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Shape-tunable two-dimensional assemblies from
chromophore-conjugated crystallizable
poly(L-lactides) with chain-length-dependent
photophysical propertiesy

Chhandita Chakraborty, Aritra Rajak and Anindita Das = *

This work reports temperature-dependent shape-changeable two-dimensional (2D) nanostructures by
crystallization-driven self-assembly (CDSA) from a chromophore-conjugated poly(L-lactide) (PLLA) homo-
polymer (PTZ-P1) that contained a polar dye, phenothiazine (PTZ), at the chain-end of the crystallizable
PLLA. The CDSA of PTZ-P1 in a polar solvent, isopropanol (iPrOH), by an uncontrolled heating—cooling
process, majorly generates lozenge-shaped 2D platelets via chain-folding-mediated crystallization of the
PLLA core, leading to the display of the phenothiazines on the 2D surface that confers colloidal stability
and orange-emitting luminescent properties to the crystal lamellae. Isothermal crystallization at 60 °C
causes a morphological change in PTZ-P1 platelets from lozenge to truncated-lozenge to perfect
hexagon under different annealing times, while no shape change was noticed in the structurally similar
PTZ-P2 polymer with a longer PLLA chain under similar conditions. This study unveils the complex link
between the 2D platelet morphologies and degree of polymerization (DP) of PLLA and the corona-
forming dye character. Further, the co-assembly potential of PTZ-P1 with hydrophobic pyrene-termi-
nated PLLAs of varying chain lengths (PY-P1, PY-P2, and PY-P3) was examined, as these two dyes could
form a Forster Resonance Energy Transfer (FRET) pair on the 2D surface. The impact of the length of the
crystallizable PLLA on the photophysical properties of the surface-occupied chromophores revealed
crucial insights into interchromophoric interactions on the platelet surface. A reduction in the propensity
for m-stacking with increasing chain-folding in longer PLLAs is manifested in the chain-length-dependent
FRET efficiencies and excimer emission lifetimes within the resultant monolayered 2D assemblies. The
unconventional "butterfly-shaped” molecular architecture of the tested phenothiazine, combined with its
varied functional features and polar character, adds a distinctive dimension to the underdeveloped field of
CDSA of chromophore-conjugated poly(L-lactides), opening future avenues for the development of
advanced nanostructured biodegradable 2D materials with programmable morphology and optical
functions.

tates their potential functional output. A promising strategy
for creating various hierarchical and anisotropic structures,

(2D) materials’ of including 2D arrangements in semicrystalline block copoly-

n-conjugated systems have attracted widespread attention due
to their potential applications ranging from biomaterials** to
electronic devices.?” Due to the lack of effective and generally
applicable strategies, controlling the shape, size, and mole-
cular packing of many n-systems in two dimensions over a
mesoscopic length scale represents a key challenge that dic-
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mers (BCPs), involves the use of an efficient “crystallization-
driven self-assembly” (CDSA)® approach. In this process,
chain-folding-mediated crystallization of the core-forming
polymeric block in a corona-selective solvent compels the
terminal corona-forming segment to locate on the 2D surface
and provide colloidal stability. Thus far, the primary focus in
this area has been to either customize the shapes of the nano-
structures by playing with the relative volume fractions of the
core- and/or corona-forming polymeric blocks or to precisely
control the dimensions by a seeding approach called “living”
CDSA,* which is analogous to the emerging living supramole-
cular polymerization (LSP)* technique recently explored in
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functional n-systems. Manipulating the functional output from
crystalline polymeric 2D nanostructures has captured the
attention of the scientific community only in very recent times.
Recently, we reported CDSA as an unconventional supramole-
cular bottom-up strategy for the fabrication of monolayered 2D
assemblies of m-systems from different chromophore-conju-
gated poly(i-Lactide) (PLLA) homopolymers.” By judicially
incorporating soluble corona-forming polar dyes such as
naphthalene monoimide (NMI) or merocyanine (MC) at the
chain-end of the crystallizable PLLA core in place of non-func-
tional polymeric segments, we were successful in creating well-
defined lozenge (diamond)-shaped crystalline lamellae with
excellent colloidal stability and fluorescent properties in iso-
propanol (iPrOH). This is because the bulk solvent, due to its
polar character, could effectively disperse the ordered 2D array
of the polar dyes located on the platelet surface.” Furthermore,
Forster resonance energy transfer (FRET) properties could be
achieved from the 2D surface of those crystalline nanosheets
by incorporating suitable donor and acceptor FRET pairs.
Despite our previous success in achieving predictable mono-
layered 2D assemblies of different n-systems, we were unable
to control their shapes, unlike achievable in crystallizable
BCPs, possibly due to the kinetically-driven crystallization
process in the absence of a long solubilizing polymeric corona,
leading to rigid and frozen structures. We anticipated that sys-
tematic variation in the polymer chain length in chromophore-
appended PLLAs may offer exciting possibilities to tune their
2D morphology, as well as the photophysical properties of the
surface-occupied terminal dyes by influencing their n-stacking,
which is expected to be dependent on the extent of chain
folding. In this work, we focus on investigating the role of
different parameters such as temperature, chain length vari-
ation, and the character of the terminal dye on the crystalliza-
tion kinetics, lamellae morphology, and photophysical pro-
perties in CDSA of chromophore-conjugated PLLA
homopolymers.

We designed a new PLLA homopolymer (PTZ-P1) that fea-
tured a terminal phenothiazine (PTZ) dye as a soluble corona-
forming moiety for the crystallizable PLLA core.
Phenothiazine, a tricyclic heteroarene,’ has been widely
employed in organic transistors,” photovoltaics,® and light-
emitting diodes.’ It offers many advantages, such as extremely
high hole mobility,"® chemical stability,'"" and ease of
functionalization at multiple positions.'® Extensive research
has focused on the solid-state properties of phenothiazine
derivatives, particularly their unique optical and electronic
properties and flexibility of functionalization. Unlike conven-
tional planar n-scaffolds, the hierarchical self-assembly of phe-
nothiazine in solutions,” particularly in two dimensions, is
limited by its unique non-planar conformation characterized
by a “butterfly” or bent-type structure.® Herein, we addressed
this gap by leveraging the CDSA technique, which offered a
tunable platform for studying phenothiazine’s self-assembled
properties. PTZ-P1 could self-assemble into orange-emitting
lozenge and truncated-lozenge-shaped 2D platelets by CDSA in
iPrOH with monolayered thickness.'* We demonstrated mor-
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phological transformation from diamond to regular hexagon
by optimizing the crystallization temperature and annealing
time, maintaining a narrow dispersity of 1.02 for PTZ-P1.
Building on these findings, we extended our investigation on
co-assemblies of PTZ-P1 (acceptor) with pyrene-terminated
PLLAs (donor) of different chain lengths (PY-P1, PY-P2, and
PY-P3) to analyze their distance-dependent FRET properties.
Our results reveal that the length of the donor chain has an
unprecedented effect on the FRET response on the 2D surface.
An increment in the FRET efficiency with a reduction in the
donor chain length was observed, resulting in the highest
achievable efficiency of ~87% in PTZ-P1 + PY-P1 co-assembly.

Results and discussion

Synthesis of 2D platelets from phenothiazine-conjugated Poly
(c-lactides)

In this study, a hydroxyl-functionalized phenothiazine
(PTZ-OH) (Scheme 1 and S1%) serves as a potent initiator in
the synthesis of poly(i-lactide)) PTZ-P1 by ring-opening
polymerization (ROP). The size exclusion chromatography
(SEC) showed a monomodal peak for PTZ-P1 (Fig. S1t). All the
characteristic peaks of PTZ could be seen in the "H-NMR spec-
trum of PTZ-P1 in CDCl;, which confirms the incorporation of
the dye at the chain end of the homopolymer (Fig. S20 and
Table S1f). From the end-group analysis, the degree of
polymerization (DP) was determined to be 100, complying
with the theoretical value. Next, the self-assembly of PTZ-P1
was studied in iPrOH. An unimer solution of PTZ-P1 in CHCl;
was slowly evaporated to obtain a thin film. Subsequent
addition of iPrOH and vigorous heating of the solution with a
heat gun followed by spontaneous cooling and aging for
30 minutes directly resulted in discrete lozenge (diamond)-
shaped and truncated-lozenge-shaped 2D structures with an
average size of ~2.34 pm, as shown in the atomic force
microscopy (AFM) images (Fig. 1a and S2at). The height
profile showed a ~8 nm thickness of the 2D platelets, closely
corresponding to ~32 repeating units.'® This suggests the for-
mation of monolayered crystalline lamellae, which is in agree-
ment with previous reports where crystallization-driven self-
assembly of PLLA is a contributing factor.'*'*” No visual pre-
cipitation and structural homogeneity suggest appreciably
high colloidal stability of the 2D platelets of PTZ-P1 in iPrOH.
This is conferred by the surface-occupied PTZ dye, which, by
its intramolecular electronic conjugation, exhibits a high polar
character that facilitates its solvation in the polar solvent
iPrOH,>” where the PLLA core is insoluble. Transmission elec-
tron microscopy (TEM) analysis showed the formation of
similar 2D platelets with comparable size (Fig. 1b).
Furthermore, the highly crystalline nature of the diamond
platelets was confirmed by the selected area electron diffrac-
tion (SAED) analysis (Fig. 1c).'* The diffraction patterns reveal
four (110) growth planes with d-spacings of 0.551 nm and two
(200) planes with d-spacings of 0.557 nm. Similar diffraction
spots have been previously reported for the solution-grown
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Scheme 1 Top: schematic representation of the synthesis of PTZ-PLLA by ROP; bottom: crystallization-driven self-assembly (CDSA) of poly(L-
lactide) homopolymers, PTZ-P1 and PTZ-P2 in isopropanol (iPrOH) under different conditions, and morphological modulation in PTZ-P1 2D platelets
from a mixture of orange-emitting lozenge (diamond) and truncated-lozenge to hexagon.
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Fig. 1 (a) AFM image (inset: showing height profile of the 2D platelet)
and (b) TEM image of the self-assembled diamond-shaped platelet of
PTZ-P1; C = 0.05 mg mL™%; (c) Selected area electron diffraction (SAED)
patterns obtained from the diamond platelet of PTZ-P1 in iPrOH; C =
0.05 mg mL™% (d) WAXRD of PTZ-P1. The powdered sample was pre-
pared by slowly drying its self-assembled dispersion in iPrOH.

single crystals of PLLA and assigned to the orthorhombic
a-form of PLLA.'* The wide-angle X-ray scattering (WAXRD)
analysis (Fig. 1d) of the PLLA powder obtained by a slow
removal of the solvent revealed distinct peaks at 26 = 12.4°
(103), 14.7° (010), 16.7° (110/200), 19.0° (203), and 22.4° (015),
in accordance with the o-form of PLLA crystals.>'*'
Additionally, the differential scanning calorimetry (DSC) ther-

mogram from solid PTZ-P1 mass after removal of iPrOH, dis-
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plays a single endothermic peak at 160 °C, corresponding to
the melting point of the PLLA homocrystals (Fig. S37).°>*%¢¢
The terminally attached PTZ dye’s fluorescent character
additionally conferred luminescent properties to the crystal-
line PLLA platelets. Orange-emitting lozenge-shaped platelets,
along with some truncated structures, could be clearly visual-
ized by confocal laser scanning microscopy (CLSM) analysis
(Fig. 2a and S2bt). The weight-average area (4,) and number-
average area (4,) were measured to be 2.95 pm?* and 2.86 pm?,
respectively, with a narrow dispersity of A,/A, = 1.03 (Fig. 2a
and $2bt).>'*¢ Corroborating with the CLSM analysis, PTZ-P1
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Fig. 2 (a) CLSM image of self-assembled PTZ-P1 in iPrOH; C = 0.05 mg
mL™%; (b) Variable-temperature (VT) photoluminescence (PL) studies of
PTZ-P1 (1ex = 430 nm); excitation and emission slit = 2.5 nm/2.5 nm; (c)
PL-Intensity vs. temperature plot from (b); (d) VT-DLS data of PTZ-P1; C
=01mgmL™
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in iPrOH showed an emission band at A, = 592 nm (Fig. 2b),
which is a result of high conjugation of the PTZ-chromophore
due to its push-pull nature. The variable-temperature (VT)
photoluminescence (PL) studies (Fig. 2b) demonstrate a sharp
decrease in emission intensity with a rise in temperature, sig-
nifying the disassembly behavior of the 2D platelets. This
trend continues until near saturation, marked by an inflection
point at approximately 65 °C (Fig. 2¢), denoted as the critical
disassembly temperature of the 2D platelets. This is consistent
with our recent findings on the disintegration temperature of
other chromophore-functionalized PLLA diamond platelets in
iPrOH.’>® The enhanced emission at lower temperatures is
attributed to the restricted motion of the fluorescent dyes in
their confined 2D array. The dynamic light scattering (DLS)
data (Fig. 2d) revealed a significant reduction in the aggregate
size from ~2 pm to ~32 nm as the solution temperature was
raised from 25 °C to 75 °C. This size reduction is consistent
with the anticipated disassembly from the changes observed
in the VT-PL studies. Interestingly, DLS analysis shows that the
original size of the crystals can be restored upon cooling the
solution back to 25 °C (Fig. 2d), indicating the reversible
nature of the thermal disintegration process of the 2D plate-
lets. The thermal disintegration of the 2D structures was
further illustrated by capturing the CLSM images at 65 °C and

> 3
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70 °C, which showed partial and complete disassembly,
respectively (Fig. S5¢c-f7).

Morphological transformation

Next, we investigated the self-assembly of PTZ-P1 crystallized
isothermally at a higher temperature under different anneal-
ing conditions. For that, PTZ-P1 in iPrOH was heated for
2 hours, 3 hours, and 4 hours at a constant temperature of
60 °C, subsequently cooled to room temperature, and then
aged for 18 hours to allow the growth of single crystals.
Notably, after annealing for 2 hours, the originally generated
lozenge-shaped 2D platelets transformed into quasi hexagons
and, after 3 hours and 4 hours, converted to nearly perfect
hexagons with a very narrow dispersity of A,/A, = 1.02
(Fig. 3a—c and S4a-ct)."*“*'” Separately, we have observed that
the lozenge-shaped platelets that were initially obtained from
an uncontrolled heating-cooling process can also transform
into hexagonal platelets upon annealing at 60 °C for 4 hours
(Fig. S4dft). The AFM image (Fig. 3d) confirmed a mono-
layered hexagonal structure that was comparable in thickness
(~7 nm) to the diamond-shaped crystalline lamellae generated
from an uncontrolled heating-cooling process (Fig. 1a).
However, the lamellae size (length between the two opposite
vertices) increased from 2.5 pm to 4 pm with the change in

Fig. 3 CLSM images of single crystals of PTZ-P1 homopolymer in iPrOH obtained at a constant nucleation temperature (60 °C) and varying anneal-
ing time as indicated in the figures: (@) t = 2 h; (b) t = 3 h; (c) t = 4 h; (d) AFM image and (e) TEM image of 4 h annealed sample of PTZ-P1 in iPrOH at
60 °C; C = 0.05 mg mL™%; (f) Selected area electron diffraction (SAED) patterns obtained from the hexagonal platelet of PTZ-P1 in iPrOH; C =

0.05 mg mL™.
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the crystal morphology (Fig. 1a and 3d). The SAED data col-
lected from the hexagonal platelet (Fig. 3f) revealed compar-
able diffraction patterns to the lozenge-shaped platelets
(Fig. 1c), indicating similar crystal structures."**¢ As a result,
the hexagonal structures of PTZ-P1 in iPrOH exhibit emission
properties much like their diamond-shaped counterparts
(Fig. S5at), and both morphologies shared analogous disas-
sembly temperatures as revealed from their VI-PL spectra
(Fig. 2b and S5bf¥). Although less common, hexagonal-shaped
crystals of PLLA are known to pack using both {110} and {100}
growth planes and possess pseudo-hexagonal symmetry.'*%"
In contrast, the growth faces of the lozenge-shaped crystals
are the four {110} planes with chain-folding along the {110}
direction. The competition between growth rates along the
{100} and {110} planes determines the ultimate morphology
of polymer crystals of PLLA. The emergence of the truncated-
face {100 plane} in PTZ-P1 crystals occurred during the uncon-
trolled heating-cooling crystallization process, and for trun-
cated-lozenge structures, the {110} crystal planes grew faster
than the {100} crystal planes. However, during isothermal
crystallization at 60 °C, the truncation along the {100} crystal
plane became active while the growth rate along the four
{110} crystal planes diminished, and this process became
more pronounced with increasing annealing time.'**%'7¢
When the growth rates along the {100} and {110} crystal
planes approached comparability, regular hexagons were
formed from PTZ-P1, as seen after 3-4 hours of annealing.
Consequently, the angles between all adjacent edges appear to
be close to 120°. Thus, PLLA chains in hexagonal crystals
correspond to those of the a-form with orthorhombic packing
similar to its lozenge-shaped crystals."**“'7¢ This is also evi-
denced by the presence of comparable WAXRD (Fig. S6t) and
SAED (Fig. 3f) patterns of PTZ-P1 in these two unique 2D
nanostructures. Such temperature-driven morphological tran-
sitions associated with polymer crystals are known to be
caused by the diffusion-controlled change in chain mobility,'®
amongst many other parameters.”” We have synthesized
another PTZ-functionalized PLLA (PTZ-P2) with a longer chain
length (DP = 235) while keeping other parameters unaltered.
A dilute solution of PTZ-P2 in iPrOH also produced diamond-
shaped platelets by uncontrolled heating-cooling method,
while its annealed sample at 60 °C for 4 hours did not exhibit
any signs of truncation (Fig. S7a-c and S8at). No morphologi-
cal change in the case of the longer chain-length PTZ-P2 (DP
= 235) is explained by its slower diffusion-controlled mobility
at 60 °C as compared to the shorter chain-length PTZ-P1 (DP
= 100) (Fig. S8at). Our hypothesis was supported by the fact
that when PTZ-P2 was further heated to 80 °C for 4 hours, it
gained some chain mobility to grow bigger crystals that show
truncated faces (Fig. S8b-dt). However, after 20 hours of pro-
longed heating at 80 °C (Fig. S8e-gt), smaller-sized diamond
platelets were regenerated, possibly resulting from the dis-
solution of the PLLA chains from the edges of the initially
formed bigger crystals. This suggests an optimal annealing
temperature and time are essential for crystal growth and its
morphological transition.

This journal is © The Royal Society of Chemistry 2024
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Chain-length variation: impact on 2D morphology and
photophysical properties of pyrene-conjugated poly(r-lactides)

We envisaged that the CDSA approach offers a unique advan-
tage in investigating the chain-length-dependent FRET
responses from the 2D surface of the co-assembled nano-
structures, which had not been investigated earlier. We antici-
pated that pyrene could participate as an efficient FRET donor
for the tested phenothiazine acceptor due to their required
spectral overlap (Fig. S91). With this objective, we synthesized
pyrene-appended PLLAs, ie., PY-P1, PY-P2, and PY-P3, with
DPs of 93, 245, and 800, respectively (Table S17), by ROP of
t-lactide using PY-OH as an initiator. A monomodal peak was
observed for all the pyrene derivatives in THF in size-exclusion
chromatography (SEC) with a moderate dispersion of 1.3-1.4
(Fig. 4b).>* Before investigating the FRET properties in the co-
assemblies, we first studied the impact of chain-length vari-
ation on the self-assembly of PY-P1, PY-P2, and PY-P3. All
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Fig. 4 (a) Schematic diagram of homocrystals of PY-PLLA with three
different chain length; (b) SEC plots of PY-P1, PY-P2 and PY-P3 in THF;
(c) Photoluminescence (PL) spectra (normalized) of PY-P1, PY-P2 and
PY-P3 in iPrOH; Aex = 337 nm, C = 0.1 mg mL™%; (d) Time-resolved fluor-
escence decay profiles of PY-P1, PY-P2 and PY-P3 at 472 nm (lex =
337 nm); (e) Changes in the emission spectra of self-assembled PY-P1 in
iPrOH as a function of temperature; Inset: plot of the PY-P1 emission
intensity (Aem = 374 nm) vs. temperature, C = 0.1 mg mL™?, pathlength =
10 mm, excitation and emission slit = 1 nm/1 nm; ey, = 337 nm.
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pyrene-conjugated PLLAs produced 2D platelets that show
poor colloidal stability and tend to precipitate in iPrOH after a
few hours, in contrast to the stable and uniform structures
seen in the case of PLLAs chain-terminated with polar dyes
like phenothiazine and previously studied NMI or merocyani-
nes.>® A dilute solution of PY-P1, PY-P2, and PY-P3 produced
crystalline lamellae of diamond, truncated-diamond, and
pseudo-hexagon shapes (Fig. S10%), respectively, indicating
that longer pyrene-end-capped PLLA chains are more prone to
truncation due to the faster growth along {100} planes.'*” It is
interesting to note that the morphology of the 2D platelets gen-
erated from CDSA of the phenothiazine-functionalized PLLAs
showed a reverse trend as compared to the previous literature
knowledge on block copolymers of enantiopure polylactides'®?
and our own findings with hydrophobic pyrene-end-capped
PLLAs, i.e. the platelet morphology of PTZ-P2 with longer PLLA
chains shows no sign of truncation at ambient temperature or
even at 60 °C, unlike the shorter one. In CDSA of block copoly-
mers, the ultimate morphology is governed by many factors
like polymer composition, structure of the corona, solvent-
corona interactions, the presence of cosolvent, and different
self-assembly conditions.>'* For CDSA of the chromophore-
conjugated PLLAs with small molecule-based corona (where
the steric component is minimal), under a given condition in
a particular solvent, the crystallization kinetics will be dictated
by both the corona solvation and degree of core crystallization,
which are likely to be influenced by the nature of the terminal
chromophore and the crystallizable polymer chain length,
respectively. As the extent of interaction between the corona-
forming dye and the polar solvent (iPrOH) will be different for
phenothiazine (polar) and pyrene (nonpolar), the repeating
unit variation does not exert the same impact on the polymer
crystallization kinetics in the CDSA of these two types of
chromophore-conjugated PLLAs. Thus, our results unravel the
remarkable role that a single corona-forming r-scaffold has in
CDSA, which goes beyond stabilizing the 2D structure and con-
ferring it with distinct surface properties. The terminal dye
plays a pivotal role in the crystallization process and crystal
shape, which is comparable to the impact of solvent-selective
non-crystallizable polymeric segments in the CDSA of block
copolymers.

Pyrene, a spatially sensitive probe, exhibits an excimer
band at ~472 nm when two fluorophores are in close spatial
proximity, in addition to monomeric fluorescence emission
peaks (373-405), and the excimer band intensity depends on
the distance of separation between the pyrenes and the n-n
overlap.®® As the density of the corona-forming segment on
the platelet surface is dependent on the length of the
polymer chain, we anticipated that the increased number of
chain-folding in higher DP PLLA will reduce the surface
density of pyrene, leading to less probable spatial proximity
of the chromophores for n-stacking interactions on the 2D
surface as compared to the PLLA with shorter chain length.
This can be manifested by comparing the excimer/monomer
(e/m) ratio in the three polymers PY-P1, PY-P2, and PY-P3.
The emission spectrum of PY-P1 exhibited a broad excimer

13024 | Nanoscale, 2024, 16, 13019-13028
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band at 472 nm (Fig. 4c), attributed to n-stacking interactions
among the terminally-linked pyrenes.’® The excimer band
was notably reduced in PY-P2 and became almost negligible
in PY-P3, suggesting a chain length-dependent phenomenon.
This is apparent from the e/m ratio that follows the trend
PY-P1 (0.23) > PY-P2 (0.12) > PY-P3 (0.05).>' Time-correlated
single photon counting (TCSPC) studies further confirmed
this, revealing a drastic reduction in the excimer band life-
time*? from 100.00 ns to 25.85 ns to 8.40 ns for PY-P1,
PY-P2, and PY-P3 respectively (Fig. 4d and Table S37), indica-
tive of insignificant n-n-interactions in PY-P2 and PY-P3. To
validate our hypothesis and eliminate any changes caused by
intrinsic differences in the dye concentration in these three
polymers, we conducted a control experiment with the free
dye (PY-OH) at a concentration equivalent to the pyrene con-
centration in PY-P1 (Fig. S117). Under the same conditions,
no excimer band was observed from the dye without the
polymer chain (Fig. S1171), emphasizing that the n-stacking of
pyrene in iPrOH and subsequent excimer band formation
were an outcome of the CDSA. In further investigations, we
conducted a dilution experiment in iPrOH using chloroform
(CHCLy) as a good solvent for disassembly of the preformed
2D platelets of PY-P1. The gradual addition of CHCI; resulted
in a reduction in the intensity of the excimer band. Notably,
with 33% CHCl;, the excimer emission completely dis-
appeared, affirming that it originates from the 2D platelets
obtained through CDSA (Fig. S12t). VT-photoluminescence
studies reveal similar results. As temperature ascends from
20 °C to 75 °C, the excimer band progressively diminishes
for PY-P1. The monomer band intensity (A = 374 nm) vs.
temperature plot reveals a consistent disassembly tempera-
ture of 70 °C for PY-P1 (Fig. 4e), closely matching the disas-
sembly temperature observed for PY-P2 and PY-P3 (Fig. S13b-
dt), as well as PTZ-P1 (Fig. 2¢). This synchronized disassem-
bly behavior across different dye-appended PLLAs under-
scores the thermal sensitivity of these 2D structures across
varying tested chain lengths.

Chain-length variation: impact on FRET response in two-
component 2D assemblies

Next, we wanted to explore the impact of polymer chain-length
variation on the FRET properties in two-component CDSA of
PTZ-P1 polymer with pyrene-functionalized PY-P1, PY-P2, and
PY-P3 having different repeating units. Two-dimensional co-
assemblies of PY-P1, PY-P2, and PY-P3 with PTZ-P1 prepared
by following the previously mentioned uncontrolled heating-
cooling process in iPrOH were assigned as CoAs-1, CoAs-2,
CoAs-3 respectively. The CLSM images (Fig. 5) unveiled
majorly truncated lozenge-shaped platelets with morphologi-
cal consistency across all tested co-assembled structures
(CoAs-1, CoAs-2, and CoAs-3) and emitting in blue and orange
under selective excitation at their respective wavelengths.
Intriguingly, the perfect overlay of the two distinct colors in
the merged image revealed dual emission (Fig. 5) from the
crystalline 2D lamellae. This transformation provided clear evi-
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Fig. 5 CLSM images of co-assembly of (a) PY-P1 + PTZ-P1 (CoAs-1); (b)
PY-P2 + PTZ-P1 (CoAs-2), and (c) PY-P3 + PTZ-P1 (CoAs-3); [PY-P1] =
[PY-P2] = [PY-P3] = [PTZ-P1] = 0.05 mg mL™%.

dence of the co-localization of the two dyes (PY and PTZ) on
the platelet surface. While the CLSM investigation offered
visual confirmation of the presence and co-localization of the
two chromophores on the surface of the 2D crystallites, we
relied upon FRET studies to obtain valuable information
about the spatial interaction between the donor and acceptor
dyes. Remarkably, we noted a substantial overlap between the
absorption spectrum of PTZ-P1 and the emission spectrum
of PY-P1, establishing them as a FRET pair (Fig. S13af),
laying the foundation for further exploration of the chain-
length dependent FRET properties within the three studied
systems, i.e., CoAs-1, CoAs-2, and CoAs-3. As FRET is highly
sensitive to the distance between the two communicating
dyes (which has to be within 10 nm),***** we envisaged that
for the same FRET pair, the energy transfer efficiency can be
tuned by varying the distance between the dyes through
alteration in the PLLA chain length. Upon photoexcitation of
CoAs-1 at the absorption wavelength of the donor PY-P1 (4
= 337 nm), we observed quenching in the pyrene emission
(dem = 374 nm) with complete disappearance of the excimer
band (Fig. 6b). Intriguingly, this was accompanied by a 5-fold
enhancement in the emission intensity of the acceptor
PTZ-P1 (Aem = 592 nm) compared to the direct acceptor emis-
sion at A, = 337 nm (Fig. 6b). An impressively high FRET
efficiency (E = 1 — Ipa/Ip) of 88% was observed (Fig. 6b),
where Ip, and I, represent the emission intensity of PY-P1
(dem = 374 nm) in the presence and absence of the PTZ-P1
acceptor, respectively. This was validated by the fluorescence
lifetime measurement by time-correlated single photon
counting (TCSPC) experiments (Fig. 6c).”> The average life-
time of the donor dye in PY-P1 (4., = 280 nm) was deter-
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mined to be rp = 109.91 ns. Significantly, its lifetime was
markedly reduced to 14.64 ns (rp,) within the CoAs-1
(Table S27t), providing clear evidence of energy transfer from
PY-P1 to PTZ-P1. The energy transfer efficiency (E = 1 — 7pa/
7p) from the lifetime measurements (Fig. 6¢) yielded a value
of ~87% complementing with the steady-state data, where
7pa and 7 represent the lifetime of pyrene in PY-P1 (Aey, =
374 nm) in the presence and absence of the PTZ-P1 polymer,
respectively. To further probe that the FRET originating from
the 2D surface is a consequence of the CDSA of the PLLA
chain, we conducted a dilution experiment in CoAs-1 using a
corona-selective cosolvent, CHCl;. With the gradual addition
of CHCl; (v/v) in iPrOH, the emission intensity of PTZ-P1 in
CoAs-1 decreased concurrently with an increase in the PY-P1
emission (Fig. 6f and g). The disappearance of FRET, indi-
cated by the alteration in emission intensities, upon the
addition of CHCI; further confirmed the sensitivity of these
crystalline lamellae to the presence of a good solvent, leading
to the disruption of the organized chromophore assembly.
Additionally, we explored the effect of temperature on the
FRET response, which is expected to be dependent on the
thermal stability of the 2D structures. With a gradual increase
in temperature from 25 °C to 75 °C, FRET started diminish-
ing in CoAs-1 and completely ceased above 70 °C, suggesting
temperature-dependent disassembly of the 2D platelets
(Fig. 6d and e). This study further underscores the occurrence
of nonradiative energy transfer from the donor to the accep-
tor polymer on the surface of the 2D co-platelet with reason-
ably high thermal stability. To investigate any effect of vari-
ation in the donor polymer chain length on the FRET
response, similar studies were performed with CoAs-2 and
CoAs-3 (Fig. S14 and S157). A reduction in the average life-
time of PY-P2 in CoAs-2 from 74.65 ns to 22.52 ns and PY-P3
in CoAs-3 from 73.10 ns to 33.00 ns (Fig. S14a, b and
Table S27) validated similar energy transfer processes occur-
ring in CoAs-2 (~70%) and CoAs-3 (~55%), however, with
reduced efficiencies as compared to CoAs-1 (~87%). A reverse
correlation of the FRET efficiency and excimer formation
(Fig. 4a and c) with respect to the ascending donor chain
length going from PY-P1 to PY-P2 to PY-P3 can be attributed
to the diminishing interchromophoric interactions on the 2D
surface. The extended spatial distance induced by longer
polymer chains creates a less favorable environment for close
proximity and intimate interaction between the donor and
acceptor chromophores, resulting in a decreased probability
of energy transfer events in CoAs-2 and CoAs-3. We con-
ducted further assessments by measuring the FRET dis-
tances®® in CoAs-1 (1.98 nm), CoAs-2 (2.23 nm), and CoAs-3
(2.46 nm), which align with the proposed hypothesis.
Further, the temperature- and cosolvent-dependent FRET
studies reveal that all three donor-acceptor co-assembled 2D
platelets exhibit comparable thermal stability and complete
disassembly above 70 °C (Fig. S15cf) or ~33% CHCl;
addition (Fig. 6g). However, the tolerance for the cosolvent
becomes slightly higher as the donor chain length increases
in the two-component 2D platelets (Fig. 6g).
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Fig. 6 (a) A schematic demonstration of Forster Resonance Energy Transfer (FRET) in crystallization-driven co-assembly of PY-PLLA and PTZ-P1 on
the surface of 2D platelets; (b) Emission spectra of PY-P1, PTZ-P1 and their 1:1 co-assembly in iPrOH; lex = 337 nm, slit = 1 nm/1 nm; (c) Time-
resolved fluorescence decay profiles of PY-P1 and (1:1) PY-P1 + PTZ-P1 co-assembly (CoAs-1); (d) Variable-Temperature (VT) PL studies of CoAs-1
(ex = 337 nm, slit = 1.5 nm/1.5 nm) from 20 °C to 75 °C, 5° interval; (e) Plot of FRET ratio of CoAs-1 as a function of temperature (normalized); (f)
Changes in the emission spectra of 1:1 PY-P1 + PTZ-P1 co-assembly (CoAs-1) in iPrOH as a function of CHClz addition; Aex = 337 nm, slit = 1.5 nm/
1.5 nm; (g) Plot of FRET ratio (/a/Ia + Ip) vs. % of CHCls in iPrOH, where I, and Ip represent emission of PTZ-P1 (Aem = 592 nm) and PY-P1, PY-P2, and

PY-P3 (lem = 374 nm), respectively.

Conclusions

In summary, crystallization-driven self-assembly (CDSA) from
dipolar phenothiazine end-capped poly(i-lactide) (PLLA)
homopolymers (PTZ-P1/PTZ-P2) has been demonstrated in
iPrOH. This results in colloidally stable discrete and mono-
layered, lozenge-shaped, and truncated-lozenge-shaped 2D
platelets with surface-decorated phenothiazine dyes, leading to
previously unexplored orange emission from the 2D structures.
Notably, a temperature-dependent morphological transition
from lozenge-shaped 2D platelets to perfect hexagons could be
achieved with structural precision and narrow dispersion
(1.02) in the shorter chain length PTZ-P1. Furthermore, we
examined the potential effects of introducing pyrene (donor), a
second dye with a FRET relationship with the phenothiazine

13026 | Nanoscale, 2024, 16, 13019-13028

(acceptor) moiety being studied, on the surface properties of
the resulting crystalline 2D platelets. An important under-
standing of the correlation between the crystallizable PLLA
chain length and the spatial proximity of the surface-occupied
chromophores for n-stacking was gained by studying the
effects of varying degrees of polymerization in PY-P1, PY-P2,
and PY-P3 on the excimer emissions in their respective homo-
platelets and FRET efficiencies in the co-platelets (CoAs-1,
CoAs-2, and CoAs-3) with PTZ-P1, which is a significant new
development in CDSA of chromophore-conjugated crystalliz-
able polymers. Furthermore, we showed that the 2D platelet
morphology depends not only on external factors like tempera-
ture and annealing times in a specific crystallizable solvent
(iPrOH) but also on intrinsic structural parameters like the
length of the PLLA chain and the nature of the corona-forming
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terminal n-scaffold, which potentially influence the unimer-to-
nuclei ratio through varying degrees of corona-solvent inter-
actions. This knowledge enriches our toolbox for generating
distinct hierarchical 2D assemblies of m-conjugated systems
with consistent properties by controlling different crystalliza-
tion parameters in PLLA scaffolds. Overall findings of this
work advance our understanding of the intricate correlation
between chemical structure, supramolecular assembly, and
resulting photophysical attributes in CDSA of chromophore-
conjugated crystallizable poly(i-lactides), demonstrating its
potential as a versatile tool for the design and engineering of
functional biodegradable 2D materials with customized
optical behaviors from structurally diverse n-systems.
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