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Abstract: A series of stimuli-responsive star-like block copolymers are synthesized via the combina-
tion of reversible addition, fragmentation chain transfer (RAFT) polymerization, and photo-initiated
thiol-ene (PITE) click reaction. The controllable block ratio and block sequence, narrow distribution of
molecular weight, and customized arm numbers of the star-shaped copolymers reveal the feasibility
and benefits of combination of RAFT polymerization and PITE click reaction for synthesis of well-
defined star-like (co)polymers. A clear insight into the relationship among the arm number, block
sequence, and block ratio of the star-like block copolymers and their stimuli-responsive aggregation
behavior was achieved via dynamic light scattering and UV-vis spectroscopy study. Notably, the
star-like poly(acrylic acid)-b-poly(2-(dimethylamino) ethyl methacrylate) (star-PAA-b-PDMAEMA)
shows higher lower critical solution temperature (LCST) compared to star-PDMAEMA-b-PAA with
the same arm number and block ratio due to the inner charged PAA segments at pH > IEP. In
addition, for star-like PAA-b-PDMAEMA, higher PAA content enhances the hydrophilicity of the
polymer in basic solution and leads to the LCST increase, except for star-PAA;-b-PDMAEMA, at
pH = 9.0 (=IEP). For star-PDMAEMA-b-PAA, the PAA content shows minimal effect on their LCSTs,
except for the polymer in solution with pH = 9.5, which is far from their IEP. The star-like block
copolymers with well-defined structure and tunable composition, especially the facile-controlled
block sequence, bring us a challenging opportunity to control the stimuli-responsive properties of
star-like block copolymers.

Keywords: reversible addition and fragmentation chain transfer (RAFT); star-like block copolymers;
thiol-ene click reaction; dual-stimuli response

1. Introduction

Star-like polymers generally refers to a type of polymer in which three or more linear
polymer chains are connected to the same multifunctional group in the form of chem-
ical bonds [1-3]. Compared with traditional chain polymers, star-like polymers have
a series of special physical and chemical properties due to their special structure and
three-dimensional shape, and have become one of the research hotspots in the polymer
field. Stimuli-responsive star-like polymers introduced with stimuli-responsive groups
have structural characteristics that are able to change sensitively with adjustment of the ex-
ternal environment, such as temperature, pH, light, and ionic strength, etc. [4-6]. To reach
this end, incorporating stimuli-responsive amphiphilic block copolymers which exhibit
“schizophrenic” micellization as “arms” is an alternative manner. To obtain relatively struc-
tured star architectures with narrow molecular weight distributions of “arms”, the controlled
radical polymerization techniques (CRPTs) are usually implemented [7,8]. He et al. [5] used
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2-Methoxyethyl acrylate (MEA), oligo(ethylene glycol) acrylate (OEG(M)A), and tert-butyl
acrylate (tBA) as monomers to synthesize the pH- and thermo-stimuli responsive star-
PtBA-b-P(MEA-co-OEGA,g) with controllable molecular weight and narrow molecular
weight distribution through photoinduced atom transfer radical polymerization (photo
ATRP). However, metal catalysts were needed in the experiment, which easily polluted
the environment. Therefore, RAFT polymerization without the metal catalyst has at-
tracted the attention of scholars. It has been well acknowledged that RAFT polymerization,
which functions by a degenerative chain transfer mechanism, exceeds other CRPTs in
tolerance of functionalities and reaction conditions, and becomes the most versatile CRPT.
Xu et al. [9] report a robust and efficient photoinduced living polymerization that enables
monomer polymerization in the presence of air. The feature of this technology is that the
thiocarbonylthio compound acts as an initiator in addition to the chain transfer agent in
RAFT polymerization. Zhu et al. [10] describe an efficient photoinduced electron/energy
transfer—reversible addition—fragmentation chain transfer (PET-RAFT) polymerization.
Under the induction of light in the range of blue to red light (460 to 635 nm), PET-RAFT
polymerization of various functional monomers was successfully carried out, and polymers
with well-controlled molecular weight and narrow dispersion were obtained. Contributions
by Rosselgong [11], Kobben [12], Herfurth [13], and Sun [14] have reported the precise
synthesis of star-like polymers bonded 3~6 “arms” by RAFT polymerization. However,
regarding the synthesis of non-polystyrene (PS) star-like polymers with a large number
of “arms”, i.e., more than six “arms”, the advantages of RAFT severely discounted due
to the significant termination reactions [15,16]. To address this limitation, we are enlight-
ened by the grafting-onto approach of star-like polymer synthesis. Different from the
well-established strategies of star-like polymer synthesis, i.e., arm-first and core-first ap-
proaches [17,18], the grafting-onto approach operates through a coupling reaction between
the independently synthesized cores and arms. Therefore, high-level of structural control
of star-like polymers could be achieved.

Since 2001, a highly efficient coupling strategy, i.e., click chemistry, has inspired
researchers to apply it in a wide range of organic syntheses [19]. Wang et al. [20] suc-
cessfully synthesized star-like polymers by the grafting-onto approach. Well-defined
dibenzocyclooctyne(DIBO)-terminated styrene polystyrene (PS) linear and poly(ethylene
glycol) (PEG) linear were prepared by atom transfer radical polymerization (ATRP) using
a DIBO-containing ATRP initiator. Finally, the star-like polymers were successfully syn-
thesized by strain-promoted azide-alkyne cycloaddition “click” reaction (SPAAC) with
the azido tethered core. Modular click reactions are outstanding in quantitative yields
with removable byproducts (if any) using non-chromatographic purification, mild reaction
conditions with insensitivity to water or oxygen, and high tolerance of a wide variety
of functional groups [21,22]. These characteristics also make click chemistry a promis-
ing methodology for highly functional and well-structured polymer synthesis [23,24].
Of special relevance is that the thiol-ene click reaction [25], one of the most important
click reactions [26], can handily functionalize RAFT-synthesized polymers with more ad-
vanced architectures by cleavage of thiocarbonylthio end groups into thiols or thiolates [27].
In this vein, well-defined star-like polymers with controlled-structured arms can be ob-
tained in high grafting efficiency. Zhang et al. [28] synthesized a variety of well-defined
o, w-telechelic polystyrenes with di- and tri-functionality through one-pot method com-
bining the aminolysis of RAFT-polystyrene and the thiol-ene click reaction. Boyer et al. [29]
developed a simple and catalyst-free method by combining thiol-ene click reaction and
RAFT to prepare a series of ordered and controllable polymers with block sequence. On the
basis of the prepared poly(ethylene glycol) (PEG), Sulistio et al. [30] successfully prepared
the 36-arm star-like poly(PEG-b-L-lysine)arm poly(L-cystine)core With a lower molecular
weight distribution through PITE “click” reaction. Combination of RAFT polymerization
and thiol-ene click reaction has emerged as one of the most versatile and robust methods
for preparing polymers with controlled molecular weight, molecular weight distribution,
architectures, and functionality.
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Concerning the stimuli that can trigger micellization behavior of responsive poly-
mers, temperature and pH are two particularly important physiological parameters in
our human environment. Thermo- and/or pH-responsive (co)polymers are the most ex-
tensively studied stimuli-responsive polymers, having important application values in
controlled drug release and gene therapy [31-33]. Concerning the stimuli that can trigger
micellization behavior of responsive polymers, temperature and pH are two particularly
important physiological parameters in our human environment. Thermo- and/or pH-
responsive (co)polymers are the most extensively studied stimuli-responsive polymers,
having important application values in controlled drug release and gene therapy [31-33].
Winninger et al. [34] selected poly(e-caprolactone) (PCL), poly(N-vinylcaprolactam) (PN-
VCL), and N-vinylpyrrolidone(NVP), and prepared a series of smart PCL12p-g-PNVCL and
PCL129-g-P(NVCL-co-NVP) graft copolymers. In aqueous media, these graft copolymers
self-assemble into spherical micelles. When the polymerization degrees of the hydrophilic
PNVCL grafted increases greatly, the micelle size of the copolymer also increases signif-
icantly. Furthermore, the addition of 10 or 20 mol% of NVP did not seem to change the
micelle size. However, it results in a shift of the LCST of the amphiphilic graft copolymer to
higher temperatures in the range of 38—40 °C. Atanase et al. [35] investigated the micelliza-
tion behavior of pH-stimulable poly(2-vinylpyridine)-b-poly(ethylene oxide) (P2VP-b-PEO)
copolymers. In the absence of the anionic surfactant sodium dodecylsulfate(SDS), the
transition from protonated monomers to micelles occurs at pH around 5. For relatively high
copolymer concentrations, the micellization range can be extended to lower pH values,
whereas at low pH and low copolymer concentrations, only protonated monomers are
present. However, the bihydrophilic copolymers form complexes through electrostatic in-
teractions between SDS and protonated P2VP, so SDS can induce the polymer micellization.
Poly(2-(dimethylamino) ethyl methacrylate) (PDMAEMA) is commonly used to synthesize
thermo-responsive polymers. Its tertiary amine groups can be protonated in an acidic
medium and are cationic at low pH values. It deprotonates the quaternized tertiary amine
groups under alkaline conditions. This can induce the thermo-response of PDMAEMA to
depend on pH. Shieh et al. [36] prepared a series of amphiphilic poly(2-(dimethylamino)
ethyl methacrylate)-b-poly(N-isopropyl acrylamide) (PDMAEMA-b-PNIPA Am) diblock
copolymers with dual CO,- and thermo-response; through the stimulation of specific
conditions (temperature and CO,/N; bubbling), they achieved effective control of the
reversible emulsification process. Yuan et al. [37] prepared star-poly(caprolactone)-(poly(2-
(dimethylamino) ethyl methacrylate);) (star-PCL-(PDMAEMA);) micellar solutions with
unique temperature-fluorescence responsive behavior; through the transformation of the
quaternization of the PDMAEMA segment in the star-like polymers, the lower critical
solution temperature (LCST) of the solution was converted to upper critical solution tem-
perature (UCST). Wang et al. [38] prepared a series of the amphiphilicity of 4-arm star-like
poly(e-caprolactone)-b-poly(2-(diethylamino)ethylmethacrylate) (4AS-PCL-b-PDMAEMA).
Due to the pH-stimuli response, when the pH of the polymer solution was 5.0, the pro-
tonation of PDMAEMA accelerated the drug release rate of the polymer micelles. Hy-
drophilic poly (acrylic acid) (PAA) is an anionic polyelectrolyte, which is usually used to
synthesize star-like electrolyte polymers. latridi et al. [39] successfully prepared the star-
like (polystyrene)y; (poly(2-vinylpyridine)-b-poly(acrylic acid))yp, star-PSy(P2VP-b-PAA) ;.
Due to the weak polyamphodicity of P2VP-b-PAA diblock copolymer arms (positive ion-
ization of P2VP, negative ionization of PAA), this star-like polymer shows pH-responsive
properties. Enormous efforts have been devoted to the micellization of block polyam-
pholytes and the responsiveness of corresponding star-like polymers, whereas the ag-
gregation behavior of the star-like polyampholytes resulted from the stimuli-triggered
“schizophrenic” micellization and the effect of block sequence have been rarely concerned.
Our work focused on the thermo- and pH-responsive star-like PDMAEMA-b-PAA, of
which the well-defined structure was constructed by combining RAFT polymerization
and a PITE click reaction. The arms of the star-like polyampholytes composed of thermo-
and pH-responsive PDMAEMA block and pH-responsive PAA block in a series of differ-
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ent proportions and molecular weight were synthesized by RAFT polymerization at first.
Subsequently, conversion of each thiocarbonylthio end group into thiol group capable of
grafting onto ene-capped dendritic cores was followed by PITE click reaction between
RAFT-polymer arms and dendritic cores. Thanks to the excellent combination of RAFT
and click technology, the structure and composition of the thermo- and pH-responsive
star-like polymers can be well tuned, e.g., arm number, block proportion, block sequence,
etc. The influence of the aforementioned elements of star-like polyampholyte design on
the Dy, and LCST was investigated tuning the temperature and pH, indicating that the
LCST and stimuli-responsive behavior of the star-like block copolymers can be effectively
controlled by adjusting the star-like microstructure, especially the block sequence.

2. Materials and Methods
2.1. Materials

2-dimethylaminoethyl methacrylate (DMAEMA) (Aladdin, Shanghai, China, 99%) and
tert-butyl acrylate (tBA) (Aladdin, 99%) were distilled under reduced pressure. Azodiisobu-
tyronitrile (AIBN) (Aladdin, AR) was recrystallized from ethanol. Tetrahydrofuran (THF)
(Adamas-beta, AR) and 1,4-dioxane (Aladdin, AR) were purified by standard methods
before use. The dialysis bags (Spectrumlabs, Shanghai, China) with the molecular weight
cutoff of 200~10,000 Da are used after being boiled for 20 min. Pentaerythritol (Adamas-
beta, 98%), dipentaerythritol (Adamas-beta, 90%), trifluoroacetic acid (TFA) (Adamas-beta,
90%), 3-bromopropene (Adamas-beta, RG), ethyl ether (Adamas-beta, AR), sodium chloride
(Adamas-beta, AR), magnesium sulfate (Aladdin, AR), sodium hydroxide (NaOH) (Al-
addin, AR), 3-mercapto-1,2-propanediol (Adamas-beta, RG), 1-hydroxycyclohexyl phenyl
ketone (photoinitiator 184) (Aladdin, 95%), and hydrazine hydrate (Adamas-beta, 98%)
were used as received without further purification.

2.2. Preparation of 4-, 8-, and 12-Functionalized Cores via PITE Click Reaction

The 4- and 8-functionalized cores, i.e., 4-arm and 8-arm allyl ether, of the star-like
block copolymers were prepared following the procedure, as shown in Scheme 1. The
4-arm allyl ether was synthesized according to the literature [40]. Using 4-arm allyl ether as
a precursor, 8-arm allyl ether was prepared by a PITE click reaction for arm multiplication.
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Scheme 1. Preparation of 4-arm and 8-arm allyl ether.

Four-arm allyl ether (2.96 g, 10 mmol), 3-mercapto-1,2-propanediol (6.48 g, 60 mmol),
and photoinitiator 184 (0.05 g, 0.13 mmol) were dissolved in THF (10 mL) under stirring at
room temperature. The mixture was then purged with nitrogen for 30 min, sealed, and then
irradiated for 2 h under an ultraviolet light (A = 365 nm). The product was precipitated and
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washed three times in ethyl acetate, followed by reduced pressure distillation. The obtained
colorless, transparent and viscous liquid was then reacted with ally bromide under alkaline
condition via a similar procedure for 4-arm allyl ether. 'H NMR of 8-arm allyl ether (400
MHz, CDCl3, Figure S2b): 1.80-1.84 (8H, -OCH,CH,;CH,S-), 2.41-2.88 (16H, -CH,SCH>-),
3.35-3.78 (28H, -OCH,CH,CH,S-; -OCH,CH-; -OCH;C-), 3.89-4.18 (16H, -OCH,CH=CHy),
4.96-5.28 (16H, -OCH,CH=CH>), 5.75-5.93 (8H, -OCH,CH=CH3). Twelve-arm allyl ether
was prepared following a similar procedure as 8-arm allyl ether, only dipentaerythritol was
used instead of pentaerythritol.

2.3. Preparation of PDMAEMA-b-PtBA Block Copolymer Arms via RAFT Polymerization

The precursor of the block copolymer arms of the star-like block copolymers with outer
PDMAEMA segments, i.e., HS-PtBA-b-PDMAEMA, was prepared via RAFT in three steps
as shown in Scheme 2. A typical synthesis procedure of HS-PtBA-b-PDMAEMA is as fol-
lows. DMAEMA (1.00 g, 6.36 mmol), 2-{[(butylsul-fanyl) carbonothioyl]sulfanyl}propanoic
acid as the chain transfer agent (CTA, 0.34 g, 1.43 mmol), AIBN (0.03 g, 0.18 mmol) and
1, 4-dioxane (6 mL) were added into a reaction tube with a stir bar. After degassing by
three cycles of evacuate-argon-sparge, the RAFT polymerization was carried out in an
oil bath at 70 °C. After 6 h, the polymerization was quenched by cooling the reaction
tube to r.t. with exposure to air. The reaction solution was dialyzed against deionized
water for three days and then freeze-dried to yield the product CTA-PDMAEMA as solid.
CTA-PtBA-b-PDMAEMA was then prepared by a similar RAFT polymerization to CTA-
PDMAEMA using the as-prepared CTA-PDMAEMA as the macro-CTA and ¢BA as the
second comonomer. HS-PtBA-b-PDMAEMA was then prepared by thiol-modification
of CTA-PtBA-b-PDMAEMA with the use of hydrazine hydrate. Other thiol-terminated
block copolymers were prepared in a similar procedure with feed ratios, as listed in
Tables S1 and S2.

IO CTAAIBN /}&H/ /I<
\ 1,4-dioxane, 70°C

AIBN,1,4-dioxane,70°C
N
N \
/
S
1 . .
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Scheme 2. Synthetic route of HS-PtBA-b-PDMAEMA via RAFT polymerization.

2.4. Preparation of Star-like Block Copolymers via PITE Click Reaction

The star-like block copolymers were prepared via PITE click reaction. A typical proce-
dure for the preparation of star-like PDMAEMA-b-PtBA block copolymers was as follows.
Eight-arm allyl ether (0.24 g, 0.23 mmol), HS-PtBA;-b-PDMAEMA, (2.12 g, 2.19 mmol), and
the photoinitiator UV-184 (0.05 g, 0.13 mmol) were dissolved in DMF (6 mL). After three
cycles of evacuate-argon-sparge, the mixture was UV-irradiated (A = 365 nm) under the
protection of argon for 12 h at r.t. The reaction was quenched by exposure to air. Then the
product was purified by dialysis against deionized water and followed by lyophilization
to provide 8-arm star-PtBA;-b-PDMAEMA,. Eight-arm star-PAA,-b-PDMAEMA, was
obtained by specific hydrolysis of 8-arm star-PtBA;-b-PDMAEMA in trifluoroacetic acid
(TFA). Other 4-, 8-, and 12-arm star-PAA-b-PDMAEMA and star-PDMAEMA-b-PAA with
different block ratios were prepared following the similar procedure to 8-arm star-PAA,-b-
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PDMAEMA, with the use of corresponding multi-arm allyl ether cores and thiol-terminated
block copolymer arms.

2.5. Characterization

'H NMR spectra of chain polymers, star-like block copolymers and other products
were recorded by the spectrometer instrument AVANCE III HD 400 M (Bruker, Féllanden,
Switzerland). According to the solubility of these products, CDCl3 or D,O was selected
as the solvent. These products were formulated into a solution with a concentration of
10.0 mg mL~! and tested at room temperature. The apparent molecular weights and
polydispersity index (PDI) of the polymers synthesized in each experimental stage were
determined by GPC at 35 °C, using Rid-20A (Shimadzu, Long Beach, CA, USA). THF was
used as the eluent with a flow rate of 1.0 mL min~! and narrow dispersed polystyrenes (PS)
were used as standard. The Zeta potential of the star-like block copolymers solution were
measured by a Zeta PALS (Brookhaven, NY, USA) at 25 °C. The polymers solution with a
concentration of 1.0 mg mL~! were prepared by using ultrapure water, then adjusted to a
series of solutions with different pHs and poured into a quartz cuvette with a size of 1 cm.
Hydrodynamic diameters (Dj,) of the solution of star-like block copolymers were measured
at 25 °C by using the dynamic light scattering instrument BI-200SM (Brookhaven, NY,
USA). The scattering angle was set to 90°, the power of the laser light source was 150 W,
and the wavelength of the incident laser was 532 nm. The star-like block copolymers were
prepared into the solution with a concentration of 1.0 mg mL~! and the samples were
tested under acidic conditions (pH = 3) and alkaline conditions (pH = 9). The LCST of
the star-like block copolymers solutions were measured in a UV-vis spectrophotometer
(UV-1800, Shimadzu, Kyoto, Japan). The polymers solutions each having a concentration
of 1.0 mg mL~! and different pHs (range from 3 to 11) were prepared by using ultrapure
water. At a wavelength of 500 nm, the transmittance of the star-like block copolymers was
monitored in the quartz cuvette (1 cm width) as the functions of temperature. Heating and
cooling scans were performed between 25 and 65 °C at a scanning rate of medium speed.

3. Results and Discussion
3.1. Preparation of Star-like Block Copolymers with Reverse-Ordered Blocks

As shown in Scheme 3, RAFT polymerization and PITE click chemistry were combined
for synthesizing well-defined star-like block copolymers with controllable arm number,
arm length, block ratio, and block sequence. To employ grafting-onto methodology, the
star-like block copolymer cores with multiple end-allyl, i.e., 4-arm (yield = 72%), 8-arm
(yield = 75%) and 12-arm (yield = 76%) allyl ether, were synthesized and have been
characterized via 1H NMR spectra. (Figures S2 and S3). To prepare the block copolymer
arms of the star-like block copolymers with reverse-ordered blocks and various block
ratios, PDMAEMA or PtBA homopolymer was synthesized as the first block via RAFT
polymerization, and then acted as the macro-CTA to generate the RAFT polymerization of
the second comonomers, i.e., tBA or DMAEMA. The thiol-modification of the as-prepared
macro-CTA was subsequently conducted using hydrazine hydrate. The example of star-
PAA2-b-PDMAEMA4 with the arm precursor HS-PtBA2-b-PDMAEMA4 was selected to
demonstrate the successful construction of star-like block copolymers by 1H NMR spectra.
1H NMR of CTA-PDMAEMA (400 MHz, CDCl3): 4.10 (2H, -OCH,CH,-), 2.67 (2H, -NCHo,-
CH;-), 2.48-2.05 (6H, -N(CHs)), 1.85 (1H, -CCH,-), 0.96 (3H, -CCH3). 1H NMR of HS-
PtBA-b-PDMAEMA (400 MHz, CDCl3, Figure S5): 0.96 (3H, -CCH3), 1.42 (9H, -C(CHs)3),
1.6-2.0 (3H, -CH,-; -CH-), 2.32 (6H, -N(CH3),), 2.62 (2H, -OCH,CHj-), 4.10 (2H, -OCHj-).
By comparing with spectrum Figure 1a of the macro-CTA PDMAEMA (denoted as CTA-
PDMAEMA), the new peak (A peak) at 1.42 ppm in Figure 1b, assigned to -C(CHj3)3 on
the PtBA segment, indicates the successful block copolymerization of DMAEMA and
tBA by sequence-RAFT polymerization. In addition, the absence of the peak assigned to
the methylene proton on the CTA around & = 3.38 ppm confirmed the successful thiol-
termination on the block copolymers (Figure S5). As shown in Tables 1 and S3, narrow
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molecular weight distributions of both the first block precursors (CTA-PDMAEMA or
CTA-PtBA) and the block copolymers (within 1.04 and 1.16 respectively) were successfully
achieved. In addition, the molecular weights and calculated block ratios of the RAFT-
polymerized linear copolymers are close to the expected values.
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Table 1. Molecular weights and PDI of chain polymers and star-like block copolymers.

b, C
Sample My @ (gmol 1) Ma,app :g)/;rozl\;[“rsm © PDI ® n ‘f%‘f;]}ﬁf‘ d Arm Number ©
CTA-PDMAEMA, 835 864 1.04 - -
HS-PtBA,-b-PDMAEMA4 965 1138 1.03 2.09 -
4-Star-PtBA,-b-PDMAEMA, 4256 4999 1.23 2.09 4.13
8-Star-PtBA,-b-PDMAEMA 4 8877 9282 1.30 2.09 7.24
12-Star-PtBA,-b-PDMAEMA 4 12,547 13,997 1.18 2.09 10.87

@ Calculated by monomer conversion. ® Determined by GPC. ©) Determined by GPC and Equations (1) and (2).
@ Evaluated Determined from '"H NMR. M, 4, is the theoretical molecular weight of chain polymers and star-like
block copolymers. My app is the apparent molecular weight measured by GPC, and My star is the actual molecular
weight of the star-like block copolymers.

Using UV-184 as the photoinitiator, the as-prepared block copolymer arms with thiol-end
were grafted onto 4-arm, 8-arm, and 12-arm allyl ether via a PITE click reaction. Compared
with the 'TH NMR spectrum of HS-PtBA,-b-PDMAEMA, the characteristic -OCH,CH,CH,S-
peak (C peak) of 8-arm allyl ether was observed in the 'H NMR spectrum of star-PtBA,-
b-PDMAEMA, (Figure 1c), indicating that the HS-PtBA,-b-PDMAEMA, arm had been
successfully grafted onto the ally ether core by PITE click reaction. After TFA specific
hydrolysis the PtBA segment in star-PtBA;-b-PDMAEMA 4 was converted to PAA segment,
which was determined by the complete disappearance of A peak in Figure 1d.

To elucidate star architectures of the copolymers synthesized by click reaction between
thiol-modified arms and multi-arm ally ether cores, the arm number was calculated based
on the GPC data of the resulting polymers. It is known that the molecular weight of
branched polymers obtained from GPC deviates from corresponding theoretical values
due to their different radius of gyration from linear polymers. The molecular weight of
synthesized star-like block copolymers was therefore calibrated according to Zimm and
Stocmayer’ calibration by introducing a shrinkage factor g (Equations (1) and (2)) [41].

g=|(3f—2)/f] )
Mn,app _ 5043
Mn,star —8 (2)

where f is the number of arms of the star-like block copolymers. As shown in Table 1,
the arm number of 4-arm, 8-arm, and 12-arm PtBA;-b-PDMAEMA, calculated on their
correction coefficients (1.22, 1.58, and 1.85) and calibrated molecular weight was 4.13, 7.24,
and 10.87, respectively. Applying the same calibration, the calculated arm numbers of all
the other star-like block copolymers with different block ratios and block sequence were
listed in Table 54, suggesting the arm numbers of prepared star-like block copolymers were
similar to the functionalities of their branched “cores”. It is worth noting that the PDI of
all the star-like block copolymers, even the 12-arm star polymers, remains relatively low
(within 1.32, Tables 1 and S4). All these results suggest that compared to conventional
“arm first” and “core first” methods, the PITE click reaction between RAFT-prepared
(co)polymers and branched allyl cores is a highly efficient technology for the synthesis of
well-defined star-like (co)polymers.

3.2. The Isoelectric Point (IEP) of the Multi-Arm Star-like Block Copolymers

PDMAEMA is a representative LCST-type thermo-responsive polymer, of which the
polymer solution becomes turbid above its LCST due to the phase change-induced precipi-
tation of PDMAEMA. Nevertheless, the thermo-responsiveness or LCST of PDMAEMA is
pH-dependent. The weak polybase PDMAEMA is water-soluble in acidic medium due to
the protonation of the tertiary amine groups and shows no temperature-triggered turbidity.
The quaternized tertiary amine groups of PDMAEMA, on the other hand, are deprotonated
to a degree in basic medium which makes PDMAEMA exhibit temperature-dependent
hydrophilicity /hydrophobicity transition. Furthermore, the incorporation of hydrophilic
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moiety into PDMAEMA can elevate its LCST while copolymerization of hydrophobic
monomers with DMAEMA will lower its LCST. Herein, PAA segments displaying pH-
dependent ionization and hydrophilicity were incorporated into star PDMAEMA by TFA-
hydrolysis of PtBA block. Theoretically, the IEP of the star-like polyelectrolyte can be
calculated using the following equation [42]:

1-R\? 4 12
(5@} o

where R is the molar ratio of the acid to basic groups, and pK, and pKj, are the dissociation
constants of the acid and basic groups, respectively. The charge transition performance of
polyampholytes is evidently related to the block ratio; therefore, the IEP of the star-like
block copolymers with only four arms was determined using {-potential measurement
(Figure 2). With two different block ratios and block orders, the star-PAA-b-PDMAEMA
and star-PDMAEMA-b-PAA present IEP of 8.42 & 8.39 at R = 1/4 and IEP of 6.87 & 6.92 at
R = 1/2. The theoretical isoelectric points are 8.48 and 8.00, respectively.

1-R
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Figure 2. Zeta potential of 1.0 mg mL—1 solutions of 4-arm star-PAA;-b-PDMAEMA, (a), star-PAA,-
b-PDMAEMA, (b), star-PDMAEMA-b-PAA; (c), and star-PDMAEMA,-b-PAA, (d) at different
pH values.

The experimental IEP is consistent with the calculated value of star-PAA-b-PDMAEMA
with R = 1/4 (IEP = 8.48), whereas there is a deviation for the star-like block copolymers
with R = 1/2 (IEP = 8.00). Furthermore, the above results indicate that the {-potential
of the star-like block copolymers is hardly affected by the block sequence, which can be
reasonably inferred that. When the pH value is close to IEP, the net charge of the star-like
block polymer is almost zero, and hydrophobic interaction may cause aggregation and
phase separation of the polymers. At lower or higher pH values, due to the electrostatic
repulsion between a large number of net positive or negative charges distributed through-
out the polymers, the star-like block copolymers can be dissolved in water, and no phase
separation occurs.

3.3. pH- and Thermo-Responsive Behaviors of the Star-like Block Copolymer Solutions

Compared with linear hydrophobic/hydrophilic modified PDMAEMA, of which the
pH and temperature dual-responsibility only depends on its block ratio, the star-like PAA-
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b-PDMAEMAs exhibit more complicated dual-responsibility which may be affected by
their arm number, arm length, block ratio, and block order, etc.

3.3.1. pH-Responsive Self-Assembly of Star-like PAA-b-PDMAEMA

Irrespective of the effect of temperature on the hydrophilicity /hydrophobility of
the star-like PAA-b-PDMAEMAs, their pH-responsive self-assembly behavior was firstly
investigated via DLS measurements at ambient temperature, i.e., ~20 °C. Dy, distributions
of star-like PAA,-b-PDMAEMA 4 and PDMAEMA4-b-PA A, with different arm numbers
under acidic (pH = 3.0) and alkaline (pH = 9.0) conditions were shown in Figure 3.
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Figure 3. The apparent Dy, distributions of 1.0 mg mL~! aqueous solutions of 4-arm star-PAA,-b-
PDMAEMA/ (a), 4-arm star-PDMAEMA4-b-PAA; (b), 8-arm star-PAA,-b-PDMAEMA4 (c), 8-arm
star-PDMAEMA4-b-PAA, (d), 12-arm star-PAA,-b-PDMAEMA, (e), 12-arm star-PDMAEMA4-b-
PAA; (f).

All the star-like block copolymers display unimodal Dy, distribution with the peak > 80 nm,
indicating all of them formed micelle aggregates under the testing conditions. It is known
that the dissociation of PAA is inhibited in acidic solutions, and meanwhile PDMAEMA
is positively charged due to protonation of the tertiary amine groups. At pH = 3.0 the
inner PAA segment of star-PAA;-b-PDMAEMA, shrinks into a nucleus while the outer
PDMAEMA segment stretches into a charged shell, forming aggregates with Dy, of 280,
388 and 535 nm, respectively (Figure 3a,c,e). In comparison, the peaks of D), distribution
of the star-like block copolymers with same arm number but reverse ordered blocks have
no apparent shift under the same pH condition (Figure 3b,d,f), presumably due to the
short outer PAA segments (only half of the length of PDMAEMA segments) exerting little
effect on the inner protonated PDMAEMA arms. However, increasing pH above the IEP
of the star-like block copolymers (pH = 9.0) leads to distinctly different D;, distributions
of star-like PAA-b-PDMAEMA s with reverse block orders. Under alkaline conditions, the
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small negatively-charged nucleus formed by inner dissociated PAA segments interfere
with the aggregate formation of star-like block copolymers, showing Dy, of star-PAA,-b-
PDMAEMA, smaller than 135 nm (Figure 3a,c,e). On the contrary, the outer ionic PAA
segments extend the inner deprotonated quaternized PDMAEMA segments, promoting
the formation of large aggregates of star- PDMAEMA4-b-PAA;, for all of which the D,
distributions are larger than 376 nm (Figure 3b,d,f). The sequential order of Dy, distributions
of star-like block copolymers at pH = 3.0 and pH = 9.0 overturns as their block orders
reverse in essence. Moreover, in most cases, aggregate size of star-like block copolymers
increases with arm number increasing when the pH of the polymer solution is constant,
since increasing arm number is propitious for micelle aggregating. Except for star-PAA-
b-PDMAEMA under alkaline conditions, its aggregate size decreases as the number of
arms increases. In this regard, the star-PAA-b-PDMAEMA is in a hydrophobic state as a
whole. When the number of arms of the star-like block copolymers increases, the degree of
shrinkage of star-PAA-b-PDMAEMA will increase, and the micellar core will become more
compact. This results in a reduction in aggregate size.

3.3.2. The Effect of Block Sequence and Arm Number on pH-Tuned Thermo-Responsive
Behaviors of Star-like Block Copolymers

The thermo-responsive behaviors of star-PAA;-b-PDMAEMA, and star-PDMAEMA4-b-
PAA; with different arm numbers in solutions at a series of pH are shown in Figure 4.
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Figure 4. The Effect of the pH value of 1.0 mg mL~! aqueous solutions of 4-arm star-PAA;-b-
PDMAEMA/ (a), 8-arm star-PAA;-b-PDMAEMA, (b), 12-arm star-PAA{-b-PDMAEMA/ (¢), 4-arm
star-PDMAEMA4-b-PAA; (d), 8-arm star-PDMAEMA4-b-PAA; (e), 12-arm star-PDMAEMA 4-b-PA A
(f) on the LCST and temperature curve when the transmittance of the solution was monitored at
500 nm at a heating rate of 0.5 °C min~!.
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At low pH, the PDMAEMA segments are protonated and fully stretched, accord-
ingly preventing the hydrophilic star-like block copolymers from temperature-triggered
phase separating. Therefore, there is no LCST detected for all the test polymer solutions at
pH <IEP, i.e., pH = 3.0 & 7.0. It should be pointed out that the star-like block copolymers
could form micelle aggregates as mentioned above, which results in the transmittance
of polymer solutions lower than 100% even at ambient temperature. At a high pH, like
pH > 11.0, the quaternized PDMAEMA segments are deprotonated while the PAA seg-
ments are completely ionized. The fully ionized PAA segments can interfere with the
hydrophobic association of PDMAEMA segments and consequently hamper the phase
separation of the star-like block copolymer solutions. The results indicate that for the
star-like block copolymers with the block ratio of PAA to PDMAEMA of 1:4, when the
pH value of the polymer solution is far from the IEP, it will not exhibit obvious thermo-
responsiveness. In this vein, the strong electrostatic repulsion resulted from completely
protonated PDMAEMA segments or ionized PAA segments play a dominant role regard-
less of the arm number or block sequence. However, when the pH value of the polymer
solutions is near IEP, the transmittance of the star-like block copolymer solution fluctuated
significantly with the change of temperature and exhibited different variation depending
on the arm number and block sequence.

Figure 4 demonstrates that at pH = 9.0 and pH = 9.5, the LCST of the star-like
PDMAEMA-b-PAA solution is generally lower than that of the star-like PAA-b-PDMAEMA
solution with the same arm number (Figures 5 and 6, T1 in Figure 5 is larger than T, in
Figure 6). Although the star-like block copolymers as a whole is hydrophilic, the thermo-
response of the polymer solution is dominant because of the longer PDMAEMA segments
than PAA. As mentioned in Section 3.3.1, the star-like block copolymers with PAA outer
segments are more likely to form compact aggregates in basic solution due to the collapsed
inner PDMAEMA segments. Consequently, the star-like PDMAEMA-b-PAA solution is
comparatively easier to experience phase separation induced by temperature-triggered hy-
drophobic association. The LCST of the star-like block copolymers at pH = 8.0 is generally
higher than the LCST at pH = 9.0 and pH = 9.5. It is presumably due to the charging of
both PAA and PDMAEMA segments around IEP, shifting the phase transition to higher
temperature. In addition, the LCST of the star-like block copolymers with the same block
sequence and the block ratio of PAA to PDMAEMA of 1:4 decreases as the number of
arms increases. As shown in Figure 4, the LCST of 4-arm, 8-arm, and 12-arm star-like
PAA;1-b-PDMAEMA, were approximately 41 °C, 36 °C, and 34 °C, respectively. The LCST
of 4-arm, 8-arm, and 12-arm star-like PDMAEMA,-b-PAA; were approximately 34 °C,
32 °C, and 29 °C, respectively.

Temperature

—— - - -PDMAENMA
—---PAA

| |
8 B8.42(IEP) 9.5 pH

Figure 5. Schematic diagram of the pH- and thermo-response of the star-like PAA;-b-PDMAEMA 4
solution.
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Figure 6. Schematic diagram of the pH- and thermo-response of the star-like PDMAEMA4-b-PAA;
solution.

The arm number effect on the thermo-response of the star-like block copolymers is
resulted from the stronger hydrophobic association of the star-like block copolymers with a
larger number of arms. The star-like block copolymers with more arms are more sensitive
to temperature and unstable in water, and therefore prone to aggregate.

3.3.3. The Effect of Block Sequence and Arm Number on pH-Tuned Thermo-Responsive
Behaviors of Star-like Block Copolymers

In addition to the number of arms and block sequence of the star-like block copolymers
having a significant effect on the stimuli-responsive behaviors of the polymers, the block
ratio also presents an effect on their stimuli-responsive behaviors. For 4-arm star-PAA-
b-PDMAEMA and star-PDMAEMA-b-PAA, at pH 8.0, 9.0, and 9.5, the LCST of polymer
solutions showed significant thermo-response, which was similar to the rule found above
(Figure 7). However, the effect of PAA content on the thermo-responsive performance
of the star-like block copolymers is discrepant due to their different block sequence. For
star-PAA-b-PDMAEMA in basic solution, the inner ionized PAA segments hamper the
hydrophobic association of the outer PDMAEMA segments. The LCST of 4-arm star-PAA,-
b-PDMAEMA 4 with higher block ratio of PAA/PDMAEMA is higher than that of 4-arm
star-PAA1-b-PDMAEMA, at pH = 8.0 and pH = 9.5. At pH = 9.0 (close to the IEP of
star-PAA;-b-PDMAEMA,), the LCST of 4-arm star-PAA;-b-PDMAEMA, was abnormally
higher than that of 4-arm star-PAA;-b-PDMAEMA,. Both PAA and PDMAEMA segments
are charged, making the hydrophilicity of the 4-arm star-PAA;-b-PDMAEMA, enhanced,
shifting the phase transition to higher temperatures. For star-like PDMAEMA-b-PAA,
although the star-like block copolymers as a whole is hydrophilic, the thermo-response
of the polymer solution is dominant because of the longer PDMAEMA segments than
PAA. For 4-arm star-PDMAEMA-b-PA A with the outer negatively-charged PAA segments,
the length of the PAA segments shows minimal effect on their LCSTs at pH = 8.0 and
pH =9.0. However, at pH = 9.5 which is far from the IEP of both 4-arm star-PDMAEMA 4-b-
PAA; and 4-arm star-PDMAEMA4-b-PAA;, the latter polymer solution is more difficult to
experience temperature-induced phase separation than the former one due to the enhanced
hydrophilicity. In addition, there are similar rules found for 8-arm and 12-arm star-like
block copolymers (Figures 510 and S11).
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Figure 7. The effect of the pH value of 1.0 mg mL~! aqueous solutions of 4-arm star-PAA;-b-

PDMAEMA, (a), 4-arm star-PAA,-b-PDMAEMA, (b), 4-arm star-PDMAEMA4-b-PAA; (c) and 4-arm

star-PDMAEMA 4-b-PAA; (d) on the LCST and temperature curve when the transmittance of the
solution was monitored at 500 nm at a heating rate of 0.5 °C min~1.

4. Conclusions

Chain block copolymers with controllable chain length and block ratio were success-
fully prepared by RAFT reaction. A series of stimuli-responsive star-like block copolymers
with different arm numbers, block sequence, block ratios, and arm length were success-
fully synthesized via the combination of RAFT polymerization and a PITE click reaction.
Applying sequence-RAFT polymerization between AA and DMAEMA and subsequent
thiol-modification, narrow molecular weight distributions of thiol-terminated block copoly-
mer chains were obtained with expected molecular weights and block ratios. The PITE click
reaction between the RAFT-polymerized block copolymer arms and multi-functionalized
ally ether cores efficiently afforded well-defined 4-, 8-, and 12-arm star-like block copoly-
mers with reverse-ordered blocks. The effect of arm number, block sequence, and block
ratio on the stimuli-responsive aggregation behavior of the as-prepared star-like block
copolymers was investigated by dynamic light scattering and UV-vis spectroscopy. All
the star-like block copolymers present thermo-responsiveness in aqueous solution, expect
for pH < 7.0 or pH > 11.0. Generally, the LCST of the star-like block copolymers with the
same block sequence decreases as the number of arms increases because of the enhanced
hydrophobic association, as expected. It is intriguing that the block sequence plays a
dominant role in affecting the aggregation behavior and corresponding stimuli-responsive
performance of the star-like block copolymers. The star-like block copolymers with in-
ner PAA segments are more difficult to form micellar aggregation and have higher LCST
compared to star-PDMAEMA-b-PAA with the same arm number and block ratio, since the
inner ionized PAA segments interfere with the hydrophobic effect of the outer PDMAEMA
segments in basic solution. In addition, the block sequence also makes a difference to the
effect of block ratio on the stimuli-responsiveness of the star-like block copolymers. For
star-PAA-b-PDMAEMA, the higher PAA content enhances the hydrophilicity of the poly-
mer in basic solution and leads to the LCST increase, except for star- PAA-b-PDMAEMA
at pH = 9.0, which is closer to the IEP of star-PAA;-b-PDMAEMA. For star-PDMAEMA-
b-PAA, the PAA content shows minimal effect on their LCSTs except for the polymer in
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solution with pH = 9.5 which is far from the IEP of both star-PDMAEMA,-b-PAA; and star-
PDMAEMA-b-PAA;. The results indicate that the block sequence, besides arm number
and block ratio, is also a significant factor for tuning the stimuli-responsive behavior of
star-like block copolymers, and thus provides a promising controlled pattern for star-like
block copolymers in the application of drug and/or gene carriers.
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