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ABSTRACT: The precise sequence of a protein’s primary structure is essential in
determining its folding pathways. To emulate the complexity of these biomolecules,
functional block copolymers consisting of segmented triblocks with distinct
functionalities positioned in a sequence-specific manner are designed to control the
polymer chain compaction. Triblock polymers P-b-C-b-F and P-b-F-b-C and random
diblock copolymer P-b-C-r-F consist of a hydrophilic poly(ethylene oxide) (PEO) block
and a hydrophobic block with coumarin (C) and ferrocene (F) moieties that are grafted
in a sequence-specific or random manner onto the hydrophilic block. External stimuli
such as UVB light, redox, and chemical cues influence the functional hydrophobic block
to alter the packing parameters that are monitored with spectroscopic and scattering
techniques. Interestingly, the positioning of the stimuli-responsive moiety within the
hydrophobic block of P-b-C-b-F, P-b-F-b-C, and P-b-C-r-F affects the extent of the
hydrophobic−hydrophilic balance in block copolymers that renders orthogonal control
in stimuli-responsive transformation of self-assembled vesicles to micelles.
KEYWORDS: block copolymer, self-assembly, sequence-specific, structural transformation, stimuli response

■ INTRODUCTION
Proteins are structurally complex and functionally sophisticated
among all molecules in a natural system and composed of
hundreds of amino acids linked together in a long chain, giving
rise to variable yet specific functions.1−4 The sequence of
amino acids dictate the primary structures, while a collection of
noncovalent interactions controls the secondary structure to
eventually organize the hierarchical tertiary structure to
provide specific functions of the proteins. Such structure-
functional precision exhibited by biopolymers is perhaps the
challenging frontier in the design of synthetic polymers to
mimic the complexity of the biomolecules. In that regard,
efficient strategies such as controlled polymerization have
emerged over the past few decades in a bid to precisely control
the sequence of repeating units in block copolymers.5−7 Thus,
block copolymers with tunable compatibility among the blocks
enable direct control over segregation ability that provide a
driving force for self-assembly toward creating polymeric
nanostructures.8,9 This involves the variation of the monomer
compositions throughout the chain length, introducing tapers
at the block junction, or strategically placing comonomer-rich
domains along the chain length to result in the formation of
the desired morphology of nanostructures.10−18 Segalman et al.
designed polystyrene-b-polypeptoid diblock copolymers that
differ in the sequence of comonomers in the polypeptoid block

to tune the chain conformation, indicating the possibility of
using sequence design to target a desired set of properties and
morphologies in block copolymers.19 In another example,
Sosaki et al. synthesized triblock copolymers consisting of
poly(oxyethylene) (PEO), poly(d-lactide) (PDLA), and poly-
(l-lactide) (PLLA) and demonstrated that the morphology of
the micelles could be tuned by changing the core structures
even at a constant hydrophilic/hydrophobic balance of the
block chains.20 Therefore, optimizing the sequence of
monomers in the block copolymer chain can not only alter
the dynamics of the chains, chain conformations, and
morphologies but also enable the design of materials with
predictable properties.21−24 Consequently, the identification of
an optimum balance between the hydrophobic and hydrophilic
segments within the polymers is determined by packing
parameters, ultimately leading to the formation of specific self-
assembled nanostructures.25−27 Notably, stimuli-responsive
chain collapse could induce a change in the packing parameter,
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potentially resulting in a transformation of the self-assembled
nanostructures.28,29 Armes et al. demonstrated such stimuli-
responsive chain collapse in the poly(N-(2-acryloyloxyethyl)-
pyrrolidone)−poly(4-hydroxybutyl acrylate) (PNAEP85−
PHBAx) diblock copolymer by increasing the pH of the
dispersion above the pKa of terminal carboxylic acid, leading to
the chain-induced vesicle-to-sphere transition.30 In another
report, Harrison et al. reported reversible morphological
transformations from spheres to worms and vesicles dictated
by the pH of the surrounding medium in a pH-responsive
copolymer composed of acrylic acid and butyl acrylate.31,32 In
that regard, our group demonstrated an interesting stimuli-
responsive chain collapse strategy to alter polymeric nano-
structures for application in photoresponsive self-healable
coating and drug delivery applications.33−35 Further, we have
also exploited such stimuli-responsive polymer chain folding to
design interesting peptide−polymer conjugate networks with
exciting nonlinear mechanical properties and piezoelectric
behavior.36−39 Recently, we have demonstrated that an
amphiphilic diblock polymer with stimuli-responsive moieties
in the hydrophobic domain can exhibit chain collapse behavior
in response to external stimuli, leading to reversible trans-
formation of vesicles to micelles by fine-tuning the packing
parameter.40 Thus, the coassembled vesicles, influenced by
orthogonal stimuli, formed self-sorted compartments, offering
potential applications in mimicking interactions of artificial cell
models with the extracellular matrix. In that regard, we
explored chirality-driven compartmentalization in dynamic
supramolecular polymers and covalent polymers, moving a
step closer to imitating orthogonality in biological sys-
tems.41−43 However, emulating the complexity of cellular
systems demands the design of polymers with orthogonal
stimuli-responsive moieties to achieve compartmentalization
akin to biological systems. Thus, the synthesis of triblock
copolymer systems further enhances the control, facilitating
the development of compartmentalized structures that closely
resemble the organization seen in biological systems. This
approach enables us to replicate and study biological processes
with a higher degree of precision and fidelity.
Herein, we synthesize segmented block copolymers with

sequence-specific combinations of distinct functionalities

positioned in different blocks (Scheme 1). Triblock polymers,
namely, P-b-C-b-F and P-b-F-b-C, and a diblock, P-b-C-r-F,
consist of a hydrophilic PEO block and hydrophobic blocks
containing coumarin (C) and ferrocene (F) moieties. These
moieties are grafted onto the PEO block in a sequence-specific
or random manner. Further, the positioning of the stimuli-
responsive moiety within the hydrophobic block plays a
significant role in dictating the stimuli response to eventually
alter the hydrophobic−hydrophilic balance. This imparts
orthogonal control in controlling the packing parameter
value in the block copolymers toward stimuli-responsive
transformation of self-assembled vesicles into micelles for P-
b-C-b-F, P-b-F-b-C, and P-b-C-r-F.

■ EXPERIMENTAL SECTION

Nuclear Magnetic Resonance (NMR)
NMR spectra were acquired on a 400 MHz Bruker. The chemical
shifts were reported in parts per million and appeared downfield to
tetramethylsilane (TMS) using the resonance of the deuterated
solvent as an internal standard. Splitting patterns are designated as
singlet (s), doublet (d), triplet (t), and multiplet (m).

Size Exclusion Chromatography (SEC)
Size exclusion chromatography (SEC) measurements were performed
on the Malvern Omnisec instrument having an RI detector and a
viscometer detector using a Shodex KD-806 M column and
dimethylformamide (DMF) as an eluent (0.01 M LiBr additive)
with a flow rate of 0.7 mL/min at a temperature of 35 °C. The results
were analyzed using Omnisec software with PMMA as the
conventional calibration standard for Mn, Mw, and PDI. The samples
were prepared by filtering the solutions through a 0.2 μm nylon filter
into a 2 mL glass vial.

Synthesis
All of the block copolymers were prepared following the RAFT
approach (Scheme 2). Detailed synthetic procedures for the macro-
RAFT agents and diblock polymers P-b-C and P-b-F characterization
can be found in the electronic Supporting Information (Figures S1−
S5).

P-b-C-b-F. For the synthesis of triblock polymer P-b-C-b-F using
RAFT polymerization, monomers F-HEMA (35 mg, 0.101 mmol)
and P-b-C (50 mg, 0.020 mmol) and initiator AIBN (3 mg, 0.02
mmol) were added to 1.5 mL of dioxane. The mixture was degassed

Scheme 1. Molecular Structure of the Block Copolymers Designed by RAFT Chain Extension Polymerizationa

a(A, B) Segmented triblock copolymers P-b-C-b-F and P-b-F-b-C and (C) random diblock copolymer P-b-C-r-F.
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by N2 bubbling and was further stirred at 70 °C under a N2

environment for 24 h. After the reaction, the solution was precipitated
in cold dry ether followed by centrifugation to get a white precipitate
that was dried in vacuo to get the desired product.

1H NMR (400 MHz, CDCl3, 298 K) δ = 7.64 (m, 4H), 7.43 (m,
8H), 6.82 (m, 9H), 6.31(m, 3H), 4.81 (s, 7H), 4.72−4.3 (s, 48H),
4.3−4.0 (s, 67H), 3.71−3.5 (m, 51H), 1.21−0.88 (m, 51H).
SEC (DMF, PMMA standards): Mn = 4950 Da, Mw = 6170 Da, Đ

= 1.2.
P-b-F-b-C. Monomers C-HEMA (34 mg, 0.10 mmol) and P-b-F

(50 mg, 0.020 mmol) and initiator AIBN (3 mg, 0.02 mmol) were
added to 1.5 mL of dioxane. The mixture was degassed by N2

bubbling and was further stirred at 70 °C under a N2 environment for
24 h. After the reaction, the solution was precipitated in cold dry ether
followed by centrifugation to get a white precipitate that was dried in
vacuo to get the desired product

1H NMR (400 MHz, CDCl3, 298 K) δ = 7.61 (m, 7H), 7.40 (m,
7H), 6.86 (m, 14H), 6.24 (m, 6H), 4.81 (m, 16H), 4.2−4.10 (m,
36H), 3.8−3.5 (m, 51H), 1.4−1.03 (m, 57H).
SEC (DMF, PMMA standards): Mn = 4790 Da, Mw = 7640 Da, Đ

= 1.5.
P-b-C-r-F. Monomers C-HEMA (47 mg, 0.14 mmol), F-HEMA

(49 mg, 0.14 mmol), and mPEO11-CTP (23 mg, 0.028 mmol) and
initiator AIBN (4 mg, 0.030 mmol) were added to 1.5 mL of dioxane.
The mixture was degassed by N2 bubbling and was further stirred at
70 °C under a N2 environment for 24 h. After the reaction, the
solution was precipitated in cold dry ether, followed by centrifugation
to get a white precipitate that was dried in vacuo to get the desired
product.

1H NMR (400 MHz, CDCl3, 298 K) δ = 7.64 (m, 4H), 7.43 (m,
8H), 6.82 (m, 9H), 6.31(m, 3H), 4.81 (m, 7H), 4.72−4.00 (m,
114H), 3.71−3.5 (m, 51H), 1.21−0.88 (m, 51H).
SEC (DMF, PMMA standards): Mn = 6150 Da, Mw = 7270 Da, Đ

= 1.2.

Scheme 2. Synthesis of Segmented Block Polymers: (A) Triblock P-b-C-b-F, (B) Triblock P-b-F-b-C, and (C) Diblock P-b-C-r-
F as Designed by RAFT Chain Extension Polymerization
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Dynamic Light Scattering
Dynamic light scattering measurements were done on a Malvern
Zetasizer Nano ZS ZEN3600 equipped with a helium−neon laser
(wavelength, λ = 633 nm with a backscattering angle of 173°).
Samples were prepared by filtering solutions through a 0.2 μm nylon
filter into a glass cuvette.
Photodimerization Study
Ultraviolet (UV) cross-linking/de-cross-linking was performed using a
UV chamber equipped with a 1 W × 8 W UVB lamp (λmax = 320 nm,
intensity at 15 cm = 790 μW/cm2) and a 1*8 W UVC lamp (λmax =
254 nm, intensity at 15 cm = 820 μW/cm2), and the sample in the
liquid state was kept at a distance of 15 cm for irradiation. The
luminous intensity of irradiation at time t was determined in J/cm2 by
the formula [(μW/cm2)/106] × t(s). UV−visible (UV−vis) spectra
were recorded using an Agilent Cary 60 spectrophotometer in a
wavelength range of 800−200 nm.
Electrochemical Measurement
Cyclic voltammetry (CV) studies were performed on a Metrohm
MULTI AUTOLAB M204 potentiostat/galvanostat using a standard
three-electrode system. The cyclic voltammetry (CV) experiment was
conducted at room temperature using a three-electrode system
consisting of a working electrode (P-b-C-b-F, P-b-F-b-C, and P-b-C-
r-F on a Nafion-coated glassy carbon electrode), a platinum electrode
as the auxiliary electrode, and a Ag/AgCl electrode as the reference
electrode. The CV data analysis was performed using Nova 1.11
software. The CV studies were carried out using a 10 mM phosphate
buffer as the primary analyte solution and scanned over a potential
range from −0.4 to +0.8 V. Polymer samples were prepared in ethanol
and drop-cast onto the Nafion-coated glassy carbon electrode,
followed by drying for 30 min.
Microscopic Studies
The polymer samples were drop-cast on a 300 mesh carbon-coated
copper grid with uranyl acetate as a staining agent, and TEM images
were recorded using a JEOL JEM-F200 with a Tungsten filament at
an accelerating voltage of 200 kV.
Langmuir−Blodgett
Polymer monolayers were prepared by using a KSV Nima Langmuir−
Blodgett trough that was placed horizontally within a Plexiglas box to
avoid surface contamination. The surface pressure measurements
were performed by using a filter paper Wilhelmy plate. The trough
was filled with Milli-Q water. Polymers P-b-C-b-F, P-b-F-b-C, and P-
b-C-r-F were dissolved in chloroform at a concentration of 1 mg/mL
and added dropwise on the surface of Milli-Q water. Chloroform was
allowed to evaporate for 10 min after the addition of a known volume
of polymer solution. The barriers were then allowed to compress
symmetrically at a compression rate of 10 mm/min. The surface
pressure versus area per molecule was obtained by using KSV Nima
software.

■ RESULTS AND DISCUSSION

Design and Characterization of Block Copolymers

We designed a macroinitiator with a poly(ethylene oxide)
group as a hydrophilic block via RAFT polymerization using 4-
cyano-4-[(phenylcarbonothioyl)thio]pentanoic acid as the raft
reagent. To this hydrophilic macroinitiator, a hydrophobic
block of either coumarin- or ferrocene-tethered 2-hydrox-
ymethyl methacrylate was grafted in a sequence-specific or
random manner via chain extension to result in a segmented
block copolymer system (Scheme 2). The polymers were
characterized using 1H NMR with the characteristic peak of
coumarin in the region of δ = 6−7.5 ppm and the ferrocene
peak in the region of δ = 4.2−4.5 ppm. The PEO peak was
located in the region of δ = 3.2−3.7 ppm, indicating the
formation of a triblock polymer system. The percentage

grafting of the coumarin and ferrocene group was calculated by
comparing the collective integral of the protons composed of
coumarin and ferrocene groups with that of the collective
integral proton of the PEO chain as calculated from 1H NMR
(cf. ESI). Table 1 summarizes the characteristics of the

polymers, including the percentage grafting as calculated from
1H NMR, molecular weight (Mn, Mw), and Đ values based on
SEC analysis, for each polymer (Figures S6−S10). For P-b-C-
b-F, the coumarin- and ferrocene-grafted blocks’ degree of
polymerization (DP) values were found to be n = 5 and m = 6,
respectively. Similarly, in P-b-F-b-C, the DP values of
coumarin- and ferrocene-grafted blocks were found to be n =
6 and m = 5, respectively. In the case of random triblock
polymer P-b-C-r-F, the coumarin- and ferrocene-grafted
blocks’ DP values were found to be n = 5 and m = 6,
respectively. SEC analysis of the polymers exhibited excellent
control over molecular weight and the polydispersity index (Đ)
in the range of 1.2−1.5.
Photodimerization-Mediated Chain Collapse of the
Polymers
The coumarin moiety exhibits the ability to undergo
photodimerization upon irradiation with UVB light. In this
regard, segmented triblock polymers P-b-C-b-F and P-b-F-b-C
and random diblock polymer P-b-C-r-F were dissolved in a
0.5% DMF−water mixture to a final concentration of 0.01
mM. The coumarin motif in the polymers showed character-
istic absorption in the wavelength range of 290−330 nm that
upon UVB irradiation rendered a gradual hypochromic shift
(Figure 1A−C). This could be attributed to the formation of
the [2π + 2π] cyclobutane adduct between coumarin moieties
for polymers P-b-C-b-F, P-b-F-b-C, and P-b-C-r-F. Interest-
ingly, the hypochromic shift was found to be much higher in
the case of P-b-F-b-C and P-b-C-r-F as compared to P-b-C-b-
F where coumarin was present in the inner block. Since
coumarin moieties were grafted in a sequence-specific or
random manner onto the hydrophilic PEO block, the coumarin
present in the inner block of the triblock polymer responded
differently from the coumarin present in the peripheral block
or at random positions. Thus, the degree of photodimerization
(%PD) calculated from UV−visible spectral analysis inferred
that polymer P-b-C-b-F having coumarin in the inner block
exhibited a low %PD of ∼17% (Figure 1D). In the case of P-b-
F-b-C, the coumarin moieties exhibited a much higher %PD of
∼61%. However, the random distribution of coumarin in
random copolymer P-b-C-r-F showed intermediate photo-
dimerization efficacy (∼45%). This was in agreement with the
fact that the position of coumarin within the hydrophobic
block significantly influenced the photodimerization efficacy
owing to the steric factors. This led us to conclude that the

Table 1. Characterization Details of the Triblock Polymers

feed
ratios DPa

polymer Cou Fc Cou Fc
Mn
b

(Da)
Mw
b

(DA) Đb

P-b-C-b-F 5 5 5 ± 2 6 ± 2 4952 6171 1.2
P-b-F-b-C 5 5 5 ± 2 6 ± 2 4792 7644 1.5
P-b-C-r-F 5 5 5 ± 2 6 ± 2 6150 7267 1.2
aDetermined by 1H NMR. bDetermined by the SEC analyses in DMF
(0.01 M LiBr) using pMMA as the standard (polymer concentration
for SEC = 6 mg/mL in DMF (0.01 M LiBr)).
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position of coumarin is an important factor in determining
photodimerization efficacy, thereby controlling the eventual
chain collapse in the couramin-tethered polymers as previously
reported by us.33,34 Furthermore, the DLS experiment
exhibited a reduction in hydrodynamic diameters upon UVB
irradiation due to the chain collapse in the hydrophobic blocks
of polymers P-b-C-b-F, P-b-F-b-C, and P-b-C-r-F, as
corroborated from intensity, volume, and number data
(Figures 1E,F and S11). Moreover, % compaction was found
to depend on the position of coumarin in triblock polymers
owing to differential %PD efficacy. Thus, P-b-C-b-F exhibited
the least chain collapse, i.e., 19%, while the other block
copolymers where the position of coumarin was either
peripheral (P-b-F-b-C 59%) or in a random fashion (P-b-C-
r-F ∼ 51%) showed enhanced chain collapse (Figure 1F).
Table 2 shows the chain compaction of the native polymers

(DH ∼ 130 nm) to a hydrodynamic diameter of ∼60−105 nm,
depending upon the position of the coumarin moiety in the
block copolymers.
Redox Response of the Polymers
Next, we explored polymers P-b-C-b-F, P-b-F-b-C, and P-b-C-
r-F for their oxidation propensities by adding an oxidizing
agent to understand the effect of the position of ferrocene in
the block copolymer systems. Upon addition of 0.5 equiv of
Fe(ClO4)3 as an oxidizing agent to the polymer solution of P-
b-C-b-F, the yellow-colored solution of the polymer turned

dark green, indicating the formation of a ferrocenium cation
(Figure 2A−C). While P-b-C-r-F also showed the appearance
of green color, P-b-F-b-C did not exhibit any significant color
change. In that regard, the formation of the ferrocenium cation
was monitored using UV−vis spectra, which showed the
appearance of a new peak at 630 nm, a characteristic peak
corresponding to the ferrocenium ion. Upon addition of 0.5
equiv of the reducing agent (ascorbic acid) to the above
solution, the ferrocenium cation was reduced back to ferrocene
with an obvious color change to yellow and the disappearance
of the characteristic ferrocenium ion peak at 630 nm (Figure
S12). However, the redox efficacy of the grafted ferrocene
moieties was found to be position-dependent. When the
ferrocene moieties were grafted at the periphery of the triblock
polymer as in P-b-C-b-F, it exhibited a high oxidation
propensity, i.e., 31%, as compared to the other triblock
systems, i.e., P-b-F-b-C (5%) and P-b-C-r-F (10%; Figure 2D).
The distance between the redox center, i.e., ferrocene, and the
electrode surface holds relevance in defining the effect of a
hindered environment on the oxidation ability of ferro-
cene.44,45 In order to understand the effect of the position of
ferrocene on its redox behavior in triblock polymer systems, we
employed cyclic voltammetry, which highlighted reversible
oxidation processes in the ferrocene-grafted polymers at
approximately ∼0.4−0.6 V. Thus, P-b-C-b-F displayed higher
electrochemical redox potential in comparison to P-b-F-b-C
and P-b-C-r-F, which is in corroboration with spectroscopic
results (Figure 2E).
The synthesized block copolymers had an optimal balance of

hydrophobic and hydrophilic segments, thereby governing
their self-assembly. Typically, the self-assembly of the polymer
into a particular nanostructure is governed by the packing
parameter value as provided in eq 1

=P
v
al (1)

Figure 1. Monitoring photodimerization of the coumarin motifs in (A) P-b-C-b-F, (B) P-b-F-b-C, and (C) P-b-C-r-F using UV−vis spectra. (D)
Degree of photoisomerization (%PD) of P-b-C-b-F, P-b-F-b-C, and P-b-C-r-F with increasing irradiation time. (E, F) DLS data showing a decrease
in hydrodynamic diameter (DH) and corresponding % chain compaction for polymers P-b-C-b-F, P-b-F-b-C, and P-b-C-r-F with increasing
irradiation time UVB lamp: 1 W × 8 W, [polymer] = 0.01 mM in 0.5% DMF−water.

Table 2. Characterization Details of the Polymers after UVB
Irradiation, Oxidation, and Host−Guest

size, DH (nm) @ stimulia

polymer native size, DH (nm)a UVB Fe(ClO4)3 bis-β-CD
P-b-C-b-F 130 ± 5 105 ± 3 68 ± 5 68 ± 2
P-b-F-b-C 135 ± 5 57 ± 3 120 ± 5 70 ± 2
P-b-C-r-F 125 ± 5 60 ± 2 80 ± 5 55 ± 2
aDiameters were determined by the dynamic light scattering studies.
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where v and l are the volume and length of the hydrophobic
tail, respectively, and a is the optimal hydrophilic headgroup
area.
However, in the presence of an oxidizing agent, the

oxidation of ferrocene to the ferrocenium cation led to an
increase in the hydrophilicity of the triblock polymers. As a
consequence, it resulted in increased interactions with the
aqueous media, which in turn demonstrated a reduction in the
size of the nanostructures,45,46 as evident from the DLS data
(Figure 2F). This was further corroborated by SEC data that
showed a shift in the retention volume of native P-b-C-b-F
upon oxidation with redox stimuli (Figure S13). However,

orthogonal light stimuli did not result in any shift in the SEC
peak position owing to the low mobility of the inner coumarin
block. The polymers showed a reduction in size mediated by
oxidation; however, the reduction pattern was found to be
different for all of the polymers. As the redox behavior was
affected by the position of ferrocene grafting in the block
copolymer system, the hydrophobic-to-hydrophilic transition
via oxidation was found to be different for segmented triblock
and random diblock polymers. The detailed size compaction
data of all of the polymers with respect to redox stimuli are
given in Table 2.

Figure 2. Monitoring redox-responsive behavior of ferrocene in (A) P-b-C-b-F, (B) P-b-F-b-C, and (C) P-b-C-r-F by UV−vis spectra. (D) Bar
graph displaying %oxidation tendency in triblock polymers. (E) Cyclic voltammetric analysis showing redox responsiveness of polymers P-b-C-b-F,
P-b-F-b-C, and P-b-C-r-F. (F) DLS data showing a decrease in hydrodynamic diameter (DH) for polymers P-b-C-b-F, P-b-F-b-C, and P-b-C-r-F
upon oxidation with Fe(ClO4)3 ([polymer] = 0.01 mM in 0.5% DMF−water; [Fe(ClO4)3] = 0.05 mM; [ascorbic acid] = 0.05 mM).

Figure 3. TEM images of native polymer vesicles with schematic representation for (A) P-b-C-b-F, (B) P-b-F-b-C, and (C) P-b-C-r-F to
demonstrate self-assembly. TEM images of the polymer nanostructures after irradiation with UVB light for 60 min show (D) no change in
morphology in P-b-C-b-F, (E) formation of micelles in P-b-F-b-C, and (F) retention of vesicles with patches of chain compaction in P-b-C-r-F.
Scale bar = 200 nm. ([polymer] = 0.001 mM in 0.5% DMF−water).
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Sequence-Specific Morphological Transformation of
Polymers
In order to determine the morphology of the self-assembled
polymers upon external stimuli, we utilized transmission
electron microscopy (TEM). The amphiphilic block copoly-
mers in the native state self-assembled into vesicles of sizes
ranging between ∼130 and 140 nm with bilayer thicknesses of
∼13 and 15 nm (Figure 3A−C). Next, the amphiphilic balance
of the polymeric systems was altered by stimuli-mediated chain
collapse of the hydrophobic block. Thus, external stimuli such
as UVB, host−guest, and redox were expected to result in the
transformation of the vesicle nanostructures. Upon irradiation
of the native polymers with UVB light, the photodimerization
of coumarin moieties resulted in a decrease in the volume of
the hydrophobic blocks of the polymer. A decrease in the
volume of the hydrophobic compartment rendered a
subsequent decrease in the packing parameter value, thus
leading to the structural transformation of the vesicles (∼135
nm) to micelles of ∼70 nm diameter in the case of P-b-F-b-C
(Figure 3E).45 However, P-b-C-r-F exhibited chain compac-
tion behavior in patches with the retention of vesicles of ∼125
nm, whereas no morphological transformation was observed in
the case of P-b-C-b-F with coumarin as an inner block (Figure
3D,F). Table 3 summarizes the characteristics of the

morphological transformation from vesicles to micelles in
response to photo and redox stimuli based on TEM analysis.
Such morphological analysis corroborated with the observa-

tions obtained from UV−vis and DLS data, highlighting the
importance of the sequence specificity of the coumarin moiety
in block copolymer systems.
Next, we investigated the effect of oxidation over polymeric

self-assembly and consequent morphological transformation
owing to alteration in the hydrophobicity of the polymer. The
oxidizing agent Fe(ClO4)3 rendered ferrocene oxidation,
leading to selective modulation in the hydrophobic polymer
chain to transform self-assembled vesicles to micelles or
aggregates for triblock polymers (Figure 4A−F).47,48 Thus, P-
b-C-b-F exhibited a transition from vesicles of sizes ranging
between ∼130 and 140 nm (bilayer thicknesses ∼13−15 nm)
to micelles (∼75 nm) due to oxidation of ferrocene to the
ferrocenium cation that led to its increased interactions with
the surrounding aqueous medium (Figure 4D). This resulted
in an increase in the area of the hydrophilic headgroup, which
in turn decreased the packing parameter, as evident from the
formation of micelles in response to the redox cue. In contrast,
polymer P-b-F-b-C displayed the least response to oxidation
owing to the positioning of ferrocene in the inner block of the
triblock polymer (Figure 4E).48,49 Interestingly, for P-b-C-r-F,
the random arrangement of ferrocene resulted in the
disassembly of the vesicles and formation of swelled micellar
aggregates upon oxidation (Figure 4F).50 Such swelling was a
consequence of enhanced interactions between the ferroce-
nium ion and its aqueous microenvironment, which led to the
formation of comparatively large-sized micelles. Thus, for
triblock polymers P-b-C-b-F and P-b-F-b-C and random
diblock P-b-C-r-F, the selective chain compaction in the
polymer segments provided orthogonally controlled trans-
formation of the self-assembled vesicles into micelles in
response to external stimuli such as light and redox cues.
Further, the triblock and random diblock polymeric systems

containing coumarin and ferrocene grafts in their hydrophobic
compartments demonstrated a high propensity to form host−
guest inclusion complexes with bis-β-cyclodextrin (bis-β-CD)
as the host. We studied the formation of host−guest complexes
by UV−vis spectra that displayed an increase in absorbance in
the wavelength range of 300−350 nm for all of the triblock

Table 3. Characterization Details of the Polymers after UV
Irradiation and Oxidation

size, d (nm) @ stimulia

polymer
native size, d(nm)a; bilayer

thickness (nm) UVB Fe(ClO4)3
P-b-C-b-F 130 ± 5; 14 128 ± 3 75 ± 5
P-b-F-b-C 138 ± 5; 13 70 ± 3 120 ± 5
P-b-C-r-F 130 ± 5; 15 125 ± 2 100 ± 5
aDiameters were determined by the TEM.

Figure 4. Schematic representation to demonstrate self-assembly and TEM images of native polymer vesicles for (A) P-b-C-b-F, (B) P-b-F-b-C,
and (C) P-b-C-r-F. TEM images of the polymer nanostructures after oxidation with Fe(ClO4)3 show (D) formation of micelles of P-b-C-b-F, (E)
no change in morphology of P-b-F-b-C, and (F) formation of swelled micelles of P-b-C-r-F. Scale bar = 200 nm, [polymer] = 0.001 mM in 0.5%
DMF−water, Fe(ClO4)3 = 0.005 mM.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.4c00009
ACS Polym. Au 2024, 4, 255−265

261

https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig4&ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


polymers upon adding the host (Figure 5A−C). The
corresponding Job’s plots suggested the formation of 1:1
inclusion complexes with respect to both coumarin and
ferrocene in the case of P-b-F-b-C and P-b-C-b-F (Figure
S14). Moreover, 2D-NOESY NMR spectra showed correlation

peaks indicating through-space interactions between the
coumarin and ferrocene moieties of polymers P-b-C-b-F and
P-b-F-b-C and the protons of bis-β-CD (Figures S15 and S16).
This clearly suggested the absence of orthogonal chain collapse
mediated by host−guest interactions in the triblock polymers,

Figure 5.Monitoring the host−guest interaction with host bis-β-CD. (A−C) UV−vis spectra for P-b-C-b-F, P-b-F-b-C, and P-b-C-r-F. (D) Graph
showing a decrease in hydrodynamic diameter (DH) for polymers P-b-C-b-F, P-b-F-b-C, and P-b-C-r-F upon complexation with the host. (E)
TEM image highlighting the morphological transformation from vesicles to micelles upon complexation. [polymer] = 0.01 mM in 0.5% DMF−
water.

Figure 6. Comparative Langmuir isotherms of the native polymers (A) P-b-C-b-F, P-b-F-b-C, and P-b-C-r-F. Langmuir isotherm of polymers (B)
P-b-F-b-C, (C) P-b-C-b-F, and (D) P-b-C-r-F upon application of UVB light and redox stimuli in an orthogonal manner.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.4c00009
ACS Polym. Au 2024, 4, 255−265

262

https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00009/suppl_file/lg4c00009_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00009/suppl_file/lg4c00009_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00009/suppl_file/lg4c00009_si_001.pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00009?fig=fig6&ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


as the host did not show any selectivity over coumarin or
ferrocene. This was corroborated with DLS data that revealed a
considerable reduction in particle size (in the range of 55−70
nm) for all of the triblock polymers, indicating the nonspecific
nature of the position of coumarin or ferrocene in block
copolymers in forming inclusion complexes with bis-β-CD
(Figure 5D). The TEM image showed the transformation of
the vesicles to micelles (diameter ∼70 nm) for P-b-C-b-F
upon forming the inclusion complex (Figure 5E). The host−-
guest-mediated chain collapse led to a decrease in the volume
of hydrophobic blocks with a consequent lowering of the
packing parameter value that in turn resulted in a structural
transformation from vesicles to micelles.
Further, we employed the Langmuir−Blodgett experiment

to monitor the variations in the pressure−area isotherms of the
sequence-specific triblock polymers and their stimuli-respon-
sive behavior to alter the nature of the isotherm. Interestingly,
we observed a pseudoplateau for segmented triblock polymers
P-b-F-b-C and P-b-C-b-F below the range of 140 Å2 per
repeating polymer unit, indicating the formation of similar
morphological structures, i.e., vesicles, that was corroborated
by morphological evidence (Figure 6A). However, random
diblock polymer of P-b-C-r-F exhibited multiple transitions in
the range of 175−140 Å2 per repeating polymer unit. This
clearly suggested the efficient packing between the compatible
blocks in segmented triblock polymers in the monolayer,
whereas in the case of a random diblock system, the existence
of multiple plateau conditions signified irregular packing
between coumarin and ferrocene blocks due to their random
orientation in the hydrophobic block. Next, the monolayer of
P-b-F-b-C was subjected to photo and redox stimuli in an
orthogonal manner that exhibited a significant difference in the
Langmuir isotherm pattern (Figure 6B). Thus, upon
irradiation with UVB light, polymer P-b-F-b-C with coumarin
in the peripheral block exhibited a decrease in the maximum
surface pressure from 44 to 31 mN/m, signifying a
morphological transformation from vesicles to micelles in
corroboration with spectroscopic and microscopic evidence.
However, redox cue did not render any change in the surface
pressure underscoring the importance of sequence specificity
in the hydrophobic block’s response to external stimuli.
Similarly, P-b-C-b-F with ferrocene in the peripheral block
exhibited much higher redox responsiveness with a reduction
in surface pressure from 39 to 27 mN/m as compared to photo
response (Figure 6C). For random polymer P-b-C-r-F, we
could not observe any significant change in the Langmuir
isotherm in response to the photo cue; however, a slight
increase in the surface pressure was observed upon oxidation
(Figure 6D). Such behavior could be attributed to the swelling
of micelles due to the enhanced interaction of the ferrocenium
cation, as evident from spectroscopic and morphological
analyses.

■ CONCLUSIONS
In summary, we designed sequence-specific combinations of
triblock segmented polymers P-b-C-b-F and P-b-F-b-C and
diblock polymer P-b-C-r-F with light-responsive coumarin and
redox-responsive ferrocene motifs located within hydrophobic
blocks of the copolymer using RAFT chain extension
polymerization. The native polymers self-assembled into
vesicles by virtue of their packing parameter, as dictated by
the hydrophobic−hydrophilic block composition and archi-
tecture. Interestingly, by exploiting the orthogonality of light

and redox cues toward coumarin and ferrocene, we could bring
selective chain action of the hydrophobic blocks, leading to
alterations in the packing parameter values. This rendered
structural transformation from vesicles to micelles, which was
studied in detail using UV−vis spectroscopy, DLS, CV, and
Langmuir isotherms to underline the importance of sequence
specificity in block copolymers. Interestingly, chemical stimuli
implying host−guest interactions with bis-β-CD could not
distinguish between otherwise orthogonal coumarin and
ferrocene, thereby leading to chain collapse with a subsequent
variation of the packing parameter value in triblock polymers
P-b-C-b-F and P-b-F-b-C and random diblock polymer P-b-C-
r-F. The selective chain collapse of the chains imparted
orthogonal control in the stimuli-responsive transformation of
self-assembled vesicles into micelles in response to the choice
of external stimuli. Thus, we have successfully demonstrated
the role of sequence specificity in block copolymers toward
orthogonal stimuli to furnish compartments in polymeric
nanostructures that could find its eventual implication in
mimicking artificial cell models interacting with extracellular
matrices.
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