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ABSTRACT: A series of amphiphilic star-like triblock copolymers with well-defined molecular architectures, molecular weight, and
narrow polydispersity were successfully synthesized by sequential atom transfer radical polymerization (ATRP) using f3-cyclodextrin
as the initiator. These star-like triblock copolymers are composed of poly(4-vinyl pyridine) (P4VP) as the first block, poly(tert-butyl
acrylate) (PfBA) as the second block, and either polystyrene (PS), poly(methyl methacrylate) (PMMA), or poly(ethylene oxide)
(PEO) as the third block (denoted as P4VP-b-PtBA-b-PS, P4VP-b-PtBA-b-PMMA, and P4VP-b-PtBA-b-PEO, respectively).
Notably, by deliberate addition of a linear initiator [i.e., ethyl a-bromoisobutyrate (EBiB)] into the polymerization reaction when
growing the second PtBA block (i.e., synthesis of star-like P4VP-block-PtBA; denoted as P4VP-b-PtBA), a suitable concentration of
Cu’" can be achieved. This suppresses further termination reactions between active chain ends of star-like polymer, thus rendering
the ability to better control the growth of star-like P4VP-b-PtBA diblock copolymer (polydispersity index; PDI < 1.2). Kinetic
studies of PtBA polymerization with and without the addition of linear initiators of EBiB were conducted. Importantly, the living
nature of ATRP of star-like P4VP-b-PtBA diblock copolymer can only be attained when the linear initiator was added. Subsequently,
star-like P4VP-b-PtBA-b-PS, PAVP-b-PtBA-b-PMMA, and P4VP-b-PtBA-b-PEO were synthesized by using star-like P4VP-b-PtBA as
the macroinitiator via ATRP (for hydrophobic PS and PMMA) and click reaction (for hydrophilic PEO), respectively, further
confirming the tunability of surface chemistry (i.e., the outer block of star-like triblock copolymers) in this system. Finally, after
hydrolyzing PtBA into poly(acrylic acid) (PAA), the dual pH-responsive behaviors of double hydrophilic star-like P4VP-b-PAA
diblock copolymer were explored. In addition to dual pH-responsiveness, the strategy we developed based on sequential ATRP via
cyclodextrin as the initiator in this study may conveniently enable the synthesis of a rich variety of other stimuli-responsive
unimolecular star-like block copolymers comprising dissimilar blocks that are either pH-responsive, thermo-responsive, or photo-
responsive. As such, they may afford a unique platform for fundamental research and applications in smart delivery vehicles, sensors,
and tunable templates for nanomaterials.

B INTRODUCTION

The past several decades have witnessed significant advances in
the synthesis of polymers with tailorable compositions,
structures, and functionalities.' Among them, a rich diversity

the simplest nonlinear polymers, containing multiple linear arms
covalently linked to a core. In general, the method for
synthesizing star polymers can be categorized into two
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of polymers with nonlinear molecular architectures (e.g., cyclic,”
dendritic, brush,® star-like,”* and hyperbranchedé) have been
extensively studied due to their unique physicochemical,7
.08 . 9,10 . q11 ]
mechanical,” photonic, and electrical = properties for
potential applications in molecular recognition,'” catalysis,"*
drug delivery,14 and so forth. Star-like polymer represents one of
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strategies, namely, the “core-first and “arm-first
methods. The former strategy uses presynthesized multifunc-
tional initiator as a core, from which subsequent polymerization
of monomers produces the multi-arms. On the other hand, the
latter involves the preparation of linear arms first, followed by
grafting them onto the multifunctional coupling agent, yielding
star-like polymers. Clearly, the “core-first” approach provides a
better control over the architecture of star-like polymer as the
number of arms can be easily tailored by the number of initiate
sites of initiators, whereas the “arm-first” route often results in a
broad distribution of the number of arms per star-like polymer.
Controlled radical polymerizations (CRP), including atom
transfer radical polymerization (ATRP) and reversible addition
fragmentation chain transfer polymerization, have been proven
to be robust techniques for synthesizing well-defined star-like
polymers due to their site-specific initiation as well as efficient
reversible deactivation. In addition to various initiators as the
core, a variety of monomers'~ can be utilized for growing
polymeric arms with CRP.

It is widely recognized that synthesizing pyridine-containing
polymer with controlled molecular weight (MW) distribution
via ATRP remains challenging, especially with increased
initiating sites per core, for the following reasons. First, the
pyridine group can strongly coordinate with the metal catalysts
in the systems, leading to possible formation of pyridine-
coordinated metal complexes, which are verified to be non-
effective catalysts for the ATRP reaction, thereby greatly
reducing the polymerization rate or even rendering uncontrol-
lable polymerization. Second, owing to the ability of halogen
atom (especially Br) as the leaving group to nucleophilically
attack the pyridyl moiety of pyridine-containing polymers, a
significant amount of termination and coupling reactions (i.e.,
between two star-like polymers as well as polymer arms within a
star-like polymer) and thus a sharp increase in polydispersity
occurs. Furthermore, this phenomenon would become more
severe when the number of initiating sites per core increases
because of higher tendency of arm—arm coupling within one
star-like 9polymer due to the closer proximity between initiating
sites.'"®"” In addition, the synthesis of star-like diblock or
triblock copolymers by ATRP with the pyridine-containing
polymer as the first block has been comparatively less and
limited in scope as the issues noted above remain for the
subsequent polymerization of the second or the third block.

On the other hand, stimuli-responsive polymers represent an
intriguing class of materials as their physical and chemical
properties can be conveniently tuned upon exposure to external
stimuli (e.g., temperature, pH, and electric fields).”?° Among
them, poly(4-vinylpyridine) (P4VP) has been extensively
studied owing to its good pH-sensitivity, biocompatibility, and
hydrophilicity.”"** Notably, P4VP has often been exploited as a
drug carrier due to its enhanced solubility (i.e., fully stretched
P4VP chain) under a lower pH value, resulting in the release of
drug locally (e.g, in the acid environment of tumors).

Herein, we report a route to synthesize a set of star-like
homopolymer, diblock and triblock copolymer, containing
P4VP as the first block, with low polydispersity by the addition
of alinear initiator ethyl a-bromoisobutyrate (EBiB)], followed
by investigating the dual pH-responsive behavior of star-like
poly(4-vinyl pyridine)-block-poly(acrylic acid) (P4VP-b-PAA)
diblock copolymer. The star-like triblock copolymers comprise
P4VP as the first block, poly(tert-butyl acrylate) (PtBA) as the
second block, and either polystyrene (PS), poly(methyl
methacrylate) (PMMA), or poly(ethylene oxide) (PEO) as
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the third block (denoted as P4VP-b-PtBA-b-PS, P4VP-b-PtBA-
b-PMMA, and P4VP-b-PtBA-b-PEOQ, respectively). Specifically,
the initiator for ATRP with 21 initiating sites is first formed via
bromination of f-cyclodextrin. After successful synthesis of the
first P4VP block with tailorable MW and narrow polydispersity,
star-like P4VP-block-poly(tert-butyl acrylate) (P4VP-b-PtBA)
diblock copolymers with controlled MW distribution can be
prepared by deliberate addition of an optimal amount of linear
initiators of EBiB to prevent the coupling reaction between two
star-like polymers as well as polymer arms within a star-like
polymer. When the molar ratio between initiate sites [including
sites from both star-like P4VP homopolymer terminated with X
(X = Cland Br) and linear initiators of EBiB] and metal catalysts
of CuCl is increased to 1 to 1, suppressed tendency of the
coupling between the arms of star-like diblock copolymer as well
as between adjacent star-like diblock copolymers and thus
narrow polydispersity is achieved. The polymerization kinetics
of the second PtBA block with and without the addition of linear
initiators of EBiB is scrutinized. The linear relationship of
In([M],/[M]) ([M],and [M] are the monomer concentrations
at t; and t, respectively) versus time can only be attained when
the linear initiator of EBiB is present, indicating that the number
of propagating species remains constant during polymerization.
As a result, this synthetic approach can facilitate the preparation
of multi-arm polymers, specifically consisting of the pyridine-
containing polymer as the first block, with controlled MW
distribution (i.e., generally below 1.2). Moreover, as-synthesized
star-like P4VP-b-PtBA diblock copolymer terminated with X (X
= Cl and Br) could continue serving as a macroinitiator for the
third polymerization, yielding star-like triblock copolymers.
Successful synthesis of star-like P4VP-b-PtBA-b-PS and P4VP-b-
PtBA-b-PMMA triblock copolymers by ATRP as well as P4VP-
b-PtBA-b-PEO by the click reaction demonstrates the versatility
of this synthetic strategy. Furthermore, the dual pH change-
induced responsive behavior of star-like P4VP-b-PAA diblock
copolymer obtained via thermolysis of PtBA of star-like P4VP-b-
PtBA into PAA is examined via dynamic light scattering (DLS)
and UV—vis studies under various pH environments, and the
possible morphological change is proposed. Taken together, the
results suggest the promising potential of the as-synthesized star-
like diblock copolymer as polymeric nanocarriers for controlled
release of drugs.

B RESULTS AND DISCUSSION

Synthesis of Initiator with 21 Initiating Sites for
Subsequent ATRP Reactions. A facile synthesis approach
based on the previous literature™* to modify the end hydroxyl
groups of f-cyclodextrin (f-CD) by capitalizing on 2-
bromoisobutyl bromide was conducted. After mixing S-CD
with an esterification agent (i.e., a-bromoisobutyryl bromide)
for one day under room temperature, the outer hydroxyl groups
can be substituted by the bromoisobutyryl units, yielding 21-Br-
p-CD (left panel in Scheme 1la). 1-Methyl-2-pyrrolidone
(NMP) was identified as a suitable solvent for esterification
due to its compatibility with the esterification agent and a small
amount of HBr byproduct. The successful esterification of f-CD
was corroborated by proton nuclear magnetic resonance ('H
NMR) (Figure S1), where the methyl protons of 21-Br-$-CD
(assigned to 6 = 1.8—2.2) were seen. The conversion efficiency
of the end hydroxyl group can be calculated by the equation

Ay,

X 100%

a
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Scheme 1. (a) Schematic Illustration of the Synthetic Route
to Star-like P4VP-b-PtBA Diblock Copolymer (1) Without
and (2) With the Addition of Linear Initiators of EBiB,
Where BMP Is 2-Bromo-2-methylpropionate. (b) Schematic
Representation of Synthetic Strategies for (1) Star-like
P4VP-b-PAA Diblock Copolymer via Hydrolysis of Inner
PtBA Block, (2 and 3) Star-like P4VP-b-PtBA-b-PS and
P4VP-b-PtBA-b-PMMA Triblock Copolymers by Using Star-
like P4VP-b-PtBA Diblock Copolymer as Macroinitiator for
ATRP of Styrene and Methyl Methacrylate, Respectively, and
(4) P4VP-b-PtBA-b-PEO via Click Reaction of Star-like
P4VP-b-PtBA and Linear PEO
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where Er is the conversion efficiency of hydroxyl groups, and A,
(6 = 5.2—5.3) and A, are the integral areas of the part of the
residual protons on #-CD and the methyl protons, respectively.
Based on the calculation, as-synthesized 21-Br-f-CD showed a
conversion as high as 95%, indicating the successful substitution
of hydroxyl groups into bromoisobutyryl units, yielding the
initiator for the subsequent ATRP.

Synthesis of Star-like P4VP Homopolymer via the First
ATRP. By using the 21-Br-$-CD as the initiator and CuCl/
MeTREN as the cocatalyst (see Experimental Section in the
Supporting Information), ATRP of 4-vinyl pyridine (4VP) was
successfully conducted in 2-propanol at 40 °C. As reported in
the literature, polymerization of 4VP via ATRP can be difficult
due mainly to (1) the coordination between metal catalysts (i.e.,
CuCl) and pyridyl groups of 4VP/P4VP in the system and (2)
the coupling between the halide group at polymer chain end of
each star-like polymer and the pyridyl group of 4VP and P4VP,**
both resulting in the occurrence of termination and/or coupling
reaction, and thus broadened the MW distribution. In order to
obtain star-like P4VP with tailorable MW and controlled
polydispersity, several experimental parameters were tailored.
First, instead of CuBr/PMDETA, CuCl/Me,TREN were used
as cocatalysts. It is notable that CuCl was chosen as the metal
catalyst because of the weak ability of chlorine atom as the
leaving group, thereby resulting in less susceptibility to
nucleophilically attack pyridyl groups of P4VP and thus reduced
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side reactions in the system. In sharp contrast, a significant
termination reaction can be observed, represented by the
appearance of the shoulder peak or broad polydispersity from gel
permeation chromatography (GPC) result, when CuBr was
used as the metal catalyst for polymerizing 4VP via ATRP.
Furthermore, due to the lower activation/deactivation equili-
brium constant of alkyl chloride, Me,TREN was selected as the
ligand to increase polymerization speed. Moreover, the strong
coordination between CuCl and Me,TREN ligands can facilitate
the removal of the catalyst by passing the polymer solution
through an alumina column or directly stirring alumina in the
product solution, as verified by color change from green to
colorless or pale yellow after the abovementioned treatments. In
addition to changing cocatalysts (i.e, CuCl and Me,TREN),
reducing reaction temperature and reaction time were found to
be helpful for suppressing the occurrence of the coupling
reaction.

Three star-like P4VP homopolymers with different MWs and
narrow MW distribution (typically lower than 1.1) were
synthesized. Monomodal peaks can be observed from the
GPC results (Figures 1 and S2), and the MW can be easily tuned

(3) P4VP-b-PtBA-b-PS
(2) P4VP-H-PtBA
(1) P4VP

(a)

Mn

«—

16
Elution time (min)
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(2) P4VP-b-PtBA
1\ 7\ (1) P4VP

14

(b)

14 16 18

Elution time (min)

Figure 1. (a) GPC traces of (1) star-like P4VP homopolymer, (2)
P4VP-b-PtBA diblock copolymer, and (3) P4VP-b-PtBA-b-PS triblock
copolymer. (b) GPC traces of (1) star-like P4VP homopolymer, (2)
P4VP-b-PtBA diblock copolymer, and (3) P4VP-b-PtBA-b-PMMA
triblock copolymer.

by changing the polymerization time. The MWs of all the as-
synthesized star-like polymers are summarized in Table SI.
Notably, low polydispersity index (PDI) and no obvious
shoulder peak appeared in the high MW range, indicating that
there were no intermacromolecular coupling reactions. Very
little linear P4VP homopolymer appeared, suggesting the
suitable condition chosen for ATRP of 4VP with star-like Br-
S-CD as the initiator. Representative 'H NMR spectrum of star-
like P4VP homopolymer obtained after reacting for 6 h is shown
in Figure 2a. The characteristic chemical shifts of 'H NMR at § =

https://dx.doi.org/10.1021/acs.macromol.0c00918
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Figure 2. 'H NMR spectra for (a) star-like P4VP homopolymer, (b) star-like P4VP-b-PtBA diblock copolymer, (c) star-like P4VP-b-PtBA-b-PS
triblock copolymer, and (d) star-like P4VP-b-PtBA-b-PMMA triblock copolymer. All samples are measured in CDCl,.

6.6 (marked as b in Figure 2a) and & = 8.3 (marked as c in Figure
2a) corresponded to the protons of the pyridyl group, indicating
successful synthesis of P4VP block.

Synthesis of Star-like P4VP-b-PtBA Diblock Copoly-
mers with Low Polydispersity via the Second ATRP. A
series of star-like P4VP-b-PtBA diblock copolymers with
different MWs and controlled PDI were subsequently
synthesized via ATRP using the as-synthesized star-like P4VP
homopolymer as the macroinitiator (central panel in Scheme
1a). The effect of addition of a linear initiator of EBiB on MW
distribution was scrutinized. This was motivated by the
observation of broad peak and/or shoulder in GPC traces
during the synthesis of the second star-like PfBA block. Notably,
we tried to reduce the influence of partially oxidized metal
catalyst (i.e., CuCl; it has been difficult to estimate the extent of
oxidation as it varied as time went by, even stored the metal
catalysts inside the glovebox) by keeping the metal catalyst
amount no less than 10 mg at each ATRP. A small amount of
attainable star-like P4VP block and constant amount of metal
catalyst (typically ~10 mg) resulted in a low ratio of initiator to
the metal catalyst. We thus speculate that the irregular peak
shape of GPC traces may be due to the synergic effect of the use
of highly active ligand,” small molar ratio (i.e., 0.02) of the
initiation sites from star-like P4VP homopolymer to the metal
catalyst, and the architecture of star-like polymer (ie., closer
distance between the radical within one star-like polymer),
thereby generating radicals (i.e., active species during ATRP)
with higher concentrations and increasing the occurrence of
termination and/or coupling reactions, which is often seen in
surface-initiated living radical polymerization.””*” Based on the
solutions reported previously with surface-initiated polymer-
ization, we deliberately added the predetermined amount of a
linear initiator of EBiB with a 1:1 molar ratio of EBiB to the
metal catalyst to the reaction mixture. Consequently, the
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addition of the linear initiator rendered an appropriate ratio of
initiator sites (i.e., halide groups from both star-like P4VP-b-
PtBA diblock copolymers and linear EBiB initiators) to the
metal catalyst CuCl. Thus, the concentration of Cu®* was
increased, ensuring a fast deactivation process and suppressing
further termination reactions from radical coupling (see
equation below) in the system and leading to better control
over the chain growth of the star-like diblock copolymer.

P-X + Cu'Cl/Me,TREN « P* + Cu''Cl,/Me,TREN

As a result, by employing the strategy described above, star-
like P4VP-b-PtBA diblock copolymers with monomodal GPC
traces were obtained (Figure S3), and the MW of the resulting
star-like P4VP-b-PtBA can be readily controlled by tuning the
reaction time. Figure 2b shows the '"H NMR spectrum of the as-
obtained star-like P4VP-b-PtBA diblock copolymer. The
appearance of the strong characteristic peak at § = 1.45 (marked
as a in Figure 2b), corresponding to the methyl protons in the
tert-butyl group [—C(CHj;);], confirmed the success in growing
PtBA onto star-like P4VP block.

The polymerization kinetics with and without the addition of
linear initiators of EBiB were then studied (Tables S2 and S3).
Figure 3a displays a linear relationship of semilogarithmic kinetic
plot when the linear initiator was added, suggesting the radical
concentration was constant during polymerization. Conversely,
a nonlinearity was seen in the absence of the linear initiator,
signifying possible occurrence of termination and/or coupling
reactions due to the competing side reactions, that is,
termination reactions from the radical (i.e., active species within
ATRP) coupling and/or coupling between halide groups of star-
like polymer chain end and pyridyl groups within the first star-
like P4VP block. Clearly, the addition of a linear initiator was
thus proven to be effective in reducing the side reaction by
decreasing the concentration of active species in the ATRP

https://dx.doi.org/10.1021/acs.macromol.0c00918
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Figure 3. (a) Kinetic plot for the copper-mediated ATRP of the second
PtBA block with and without the addition of linear initiators of EBiB,
employing star-like P4VP homopolymers as the macroinitiator and
dimethylformamide (DMF) as the reaction solvent. [M,] and [M] are
the concentration of the tBA monomer at time 0 and ¢, respectively. (b)
Dependence of number average MW (M,)) of the second PtBA block on
the tBA monomer conversion.

system. A linear increase of number average MW (M,) of the
second PtBA block versus tBA monomer conversion was
identified when growing the second PtBA block with the
presence of EBiB (Figure 3b). Both linear kinetic plots of
In([M],/[M]) versus time and linear relationship between M,
and monomer conversion corroborated that the successful
polymerization of the second PtBA block, using the first star-like
P4VP block as the macroinitiator with addition of a linear
initiator, is controlled/living radical polymerization with a
negligible amount of transfer and termination reactions.
Furthermore, the PDI can be significantly suppressed with the
presence of a linear initiator (as shown in Figure 4). The PDI
remained lower than 1.15 after polymerization for 210 min with
the addition of EBiB, while it increased to 1.35 with a similar
reaction time in the absence of EBiB. With no EBiB in the
system, the shoulder peak started to appear due to the intra- and
intermolecular coupling reaction even with only 10 min
polymerization time, and the PDI continued increasing with
the prolonged reaction time. Figure 4c compares the PDI when
growing the second PfBA block from the star-like P4VP
homopolymer in the presence and absence of linear initiators of
EBiB.

On the basis of the results described above, by employing the
additional linear initiator, its effect in suppressing the occurrence
of coupling and/or termination reactions, resulting from
increasing concentrations of Cu®*, and in turn, a faster
deactivation process can thus be substantiated. Furthermore,
this approach by judiciously introducing the linear initiator is
particularly beneficial when synthesizing star-like, pyridine-
containing polymers due to closer proximity between radicals
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Figure 4. GPC chromatograms of star-like P4VP-b-PtBA diblock
copolymers prepared by ATRP (a) with and (b) without the addition of
linear initiators of EBiB. Three numbers marked next to each curve refer
to the reaction time, M,, and PDI (M,/M,), respectively. (c)
Dependence of M,,/M,, for star-like P4VP-b-PtBA diblock copolymers
on tBA monomer conversion.

within each star-like polymer and using more active ligand (i.e.,
Me TREN). The addition of linear initiators can thus lead to
markedly improved controllability of the growth of polymer
chains (i.e., narrow polydispersity).

Moreover, the appropriate amount of the linear initiator
(EBiB) added was also investigated. Figure S4 compares the
GPC traces of the growth of the second PtBA block with various
amounts of linear initiators added yet with the same reaction
time. The optimal amount was found when the ratio of linear
initiator to metal catalyst (CuCl) is 1 to 1 (central panel; Figure
S4). At a low amount of a linear initiator (i.e., molar ratio of
EBiB/CuCl s 0.5 to 1), the peak still broadened with increased
PDI (upper panel; Figure S4). The peak broadening became
even more obvious with a prolonged polymerization time
(Figure SS). On the other hand, with an excess amount of EBiB
added (i, molar ratio of EBiB/CuCl is 1 to 1.5), the
polymerization speed decreased (lower panel; Figure S4)
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Figure S. (a) Size change from star-like P4VP homopolymer, P4VP-b-PtBA diblock copolymer to P4VP-b-PtBA-b-PS triblock copolymer at 25 °C, as
measured by DLS. (b—d) AFM height images of the corresponding star-like (b) P4VP homopolymer, (c) P4VP-b-PtBA diblock copolymer, and (d)

P4VP-b-PtBA-b-PS triblock copolymer. Image size = 0.5 gm X 0.5 ym.

possibly because both star-like P4VP and linear initiators
competed for reacting with tBA monomers.

We note that another possibility to reduce the polymerization
speed for better control over PDI is to introduce additional
CuCl,, as reported in the literature. To this end, CuCl, with
varied amounts (i.e., the molar ratios of CuCl, to CuCl are 0,
0.27, and 0.54) was added to elucidate the effect of CuCl, on
polymerization. From the GPC traces, as shown in Figure S6,
broad peak can be observed in all cases regardless of the amount
of CuCl, added. This may be because even with the presence of
CuCl, (especially within the range tried), the ratio between
metal catalysts to initiating sites of star-like P4VP homopol-
ymers may still remain high, suggesting that the approach to
decrease coupling and/or termination reactions via adding
CuCl, was not effective in this system.

Initially, the polymerization of the second PtBA block was
carried out with an [M],/[I], ratio of 520, as shown in Table S2,
where [M], and [I], are the initial concentrations of monomer
and overall initiation sites from both star-like P4VP and linear
initiators. Star-like P4VP-b-PtBA diblock copolymers with
narrow MW distribution can be synthesized with monomer
conversion up to 25% after 3—4 h. When conversion was larger
than 25—30%, the polymerization speed gradually decreased
with the prolonged reaction time (Figure S7), due possibly to
unavoidable termination reactions, loss of catalyst activity, and/
or increasing steric hindrance around the reactive chain ends.”®
However, low conversion was reported to be beneficial for
acquiring non-linear polymer with the well-controlled structure
(e.g, narrow PDI) by suppressing undesirable side reactions.”
Moreover, we found that by raising the molar ratio of [M]y/[1],
from 520 to 780, the MW of the second P{BA block can be
further increased. The MW of PtBA block was enlarged when
the tBA monomer amount was increased while keeping other
experimental conditions the same. The GPC traces of ATRP of
the second PtBA block with different amounts of monomers are
shown in Figure S8. Compared to employing the ratio of 520 ata
specific reaction time (marked as a-1 and a-2 in Figure S8,
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respectively), PtBA with larger MW can be acquired when the
ratio increased to 780 (marked as b-1 and b-2 in Figure S8) at
both reaction times. Remarkably, the PDI can still be maintained
less than 1.2. The MW of the second PtBA block can thus be
increased simply by increasing the fBA monomer amount even
with the monomer conversion still lower than 30%.

Despite good controllability in PDI by adding the linear
initiator during the reaction, the appearance of the linear PtBA
block was inevitable. Typically, fractional precipitation can be
utilized to remove the undesired linear polymer, that is, by the
fact that the polymer with larger MW would precipitate out first
when dissolving the polymer in good solvent with the gradual
addition of poor solvent. In this case, the difficulty of conducting
fractional precipitation lies in identifying good solvent and poor
solvent for both P4VP and PtBA blocks at the same time.
Intriguingly, we found that the linear PtBA can be easily
removed by washing the product with hexane (Figure S9).
Employing the solubility difference of P4AVP and P{BA in hexane
(good solubility for PtBA and poor solubility for P4VP), linear
PiBA is soluble in hexane whereas star-like P4VP-b-P{BA
diblock copolymers cannot be well dissolved in hexane, resulting
in easy separation of the two parts via washing the product,
followed by centrifuging and collecting the precipitant. Notably,
the larger the MW of the outer PtBA block, the higher tendency
for dissolving the star-like diblock copolymer in hexane at the
same time, eventually leading to more losses during this washing
process.

Synthesis of Star-like P4VP-b-PtBA-b-PS and P4VP-b-
PtBA-b-PMMA Triblock Copolymers via the Third ATRP.
A series of star-like P4VP-b-PtBA-b-PS and P4VP-b-PtBA-b-
PMMA triblock copolymers with different MWs were
successfully prepared by conducting third ATRP using the
star-like P4VP-b-PtBA diblock copolymer as the macroinitiator
(Scheme 1b2,b3, respectively). The absence of intermacromo-
lecular coupling was verified by the GPC traces of star-like
P4VP-b-PtBA-b-PS and P4VP-b-PtBA-b-PMMA triblock co-
polymers (Figures 1 and S10). Figure 2c—d shows the
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representative 'H NMR spectra of star-like P4VP-b-PtBA-b-PS
and P4VP-b-PtBA-b-PMMA triblock copolymers, respectively.
As shown in Figure 2¢, except for those characteristic chemical
shifts from previous blocks, the peaks at 6 = 6.33—7.31 can be
assigned to the protons on the phenyl ring of the third PS block,
indicating the successful growth of PS onto the star-like P4VP-b-
PtBA macroinitiator. On the other hand, the chemical shift
shown in Figure 2d at 6 = 0.8—1.12 can be ascribed to methyl
groups of the third PMMA block. The weak signal at = 6.6 and
8.3 from the pyridine group of the first star-like P4VP block
might be due to the small ratio of MW between P4VP and the
subsequent PtBA and PMMA block.

It is notable that when performing ATRP for the second
(tBA) or third block (styrene and methyl methacrylate,
respectively), even though the macroinitiator [e.g., X-
terminated (X = Cl and Br) star-like P4VP in the case of
grafting second PtBA block] was dissolved in good solvent at the
beginning, the addition of tBA monomers may still cause
turbidity or precipitation because tBA was the poor solvent for
star-like P4VP homopolymers. As a result, the molar ratio of
solvent to monomer was an important parameter that we paid
attention to and the speed of adding tBA monomers should be
controlled, that is, a dropwise injection was preferred to prevent
the precipitation of the macroinitiator.

To further understand the sizes and morphologies of these
structurally stable spherical macromolecules, both DLS and
atomic force microscopy (AFM) characterizations were
conducted. First, the hydrodynamic diameters Dy of the star-
like P4VP homopolymer, star-like P4VP-b-PtBA diblock
copolymer, and star-like P4VP-b-PtBA-b-PS triblock copolymer
were measured by DLS (Figure Sa). In particular, all three kinds
of star-like polymers were completely dissolved in DMF (c = 1
mg/mL), which is a good solvent for all three polymer blocks,
thus resulting in the formation of a unimolecular micelle.
Clearly, the Dy, of the polymer increased from 24, 33 to 65 nm
when an additional block was polymerized, suggesting that each
block was successfully grown from the previous star-like
initiator. In addition, AFM measurements were conducted to
distinguish the structure of unimolecular star-like polymers. A
DMEF solution (¢ = 1 mg/mL) containing star-like P4VP, P4VP-
b-PtBA, and P4VP-b-PtBA-b-PS (sample 1; Table S1) was spin-
coated on the pre-cleaned Si substrate at the spin speed of 3000
rpm for 30 s, and the results are shown in Figure Sb—d,
respectively. The spherical unimolecular nanoparticulates are
clearly evident with an average diameter of 19.9 + 3.4, 29.1 +
4.5, and 59.7 £ 5.9 nm for the star-like P4VP homopolymer,
star-like P4VP-b-PtBA diblock copolymer, and star-like P4VDP-b-
PtBA-b-PS triblock copolymer (Figure S11), respectively,
correlating well with the Dy, results from the DLS measurements.

Synthesis of Star-like P4VP-b-PtBA-b-PEO via Click
Reaction. In addition to using ATRP for the growth of the third
block of the star-like triblock copolymer, hydrophilic PEO can
be grafted onto the star-like P4VP-b-PtBA diblock copolymer via
the click reaction, suggesting the capability of tailoring surface
chemistry (i.e., the outer block of the star-like triblock
copolymers) in this star-like polymer system. To proceed with
the reaction, the halogen end groups (i.e., Cl and Br) on star-like
P4VP-b-PtBA diblock copolymers were first transformed into
azide functionalities through nucleophilic substitution reactions
with NaNj; in DMF. Successful azidation can be confirmed by
the appearance of the stretching of —N5 at 2112 cm™" in Fourier
transform infrared spectroscopy (FTIR) result (Figure S12a,
indicated by the black arrow). Subsequently, the click reaction
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between star-like P4VP-b-PtBA-Nj; and alkyne-terminated PEO
was performed. During the click reaction, excess amount of
alkyne-terminated PEO was added into the system to ensure
that all the star-like P4VP-b-PtBA arms were clicked with linear
PEO. The unreacted linear alkyne-terminated PEO can be
removed facilely by precipitating in cold methanol for several
times. The successful click reaction can be verified by GPC
traces with a significant peak shift (Figure S12b), signifying the
effective grafting of linear PEO onto the star-like P4VP-b-PtBA
diblock copolymer.

Dual pH-Responsive Star-like P4VP-b-PAA Diblock
Copolymer. Both hydrophilic P4VP and PAA are such weak
polyelectrolytes that the degree of ionization is governed by pH
and ionic strength of the aqueous solution. At higher pH (basic
medium), PAA chains are deprotonated and fully stretched due
to the repulsion of negatively charged PAA chains, whereas at
lower pH (acid medium), P4VP chains can be fully stretched
due to the repulsion of positively charged P4VP chains.
Moreover, the strong ionization on either P4VP or PAA block
can facilitate the redissolution of the star-like diblock
copolymer.”” Before investigating the pH-responsive behaviors
of star-like P4VP-b-PAA diblock copolymers, we first looked
into the pH-responsive behaviors of star-like P4VP the and star-
like PAA homopolymer, respectively. The UV—vis trans-
mittance and DLS results of the star-like P4VP homopolymer
(MW from GPC = 75k, blue curve in Figure S2) and the star-like
PAA homopolymer (MW from GPC = 290k) under different
pH values in aqueous solution were obtained to indirectly
characterize the associated morphological change of star-like
polymers under different pH environments. Size and trans-
mittance change of star-like P4VP homopolymers under varied
pH values are shown in Figure S14. The hydrodynamic diameter
of the P4VP remained the same size at pH = 1 and 2, slightly
decreased when pH increased to 3, followed by a continuous
increase at pH value higher than S. The size distribution and size
change at different pH values are shown in Figure S14a and
Figure S14b, respectively. At pH < 2, the star-like P4VP
homopolymer was fully dissolved and polymer chains were fully
stretched, yielding a transparent solution (Figure S13). With
increased pH, the deprotonation of the P4VP side chains and
side chain aggregation toward the core occurred, resulting in a
slight decrease in the size (at pH = 3). With further increased
pH, the dispersed star-like P4VP started to form large
intermolecular aggregates, leading to a sharp increase in the
size (inset in Figure S14b).

In addition to the pH-dependent size change measured by
DLS, the transmittance of solution containing star-like P4VP
homopolymers provided further support on the proposed
morphological change under different pH environments (Figure
Sl4c). At pH > 2, the solution transmittance gradually
decreased, resulting from the deprotonation of P4VP side
chains and reduced electrostatic repulsion between star-like
P4VP homopolymers. At pH > 3, the transmittance rapidly
dropped due to the occurrence of the collapse of the
deprotonated side chains and intermolecular aggregation.

On the other hand, the size and transmittance variations of
star-like PAA homopolymers under various pH environments
were also measured and summarized in Figure S15. Similar to
the size change trend of star-like P4VP except that PAA
dissolved better at higher pH due to the deprotonated polymer
chains, in the star-like PAA homopolymer case, with decreasing
pH, the polymer size first slightly reduced with partially
collapsed polymer chains, followed by continuous increase in
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Figure 6. (a) Size change of double hydrophilic star-like P4VP-b-PAA diblock copolymer at different pH values at 25 °C, as measured by DLS. (b)
Relation between average hydrodynamic diameter of P4VP-b-PAA diblock copolymer and pH value, summarized from DLS data in (a). (c) UV—vis
transmittance of star-like P4VP-b-PAA diblock copolymers at 450 nm as a function of pH. The sample concentration is 1 mg/mL. (d) Proposed
morphological changes of star-like P4VP-b-PAA under various pH environments.

size because of intermolecular aggregation between star-like
PAA homopolymers. Moreover, UV—vis measurement of star-
like PAA showed consistent results with the continuous increase
in transmittance with increasing pH. Taken together, both star-
like P4VP and star-like PAA were thus demonstrated to be pH-
responsive with opposite size change under varied pH
conditions. Given the pH responses of star-like P4VP and
PAA homopolymers, a dual pH response of a star-like P4VP-b-
PAA diblock copolymer may thus be expected.

To obtain a star-like P4VP-b-PAA diblock copolymer, star-
like P4VP-b-PtBA diblock copolymers with narrow PDI (sample
1 without growing third PS block; Table S1) were first dissolved
in DMF, followed by raising to refluxing temperature and
reacting for 4 h. tert-Butyl substituent of PtBA block can then be
thermolyzed selectively and efficiently, yielding the star-like
P4VP-b-PAA diblock copolymer for the pH-responsive behavior
study. Figure 6 depicts the size (Figure 6a,b) and transmittance
changes (Figure 6¢) of star-like P4VP-b-PAA diblock copoly-
mers under different pH environments. Surprisingly, by
monitoring the appearance of the solution under different pH
values, we found the solutions were turbid despite being
dissolved in acid or basic environments, due possibly to the
interference of the insolubility of the other different blocks in the
star-like P4VP-b-PAA system. For instance, P4VP dissolved well
in acid conditions, whereas PAA had low solubility in acid
conditions, thus still leading to slight aggregation, as confirmed
by only a slight increase in size. Similar behavior was observed in
the basic environment. Intriguingly, a continuous size increase
from pH = S to pH = 8 was found with the most significant
increase occurred at pH = 8 (Figure 6b). We speculated that for
the pH value in this range, the positively charged pyridine groups
and negatively charged carboxyl groups in the star-like P4VP-b-
PAA diblock copolymer may compensate their opposite charges
that diminish the electrostatic repulsion, thereby leading to
aggregation between star-like P4VP-b-PAA.
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The possible mechanism accounting for the size change under
different pH values is schematically illustrated in Figure 6d. In
the basic environment (i.e., a good solvent for PAA block, yet a
poor solvent for P4VP block), the outer deprotonated PAA
block could be fully stretched because of the electrostatic
repulsion, whereas the inner P4VP block would be collapsed,
thus resulting in stabilization of the star-like P4VP-b-PAA
diblock copolymer to some extent. On the other hand, under
acid conditions (i.e., a good solvent for P4VP block, yet a poor
solvent for PAA block), the shrunk PAA chains would collapse
onto the core, and meanwhile, the P4VP block would extend
into the acidic solution, forming the inversed unimolecular
micellar structure. This observation is similar to the results from
the previous literature.”*' Again, due to the electrostatic
repulsion between P4VP chains, star-like P4VP-b-PAA diblock
copolymers could still be stabilized in acid solution. Interest-
ingly, at the intermediate pH, because of the deprotonation of
P4VP (less positively charged) and protonation of PAA (less
negatively charged) as well as the charge balance between the
two blocks, obvious aggregation between the star-like diblock
copolymer was found, representing the increased hydrodynamic
size from the DLS measurements and lowered transmission in
UV-—vis studies. Furthermore, we note that the pH range for
achieving fully stretched P4VP block and fully stretched PAA
block (i.e., the solubility of the star-like diblock copolymer) may
be readily tuned by different molar ratios between the two
blocks. On the basis of the dual-pH responsive behavior
discussed above, a class of double hydrophilic star-like diblock
copolymers could be rationally designed, synthesized, and
exploited as polymer nanocarriers, encapsulating different kinds
of drugs that are released under varied pH ranges. For instance,
drugs for oral administration should be released with increased
pH while the anticancer drugs should be released at decreased
pH (at tumor tissues or the endosomal and lysosomal
compartments of cells).
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In summary, we developed an approach to prepare star-like
triblock copolymers consisting of P4VP and PtBA as the first and
second blocks with narrow MW distribution via addition of a
linear initiator during the second ATRP for the polymerization
of PtBA block. The advantages of this approach are manifested
in the tailorability of the MW of each block as well as the
excellent control over the MW distribution (typically lower than
1.2). The kinetics of growing the second PtBA block by ATRP
with and without the addition of linear initiators are scrutinized.
The linear relationship in both semilogarithmic kinetic plot and
MW versus monomer conversion plot with the presence of
linear initiators during the polymerization substantiate the
suppressed termination and coupling reaction between polymer
chains and the nature of living radical polymerization,
respectively. The method via the deliberate introduction of
linear initiators can thus resolve the coupling/termination issue
during the growth of the second and third blocks with non-linear
macroinitiators via ATRP, especially when pyridine-containing
polymers are involved. Finally, after hydrolyzing PfBA block
within star-like P4VP-b-PtBA diblock copolymers, the resulting
star-like P4VP-b-PAA diblock copolymer displays an intriguing
dual pH-responsive behavior, signifying its potential application
as polymer nanocarriers for drug delivery. By extension,
unimolecular star-like diblock or triblock copolymers composed
of dissimilar stimuli-responsive blocks (e.g, pH-responsive,
thermo-responsive, or photo-responsive) could also be ration-
ally designed and synthesized via sequential ATRP from
brominated cyclodextrins (i.e., a-, f-, y-CD) as initiators.
They may render a set of investigation into their appealing dual
and triple stimuli-responsive properties triggered by different
stimuli individually or concurrently for use in controlled
delivery, sensors, nanotechnology, biotechnology, among
other areas.
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