S) sites found in their struc-
tures.15 As the sulfur atom in the phenothiazine (PTZ) moiety is
susceptible to oxidation, PTZ chromophores can also be used as
mild reductants for the synthesis of inorganic nanoparticles.28

Using a pulsed laser ablation approach, K. Chandrasekharan
et al. reported the synthesis of an organo-metallic hybrid system
of phenothiazine (PTZ)–silver (Ag), in which PTZ functions as
both a stabiliser and a reductant.15c Zhu et al. conducted
a thorough investigation to analyse the capacity of phenothia-
zine dyes to photochemically produce electrons for the reduc-
tion of AgNO3 to AgNPs.15d

It is envisaged that upon crystallization of PTZ-P1, the chain
end-functionalized PTZmoiety, excluded onto the surface of the
PLLA crystalline lamellae can trap silver (Ag) nanoparticles and
produce AgNP-ornamented 2D surfaces. To realize such possi-
bilities, we followed two approaches. In the rst approach, by
photo-exciting PTZ-P1 in 20% iPrOH/water, we successfully
created AgNP-decorated 2D surfaces, where phenothiazine
Scheme 2 Schematic representation of the AgNP grafting on PTZ-a
butylammonium borohydride (TBAB) as an external reducing agent.

© 2025 The Author(s). Published by the Royal Society of Chemistry
served as both a capping and reducing agent. In another
approach, we synthesized AgNPs using tetrabutylammonium
borohydride (TBAB) as an external reducing agent and explored
the capping ability of the PTZ-decorated 2D platelets of PTZ-P1
as the sole template. A schematic representation of the forma-
tion of AgNP-decorated 2D platelets from PTZ-P1 following both
these procedures is illustrated in Scheme 2. In the rst method
(Scheme 2a), a preformed 2D assembly of PTZ-P1 (c = 0.05 mg
mL−1) in 20% iPrOH/water was mixed with a 0.5 mM aqueous
solution of AgNO3 and irradiated for 10 minutes with a 427 nm
LED bulb (12 W). The formation of the nanoparticles was
characterized by TEM imaging. Fig. 7a illustrates the low-
magnication TEM image of multi-layered PLLA single crys-
tals. Upon closer inspection of their magnied images at higher
resolution (Fig. 7b), the presence of spherical AgNPs graed on
the platelet surface was revealed. According to a statistical
analysis of the particle size distribution (Gaussian-tted histo-
gram), the AgNP size ranges from 2 to 10 nm, with a crest
centered at 5.03 nm29 (inset of Fig. 7b). Through the photoex-
citation approach, the resultant 2D assemblies showed strong
aggregation, most likely due to AgNPs interacting with adjacent
platelets through the surface-occupied PTZ acting as both the
reducing and capping agent. The reduction of AgNO3 to AgNPs
was accompanied by the partial oxidation of PTZ to OPTZ on the
2D surface, as conrmed by UV-vis and uorescence spectros-
copy upon 10 minutes of UV irradiation (lex = 427 nm, Fig. S9a
and b). To ensure that the surface-bound PTZ could act as
a capping agent, the PTZ concentration was kept 10 times
higher than that of AgNO3 so that excess PTZ was still available
for capping the resulting AgNPs on the 2D surface.

Furthermore, elemental analysis of the resultant PTZ-P1–Ag
hybrid system was conducted by energy dispersive X-ray (EDX)
spectroscopy. The EDX spectrum (Fig. 7c) displayed distinctive
peaks for carbon, nitrogen, oxygen, sulfur, and silver, indicating
the formation of the Ag-functionalized hybrid structure.15 The
corresponding selected-area electron diffraction (SAED) pattern
(Fig. 7d) of the AgNPs obtained from Fig. 7b reects their highly
crystalline nature, supporting the ndings from the wide-angle
ppended 2D platelets by (a) photo-irradiation and (b) using tetra-
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Fig. 7 (a) TEM image of AgNP-grafted PTZ-P1 2D nanoplatelets and (b) high-resolutionmagnified TEM image of (a) showing AgNPs deposited on
the 2D surface (inset: histogram of the nanoparticle's size distribution from the TEM image); (c) energy-dispersive X-ray (EDX) spectrum of AgNP-
grafted 2D platelets and (d) corresponding SAED pattern of the AgNPs (scale bar: 5 nm−1); (e) WAXD patterns obtained from a thin film prepared
by drop-casting a dispersion of AgNP-grafted PLLA platelets from 20% iPrOH/water; (f) XPS data showing shift in the binding energy of the S 2p
orbital of PTZ-P1 after nanoparticle deposition; and (g) corresponding XPS curve fitting of the Ag 3d photoelectron spectrum for Ag nanoparticles
stabilized on the PTZ-P1 2D surface by Ag–S bonding. The value indicates the elemental form of Ag.
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X-ray diffraction (WAXD) analysis of the thin lm prepared by
solvent drop-casting from 20% iPrOH/water. The XRD pattern of
the AgNP-decorated 2D assembly of PTZ-1 (Fig. 7e) showed
diffraction peaks corresponding to 2q values of 28.4°, 32.3°,
38.2°, 44.4°, 46.2°, 64.5° and 77.5°, indexed as (210), (122),
(111), (200), (231), (220) and (311) planes of silver in the face-
centered cubic structure (JCPDS, le no. 04-0783),29 besides
the characteristic peaks for the a-form of PLLA crystals9,30 at
16.7° (110/200), 19.0° (203), and 22.4° (015). This suggests that
the structural integrity of the crystalline lamella of PLLA was not
compromised during nanoparticle formation, thereby estab-
lishing its role as a robust template for NP decoration. From
thermo-gravimetric analysis (TGA)29c,d 1.8% AgNP loading was
observed on 2D platelets (Fig. S9c).

Subsequently, we prepared AgNP-decorated 2D platelets
using externally added tetrabutylammonium borohydride
(TBAB) as the reducing agent and PTZ-appended 2D platelets as
the nanoparticle graing template (Scheme 2b). To the pre-
formed 2D platelets made from 0.05 mg per mL PTZ-P1 in 20%
iPrOH/water, 0.5 mM AgNO3 and 20 mM TBAB were added. The
mixture was then le for 40 minutes. The formation of the
nanoparticles was characterized by TEM analysis (Fig. S10a–d),
which displayed similar results to those obtained for AgNP
preparation by the photoexcitation method. The Gaussian-tted
histogram of the particle's size distribution also showed
spherical AgNPs decorated on the 2D surface with an average
size of ∼6 nm (Fig. S10c). The chemical surface analysis was
performed by using X-ray photoelectron spectroscopy (XPS) to
conrm the interaction between S and N atoms of the PTZ
moiety and AgNPs. The binding energy value of S 2p3/2 showed
20860 | Chem. Sci., 2025, 16, 20851–20864
a shi from 164.2 eV to 161.5 eV (Fig. 7f), which indicates that
the chemical environment of the S atoms changed during NP
formation as expected during its covalent bonding with the
metal nanoparticle.28a,31a Furthermore, Fig. 7f shows that the S
2p spectrum of AgNP-decorated 2D platelets has contributions
from both unbound S atoms (56%) and AgNP-coordinated S
atoms (44%). Considering the fact that the PTZ concentration
was taken 10 times in excess of the AgNO3 salt, the presence of
free PTZ ligands on the 2D surface is not surprising. Previous
studies have shown that phenothiazine can coordinate with the
AgNPs through both the sulfur and nitrogen sites, so we also
compared the binding energy values of PTZ's N 1s orbital before
and aer NP formation from the XPS analysis (Fig. S11b).21b No
signicant shi was observed, probably due to the presence of
the bulky methyl group on the nitrogen atom and also due to its
higher electronegativity than sulfur. Additionally, in the XPS
spectrum of AgNP-decorated 2D platelets, two characteristic
peaks were observed at 368.2 eV and 374.4 eV, ascribed to the Ag
3d orbital's Ag 3d5/2 and Ag 3d3/2 components, respectively
(Fig. 7g). On the basis of the peak position, it can be concluded
that silver was present in its elemental form [Ag(0)] in the
sample.15b,31b We also tried to gra AgNPs onto 2D platelets
originating from OPTZ-P1 in the presence of an external
reducing agent to investigate the capping potential of the
oxidized form of the phenothiazine dye (OPTZ). The sulfur atom
in the OPTZmoiety is in a +4-oxidation state, which signicantly
reduced the ability of the OPTZ-decorated 2D platelets to
effectively coordinate with AgNPs, as conrmed by the XPS data
(Fig. S12b). The BE of the S 2p orbital of OPTZ did not show any
notable shi aer AgNP binding. The TEM images revealed the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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formation of bigger AgNPs with an average size of∼12 nm along
with larger clusters and highly aggregated polymer sheets (Fig.
S13a–e). This is in sharp contrast to the distinct lozenge-shaped
morphology of the PLLA 2D crystals of PTZ-P1, which was
preserved aer AgNP binding (Fig. 7a). Possibly, the weak
interaction between the nanoparticles and the OPTZ ligand led
to the formation of Ag-nanoparticle clusters with poor colloidal
stability, which subsequently destabilized the polymer
template. Thus, the OPTZ-decorated 2D assembly was not an
effective template for NP graing. In contrast, the PTZ-P1
polymer could generate more uniform AgNP-doped 2D platelets
through stronger Ag–S coordination with the surface-
functionalized PTZ dye, thereby maintaining a better morpho-
logical control over its 2D structure.

The conducting nature of AgNPs provides an opportunity for
assessing the conducting properties of the otherwise insulating
PLLA 2D platelets of PTZ-P1 when decorated with AgNPs on the
surface. An attractive method for characterising electrical
properties at the nanoscale is scanning probe microscopy,32

specically conductive atomic force microscopy (C-AFM). To
obtain surface information, AFM typically uses a micro-
fabricated cantilever with a sharp tip. In C-AFM, an electrode is
placed at a xed point on the sample using a conductive
cantilever, as shown in Fig. 8a. The current that results from
applying a voltage between the electrode and the conductive
probe is recorded aer the probe has been scanned across
a surface. The ability to separate the force feedback, which
regulates the tip height, from the current feedback makes it
possible to analyze both the electrical conductivity and surface
Fig. 8 (a) Schematic representation of the conductive (C)-AFM for elec
a conductive substrate (p-Si) and the AFM tip served as the top electrode,
±10 V were applied to the substrate (with the tip grounded), and the
measurements were carried out with 20 nA current compliance; topogra
PTZ-P1 2D platelets and (d and e) after AgNP deposition on the 2D surfac
PTZ-P1 2D platelets (black trace) and after AgNP deposition (red trace).

© 2025 The Author(s). Published by the Royal Society of Chemistry
topography at the same time. Using a Pt-coated Si tip, local
conductivity measurements on the 2D surface of PTZ-P1 2D
platelets from drop-cast samples on silicon wafers were per-
formed vertically (out-of-plane) with and without AgNP graing.
Static I–V characteristics and correlated current maps with
topography were used to comprehensively study the conducting
properties of the 2D surfaces. Even at high bias voltages, the 2D
current mapping demonstrated that PLLA 2D platelets without
AgNP graing remained insulating as no measured currents
were found using C-AFM analysis (Fig. 8c) from the PLLA
platelet surfaces (Fig. 8b). In contrast, the contact mode
topography and current mapping (VB = +10 V) data on 2D
platelets of AgNP-decorated PTZ-P1 (prepared using TBAB as
a reducing agent) showed a notable current signal at the AgNP
sites (Fig. 8d and e). By comparing the current–voltage (I–V)
curves acquired from the 2D surface (Fig. 8f), a clear illustration
of the impact of the silver nanoparticles on the conductive
nature of the nanoparticle-ornamented 2D surface was revealed.
The bias voltage was scanned from −5 V to +5 V in order to
obtain the I–V curve. Without AgNPs, the observed current from
the PLLA platelet surfaces was almost zero (Fig. 8f). On the other
hand, the I–V curve from the AgNP-decorated 2D platelets of
PTZ-P1 revealed a signicant rise in the current starting at an
applied voltage of ∼1.5 V, reaching a maximum of 20 nA at
a bias voltage (VB) of 1.9 V (Fig. 8f) above which it became
saturated. This illustrates the critical role of surface-graed
AgNPs in conferring electrical conductivity to the PLLA-
derived 2D platelets generated by CDSA.
tron transport measurement across PTZ-P1 2D platelets deposited on
ensuring vertical current measurement. Voltage sweeps from 0 V up to
current through the sample was simultaneously measured. The I–V
phy and current map (C-AFM substrate bias: +10 V) for (b and c) pristine
e; (f) representative current–voltage (I–V) curves obtained from pristine

Chem. Sci., 2025, 16, 20851–20864 | 20861

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04392a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

3.
02

.2
6 

23
:2

7:
12

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Conclusions

In summary, we successfully demonstrated a strategy for redox-
active precision two-dimensional (2D) nano-assemblies with
tailorable surface-emission properties from a crystallizable
phenothiazine end-capped poly(L-lactide) (PTZ-P1) homopol-
ymer. By employing the crystallization-driven self-assembly
(CDSA) approach, multi-layered lozenge-shaped 2D nano-
platelets were generated in a water-rich medium (20% iso-
propanol in water). Unlike conventional CDSA strategies that
rely on crystallizable block copolymers, where the surface is
mostly graed with a nonfunctional polymeric segment, we
judiciously incorporated a redox-active phenothiazine (PTZ)
chromophore at the polymer chain end, which not only acts as
the surface-occupying corona segment but, being redox active, is
additionally able to respond to reactive oxygen species. As
a proof-of-concept, we explored the ratiometric uorescence
response of the 2D assembly for hypochlorite ions (ClO−), which
oxidize the surface-graed PTZ from sulde to sulfoxide. This
chemical transformation was accompanied by a change in
emission color from orange to cyan, passing through a transient
white-light emitting state, all from a single component system,
which is unprecedented in CDSA. Noteworthily, the redox
transformation affects only the surface chemistry, preserving
the structural features of the core-forming nanoplatelets.
Detailed control experiments using a preformed co-assembly of
PTZ-P1 polymer with its oxidized (phenothiazine sulfoxide)
counterpart (OPTZ-P1) claried the origin for this white-light
emission, which stemmed from the co-localization of the PTZ
(orange-emitting) and OPTZ (cyan-emitting) chromophores on
the 2D surface during partial oxidation. Furthermore, co-
assembly of OPTZ-P1 and PTZ-P1 polymers in a specic ratio
(7 : 1) yielded stable near-white-light-emitting 2D platelets (CIE
0.31, 0.32) through the contribution of Förster resonance energy
transfer (FRET) from surface-occupied OPTZ to PTZ. In contrast,
physical mixing of the preformed cyan- and orange-emitting
nanoplatelets (2 : 1) produced a white-light-emitting system
through simple additive color mixing, without FRET; as a result,
the individual platelets could retain their original color. Finally,
surface-anchored PTZ moieties were shown to facilitate the
photo-induced deposition of Ag nanoparticles (AgNPs), impart-
ing surface-induced electrical conductivity, thereby showing the
additional functional benet of the PTZ-end-capped PLLA
nanoplatelets. Overall, this work illustrates a highly versatile 2D
system that enables modulating the surface-emission color
(including white light) and selective ROS detection, as well as
supports surface-induced nanoparticle deposition for conduc-
tivity, all from a single-component chromophore-conjugated
PLLA homopolymer following a simple CDSA strategy. This
strategy offers enormous possibilities for the precise modula-
tion of optical properties through selective surface engineering,
showcasing the versatility and robustness of this system. The
ndings of this work will remarkably broaden the scope of CDSA
beyond shape and dimensional control, offering new avenues
for the design of functional 2D nanomaterials with surface-
induced stimuli-responsive properties.
20862 | Chem. Sci., 2025, 16, 20851–20864
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