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Abstract Vesicles of a noncovalent dumbbell-shaped am-
phiphilic triblock copolymer were formed by self-assembly
of host-guest inclusion between [-cyclodextrin containing
poly(ethylene oxide) (5-CD-PEO) and adamantyl group
containing polystyrene (AD-PS-AD) in solution. Addition
of water into the copolymer resulted in the formation of
new bowl-shaped and vesicle morphologies by adjusting
not only ratio of solvents (THF dioxane or DMF) but also
the length of the PS middle block in the guest polymer,
which was ascribed to the large compound micelles
(LCMs). The continuous phase of PS was composed of
an assembly of reversed micelles (PEO core and PS coro-
na) with hydrophilic PEO chains surrounding the structure
at the polymer/aqueous solution interface in the larger
compound micelles.
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Introduction

Supramolecular polymers can be formed as various micro-
structures [1-3] and have been observed in a range of areas,
e.g., associative thickener nanoparticles [4], gene carriers [5,
6], and biosensing devices [7, 8]. Different intermolecular
interactions of polymer-polymer associations have been used
such as hydrophobic interactions occurring in aqueous sys-
tems of amphiphilic copolymers, electrostatic interactions be-
tween polymers with opposite charges [9], interprotein heme-
heme pocket binding [10, 11], hydrogen bond interactions in
proteins [12, 13], and inclusion complexes with 3-cyclodex-
trin compounds [14-20].

Cyclodextrins (CDs) are a series of natural cyclic oligo-
mers composed of six, seven, or eight a-1,4-linked D-
glucose units and named a-, 8-, or 7-CD, respectively [21].
Shaped as a hollow truncated cone, cyclodextrin (CD) has a
hydrophilic exterior and a hydrophobic inner cavity with a
depth of ca. 7.0 A and an internal diameter of ca. 4.5, 7.0,
and 8.5 A for a-, 8-, and 7-CD, respectively. Various mole-
cules can be fitted into the cavities to form “guest-host™ inclu-
sion complexes. For instance, the adamantyl group fits into the
[-cyclodextrin cavity precisely [22] and the association con-
stants for the inclusion complex are 10°-10° [23].

The so-called “dumbbell” polymer has a linear central
block which connects two star branched ends and each chain
end has five or more arms [24, 25]. Synthesis of the dumbbell-
shaped block polymers were reported using reversible addi-
tion—fragmentation transfer (RAFT) reaction [26, 27], copper-
mediated atom transfer radical polymerization (ATRP) [28],
and difunctional poly(n-BA) macroinitiator [29]. Here, we
reported the synthesis of a noncovalent dumbbell-shaped am-
phiphilic triblock copolymer which was prepared through the
host-guest inclusion between [3-cyclodextrin containing poly(-
ethylene oxide) and the adamantane-polystyrene-adamantane.
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Amphiphilic triblock copolymers, when dissolved in a se-
lective solvent that is good for one block and poor for the
other, can self-assemble into a variety of micellar structures,
such as spheres, vesicles, rod-like micelles, and bowl-shaped
structure [30]. The self-assembly of amphiphilic triblock co-
polymers shows interesting solution behavior, suggesting
their potential applications in drug delivery systems and bio-
logical vectors [31-37]. Noncovalent interactions have suc-
cessfully been applied to build supramolecular polymers
[38—41]. To date, noncovalent amphiphilic triblock copoly-
mers have rarely been reported.

Recently, aggregates of various morphologies have been
observed in a number of self-assembled systems [42—48].
Spherical micelles have been observed frequently in solu-
tions of block copolymers [49-51]. Micelles with non-
spherical morphologies are usually detected by indirect
methods for the relative composition of the blocks, such
as light scattering [52, 53], SAXS [54]. Sometimes, am-
phiphilic poly(ethylene-a/t-propylene)-poly(ethylene oxide)
diblock copolymer in aqueous solutions can yield “crew-
cut” type micelle [55]. The aggregates are called crew-cut
because the dimensions of the core are much larger than
those of corona, as opposed to the star micelles [56],
where the core is small and the corona is relatively large.
The copolymer was first dissolved in a common solvent
for both blocks and then water was added as a precipitant
to the solution to induce segregation of the long hydro-
phobic segments. When the water was added, the quality
of the solvent for the long block was reduced. The aggre-
gation of the hydrophobic segments emerged when content
of water reached the critical water content (CWC). The
morphology of the aggregates could be observed in water.

The “crew-cut” aggregates of amphiphilic block copoly-
mer in selective solvents have attracted increasing interest
for their industrial and scientific significance. The previous
reports have explored extensively the preparation and obser-
vation of “crew-cut” aggregates of various morphologies from
highly asymmetric diblock copolymer such as polystyrene-b-
poly(ethylene oxide) (PS-b-PEO) polybutadiene-b-poly(2-vi-
nylpyridine) (PB-b-P2VP) [53], poly(styrene-b-4-vinylpyri-
dine) (PS-b-P4VP) [57], polystyrene-b-polyisoprene (PS-b-
PI) [58, 59], polystyrene-b-poly(acrylic acid) (PS-b-PAA)
[60], and poly(ethylene oxide)-block-poly(n-butylacrylate)
(PEO-PuBA) [61]. There are rare reports on the “crew-cut”
aggregates of noncovalent dumbbell-shaped amphiphilic tri-
block copolymers.

This paper describes the preparation of an additional non-
equilibrium morphology of crew-cut aggregates, consisting of
a dumbbell-shaped structure, prepared from the host-guest
inclusion between (-cyclodextrin containing poly(ethylene
oxide) (8-CD-PEO) and the adamantane-polystyrene-
adamantane (AD-PS-AD). The formation mechanism was
proposed based on one previously encountered crew-cut
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structure from 5-(V,N,N-diethylmethylammonium)isoprene
and styrene triblock copolymers (PAI-b-PS-b-PAI). It is sug-
gested that the dumbbell-shaped structure is kinetically
controlled.

Experimental
Materials

Ph3P (99 %), CuBr (99.5 %), 2,2"-dipyridine (99.7 %), THF
(AR), styrene (99 %), B-cyclodextrin (98 %), Na (98 %), and
CuS0O4*5H,0 (98 %) were purchased from Sinopharm
Chemical Reagent Co. Ltd. N,N-Dimethyl formamide (AR),
tetrahydrofuran (AR), methanol (AR), and pyridine (chemical
pure) were purchased from Tianjin Chemical Reagent Plant
No. 1. 2-Bromoisobutyryl bromide (98 %) and 1-
adamantanecarboxylic acid chloride (97 %) were purchased
from Alfa Aesar and used as received. N,N-Dimethyl form-
amide (DMF) was dried over 4A molecular sieve overnight
and distilled under reduced pressure before use. Pyridine and
triethylamine (TEA) were dried over CaH, and distilled.
Tetrahydrofuran (THF) was distilled from a solution contain-
ing the Na/Ph,CO ketal. Ethyl ether was dried over MgSO,
and then filtered. Styrene was washed with 1 M aqueous
NaOH to remove the inhibitor and then with water, dried over
anhydrous MgSO, and distilled over CaH, under reduced
pressure before use. CuBr was purified by stirring in acetic
acid. After filtration, it was washed with 2-propanol and then
dried in vacuum.

Methods

FT-IR spectra were recorded on a NEXUS-470 spectrometer
at frequencies ranging from 400 to 4000 cm™'. Samples were
thoroughly mixed with KBr and pressed into pellet form. 'H
NMR spectroscopy was performed on a DRX-400 spectrom-
eter. Tetramethylsilane was used as an internal standard. The
apparent molecular weights and polydispersities (Mw/Mn) of
linear polymers were determined on an Agilent LC 1200 gel
permeation chromatograph (GPC) equipped with Agilent PL
columns, a refractive index detector at 38 °C, and THF was
used as the eluent (1.0 mL/min). Transmission electron mi-
croscopy (TEM) was carried out with a JEM-2010/INCA
OXFORD TEM (JEOL/OXFORD) at a 200-kV accelerating
voltage. Samples were deposited onto the surface of 300 mesh
Formvar-carbon film-coated copper grids. Excess solution
was quickly filtered out with a filter paper. Scanning electron
microscopy (SEM) images were recorded using a JSM-7500 F
field-emission microscope, and the samples were prepared by
drop-casting an aqueous solution of aggregates onto a copper
grid.
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Synthesis of per-6-iodo-3-cyclodextrin

Ph;P (40.1 g, 153 mmol) was dissolved in dry DMF (160 mL).
I, was carefully added (40.5 g, 160 mmol) to this solution over
10 min with the evolution of heat: the solution reached 50 °C.
Dry p-cyclodextrin (11.6 g, 10.2 mmol) was then added to this
dark brown solution, and the temperature was raised to 70 °C.
At this temperature, the solution was stirred under an atmo-
sphere of Ar for 18 h. The solution was concentrated under
reduced pressure to remove DMF (approximately 100 mL).
NaOMe in MeOH (3 M, 70 mL) was then prepared by adding
Na (5.6 g) to MeOH (60 mL) under an inert atmosphere with
efficient cooling. This NaOMe solution was added to the reac-
tion vessel with cooling, and the reaction mixture was stirred
for 30 min. The following reaction deviated from the literature
procedure. Instead of precipitating the product with ice-water,
the reaction mixture was poured into MeOH (80 mL) to form a
precipitate, which was washed with MeOH, superficially dried,
and then Soxhlet extracted with MeOH for 24 h until no more
discoloration of the solvent could be detected. The product was
removed from the Soxhlet extractor and allowed to air dry
before being dried under high vacuum. The synthetic com-
pound (17.9 g, 90 %) was gained as a white powder. 'H
NMR (400 MHz, CD;SOCD;, 0): 3.28 (t, 7 H) 3.34-3.48
(m, 14 H), 3.54-3.68 (m, 14 H), 3.80 (d, 7 H), 4.99 (d, 7 H),
5.94 (d, 7 H), 6.05 (d, 7 H); *C NMR (100 MHz, CD;SOCDs,
5): 71.0, 72.0, 72.3, 86.0, 102.2.

Synthesis of per-6-azido-3-cyclodextrin

Per-6-iodo-(-cyclodextrin (2.99 g, 1.57 mmol) was dissolved
in DMF (50 mL), and NaNj3 (1.00 g, 15.4 mmol) was added.
The resulting suspension was stirred at 60 °C under an atmo-
sphere of Ar for 20 h. The suspension was then concentrated
under reduced pressure to a few milliliters before a larger
excess of H,O was added. A fine white precipitate was formed
and was filtered off carefully. The precipitate was washed with
H,0 and dried under high vacuum to yield a stable white
powder. Per-6-azido-(-cyclodextrin (2.01 g, 98 %) was ob-
tained. IR (KBr, cm™'): 3357 cm ' (OH), 2107 cm ' (-N;); 'H
NMR (400 MHz, CD3SOCD3, 8): 3.30-3.42 (m, 14 H), 3.53—
3.65 (m, 14 H), 3.68-3.82 (m, 14 H), 4.91 (d, 7 H), 5.77 (d,
7 H), 5.92 (d, 7 H).

Synthesis of acetylated-per-azido-3-cyclodextrin

Acetic anhydride (90.0 mL) was added to a solution of per-6-
azido-(-cyclodextrin (12.0 g, 9.20 mmol) in dry pyridine
(86.0 mL) and stirred at 50 °C under an atmosphere of Ar
for 12 h. The solution was then concentrated and the residue
was dissolved in CH,Cl, (250 mL) and washed with 10 %
HCI (2x100 mL) followed by water (2 x 100 mL). The organic
layer was dried over Na,SO,4 and concentrated to yield a crude

orange product. The crude product was purified via silica gel
column chromatograph using benzene:ethanol (16:1) as the
eluent. The proper fractions were collected and concentrated
yielding acetylated-per-azido-(-cyclodextrin (12.5 g, 70 %).
"H NMR (400 MHz, CD;SOCDs, 5): 2.08 (s, 21 H), 2.10 (s,
21 H), 3.60-3.80 (m, 21 H), 4.00-4.10 (m, 7 H), 4.81 (d, 7 H),
5.09 (d, 7 H), 5.29 (t, 7 H).

Synthesis of alkyne poly(ethylene oxide)

NaH (1.00 g of 60 % suspension in oil, 25 mmol) was added to
a THF solution (30 mL) of PEO (3.5 g, 10 mmol) at 0 °C. The
mixture was stirred at 0 °C for 30 min and then at room
temperature for 30 min followed by the addition of propargyl
bromide (3.45 g, 29 mmol) under argon atmosphere. After 6 h,
the resulting solution was extracted with water (2x50 mL)
and then HCI solution was added into the water layer until it
showed acidity. The water layer was extracted with CH,Cl,
(2x50 mL), and CH,Cl, was removed under reduced pressure
to give the product alkyne poly(ethylene oxide) (3.70 g,
95 %). "H NMR (400 MHz, CDCls, 3): 2.5 (1 H), 3.4 (3 H),
3.5-3.8 (35 H), 4.2 (2 H), *C NMR (100 MHz, CD;SOCDj,
§):59, 69, 70,75, 80. IR (KBr, cm '): 3245.69 (C-H), 2112.47
(alkynyl), 1104.96 (C-O-C).

Synthesis of protecting “click” copolymers
(acetylated-3-CD-PEQO)

Acetylated-per-azido-(-cyclodextrin (69.5 mg, 1.09x
10~* mol) and alkyne poly(ethylene oxide) (29.4 mg, 1.55x
107> mol) were dissolved in 2.6 mL 1:1 THF/water solution.
Fresh solution of 1 M CuSO4¢5H,0 and 1 M sodium ascor-
bate were prepared and used to introduce the catalyst 5 %
CuSOy and 10 % sodium ascorbate to the reaction to promote
the click coupling reaction. This mixture was stirred at 60 °C
for 24 h. The reaction mixture was then extracted with dichlo-
romethane (2x50 mL). The dichloromethane layer was con-
centrated by rotary evaporation and then dried under high
vacuum to give the compound acetylated-3-CD-PEO
(60 %). IR: (KBr, cm™'): 2872.42, 1670.34, 1388.58,
1066.80. "H NMR (400 MHz, D,0, §): 2.52 (H), 3.41
(3 H), 3.52-3.83 (35 H), 4.22 (2 H), 3.94-5.09 (m, 49 H,
cyclodextrin protons), 8.06 (s, 7 H, triazole).

Synthesis of deprotected “click” chemical compound
(B3-CD-PEO)

The acetate groups were deprotected by conventional
methods. In brief, 250 mg protected click compound
acetylated-3-CD-PEO was dissolved in 5 mL anhydrous
methanol. The acetate groups were first deprotected by
adjusting the pH to 9 using solid sodium methoxide and stir-
ring the resulting solution overnight. The product was
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dialyzed against methanol, concentrated and dried in vacuum.
The resulting solid was then dissolved in 10 mL HCl/dioxane
and stirred at room temperature for 3 h. The solution was
concentrated to yield the crude product. IR: (KBr pellet,
cm '): 3446.41, 2872.42, 1670.34, 1388.58, 1066.80. 'H
NMR (400 MHz, D,0, 6): 2.52 (H), 3.41 (3 H), 3.53-3.82
(35 H), 4.2 (2 H), 3.94-5.09 (m, 49 H, cyclodextrin protons),
3.10-3.34 (t, 49 H, CH, and H-4), 3.52 (s, 7 H, H-2), 3.89-
3.93(t,7H, H-3),4.07-4.14 (s, 14 H, H-5), 4.42-4.59 (s, T H,
H-6), 5.05 (s, 7 H, H-1), 8.06 (s,7 H, triazole).

Synthesis of Br-benzene-Br initiator

In a typical example, hydroquinone (0.135 g, 1.2 mmol)
was dissolved in 100 mL THF in a three-neck flask. After
azeotropic distillation of 50 mL THF at reduced pressure
to remove trace amount of water, triethylamine (1.7 mL,
0.012 mol) was added and the solution mixture was
cooled to 0 °C. Then, 2-bromoisobutyryl bromide
(1.5 mL, 0.012 mol) was added dropwise for 1 h and
the reaction mixture was stirred at room temperature for
48 h. The precipitate of the stirred solution was removed
by filtration. The filtrate was concentrated under reduced
pressure, precipitated in water, and dried under high vac-
uwum. 'H NMR (400 MHz, CDCls, 6§): 2.01 (s, 12 H),
7.12 (s, 4 H).

Synthesis of polystyrene containing terminal azido group
(N3-PS-N3)

The test tube containing initiator (0.204 g, 0.5 mmol),
styrene (3.4 mL, 3 mmol), CuBr (0.072 g, 0.5 mmol),
and bipyridyl (0.156 g, 1 mmol) was degassed using 3
freeze/pump/thaw cycles. Upon thawing, the reaction test
glass was placed in a preheated 110 °C oil bath and
allowed to stir under argon for 90 min. The reaction mix-
ture was then cooled to room temperature and dissolved in
THF. After passing through a column of Al,O5 gel, pre-
cipitation from methanol gave the Br-PS-Br. Then, Br-PS-
Br (0.239 g, 4.1x107° mol) was dissolved in DMF
(3 mL) and sodium azide (0.013 g, 2.0x10* mol) was
added. The reaction mixture was allowed to be stirred for
20 h and purified by precipitation from methanol. 'H
NMR (400 MHz, CDCl;, 0): 2.01 (s, 12 H), 7.12 (s,
4 H), 6.21-7.22 (aromatic protons).

Synthesis of alkyne 1-adamantane

Anhydrous pyridine (3.5 mmol) was added to a solution of 1-
adamantanecarboxylic acid chloride (0.600 g, 3 mmol) and
propargyl alcohol (0.280 g, 3 mmol) in 70 mL absolute diethyl
ether. The mixture was slightly shaken and allowed to stay at
20 °C for 24 h. The precipitate of pyridine hydrochloride was

@ Springer

filtered and washed with 30 mL diethyl ether; the combined
filtrate was washed with water and saturated aqueous solution
of sodium hydrogen carbonate. The ether solution was dried
over CaCl,, the solvent was distilled off, and the residue was
dried in vacuum to give alkyne 1-adamantane. 'H NMR
(400 MHz, CD5SOCD;, 9): 1.61 (6 H), 1.92 (6 H), 2.12
(3 H),2.51 (1 H),4.71 (2 H).

Synthesis of host-guest inclusion between 3-cyclodextrin
containing poly(ethylene oxide) (3-CD-PEO)
and adamantane-polystyrene-adamantane (AD-PS-AD)

[-Cyclodextrin containing poly(ethylene oxide) polymer was
dissolved in THF, then adamantane-polystyrene-adamantane
was added with a 1/1 molar ratio of adamantane/cyclodextrin.
After water (the same volume as THF) was added, the
resulting mixture was mixed vigorously in ultrasound to form
a homogeneous solution for 6 h. The resulting complex was
concentrated under reduced pressure and then dried under
high vacuum.

Synthesis of adamantane-polystyrene-adamantane
compound (AD-PS-AD) via click chemistry

A typical procedure for the synthesis of AD-PS-AD com-
pounds was started with a 1/0.9/1/1 molar ratio of re-
agents alkyne AD/N3-PS-N;/CuBr/PMDETA. The click
coupling reaction between alkyne AD (6.21 mg,
0.03 mmol) and N3-PS-N3 (0.52 g, 0.02 mmol) was con-
ducted at 60 °C in a 25-mL Schlenk flask with 2 mL
DMF as solvent and CuBr/PMDETA as catalyst. After
24 h, the polymer solution was then precipitated in meth-
anol. The precipitate was washed with methanol, filtered
off, and then dried under vacuum at 40 °C to give
158.51 mg triblock copolymers AD-PS-AD (69.5 %). 'H
NMR (400 MHz, CD;SOCDs, 6): 1.61-2.12 (adamantane
protons), 6.21-7.22 (aromatic protons).

Synthesis of self-assembled nanoparticles
from PEO-3-CD-AD-PS-AD-3-CD-PEO copolymers
in aqueous solution

A typical procedure for the preparation of PEO-3-CD-AD-
PS-AD-(-CD-PEO nanoparticles was as follows: 0.012 g
PEO-(3-CD-AD-PS-AD-3-CD-PEO sample was dissolved
completely in 2 mL. THF at room temperature, and then
distilled water was added dropwise to the resulting solution
(0.006 g/mL) under vigorous stirring using a microsyringe.
The solution was stirred vigorously for another 48 h at room
temperature, and THF was completely removed by dialysis.
The copolymer nanoparticles formed by self-assemble meth-
od (Scheme 1).
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Scheme 1 Schematic representation of the inclusion complexes formed
through host-guest interaction between -CD and AD

Results and discussion
Synthesis of click reactions

The carbohydrate core, acetylated per-3-azido-cyclodextrin
was synthesized using a combination of previously reported
methods (Scheme S1) and a novel series of alkyne PEO con-
taining a terminal acetylene group was designed (Scheme
S1A). The IR spectrum of the compound alkyne poly(ethylene
oxide) showed a characteristic peak at 3245 (=C-H stretching)
and 2112 cm ™' (C=C stretching) (Fig. SIB). The key step in
the synthesis of the deprotected “click” chemical compounds
was carried out via click reaction, which promoted
regiospecific coupling in high yield even in sterically hindered
environment. As shown in Scheme S1A, the 1,3-dipolar cy-
cloaddition of azide (4) and alkyne (5) was carried out using
copper sulfate/sodium ascorbate in 1:1 THF/H,O to yield the
target click compounds containing the regiospecific 1,2,4-tri-
azole, verified via "H NMR spectroscopy (Fig. S2) in 70 %
yield. Because the (3-cyclodextrin hydroxyl moieties are
protected, copper from the catalyst and retention in the final
compound was not found. Acetyl groups on the click product
were deprotected via afforded conventional methods. g-
Cyclodextrin click compounds (6) were purified via exhaus-
tive dialysis in ultra pure water. The final compounds (7) were
identified using '"H NMR and IR spectroscopy. As shown in
Figs. S2 and S3, the '"H NMR showed the presence of the 1,4-
triazole proton around 8.0 ppm, which indicated the success of
the click reaction.

Synthesis and characterization of the click copolymers

Using ATRP, styrene (St) was polymerized with CuBr catalyst
and bipyridyl ligand at 90 °C after three orders of freeze-
pump-thaw cycles to remove oxygen from the reaction envi-
ronment. The resulting polymer was cooled to room temper-
ature and dissolved in THF. After passing through a column of
Al,O5 gel to remove the copper salt, the crude product was
precipitated into methanol. Via reaction with NaN3 in DMF,
bromine groups transformed into azido groups. Final product
was characterized by 'H NMR spectroscopy and Mn ranging
between 4000 and 10,000 with different polydispersity (PDI<
1.49) (Table 1 and Fig. S3). Signals from 6.2 to 7.2 ppm that

are characteristic peaks of protons related to benzyl groups of
polystyrene.

Alkyne 1-adamantane (9) was synthesized by 1-
adamantylcarbonyl chloride with propargyl alcohol in diethyl
ether and pyridine at 20 °C for 24 h, in yield 70 %. The 'H
NMR spectra of AD-terminal alkyne group contain multiplets
at 1.64 (6 H), 1.92 (6 H), 2.15 (3 H), 2.52 (1 H), and 4.74 ppm
(2 H). Then the click copolymer (10) was synthesized by
coupling AD- alkyne and N3-PS-Nj (8), verified via 'H
NMR spectroscopy and GPC (Figs. S3 and S4).

The characterization of dumbbell-like polymers

ROESY 'H NMR spectrum confirmed the structure of the
inclusion complex of 3-CD-PEO moiety with PS-AD-PS
moiety. Figure 1 illustrated the ROESY "H NMR spectrum
of mixture G-CD-PEO polymer (5 mM) and PS-AD-PS
(5 mM) in D,0O. The NOE cross-peaks between the signals
at 6=3.01-4.02 ppm were ascribed to the interior protons of
(0-CD and the signals at $=1.51-2.22 ppm were due to AD,
indicating that the AD groups fell deeply into the cavities of (3-
CD.

The successful synthesis of dumbbell-like triblock copoly-
mer was proved by GPC chromatogram of self-assembly
complex from a 2:1 mixture of 5-CD-PEO and AD-PS-AD
moieties. Number-average molecular weight of peak a is 22,
800 with a narrow polydispersity 1.12, which is ascribed to the
dumbbell-shaped triblock copolymer. Number-average mo-
lecular weight of peak b is 4800 with a narrow polydispersity
1.16, which is attributed to AD-PS-AD (Fig. S5). NMR, IR,
and GPC analysis proved the successful synthesis of triblock
copolymer PEO-G-CD-AD-PS-AD-3-CD-PEQO in two steps.

Aggregation behavior in selective solvent

The crew-cut structures were observed in aqueous solution
of triblock copolymer PEO-3-CD-AD-PS-AD-5-CD-PEO.
To our knowledge, there are few reports on the crew-cut
aggregates of amphiphilic noncovalent triblock copoly-
mers. The preparation method was copolymer dissolution
in THF at room temperature, followed by the addition of
water.

Two types of copolymers with different molecular weights
but with approximately the same composition were investigat-
ed. The relevant data for the triblock copolymer are summa-
rized in Table 2.

The morphologies of the bowl-shaped aggregates were
prepared from the triblock copolymer 1 (Table 2) by
changing the copolymer concentration in the initial
THF solution. The 0.5 wt.% copolymer concentration
in the initial THF solution was first investigated. TEM
analysis revealed the triblock copolymer 1 formed bowl-
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Table 1 Number-average molecular weight (Mn) and polydispersity
index (PDI=Mw/Mn)

Entry Time (min) Temp (°C) Mw/Mn Mn

2-Bromoisobutyryl 1 80 110 1.40 9200
derivative 2 70 110 1.49 10,000
3 120 110 1.15 5700
4 70 110 1.18 8300
5 60 110 1.17 10,100
6 70 110 1.11 3900
«,'-Dibromo- 7 90 110 1.27 4600
p-Xylene 8 90 110 1.18 7100
9 300 110 138 9300
10 300 110 130 11,000
11 300 110 121 13,000

shaped aggregates with diameters varying from 200 to
600 nm. The image of the bowl-shaped aggregate was
shown in Fig. 2. The TEM and SEM images shown in
Figs. 3 and 4 show the formation of a peculiar spherical
morphology with a void near the surface. The feature of
these nanoparticles is the presence of cavities on the
surface of the sphere, similar to the bowl-shaped aggre-
gates reported by Eisenberg group [62, 63]. As the co-
polymer concentration of the triblock copolymer 2 in
initial THF solution was 0.6 wt.%, the sample also
formed bowl-shaped aggregates with diameters of
200-600 nm.

"H NMR spectra of polymer in which «,c'-dibromo-p-xy-
lene was employed as initiator is very similar to that in which
hydroquin and 2-bromoisobutyryl bromide were use as raw
materials (Scheme S2). The molar mass and polydispersity are
summarized in Table 1. These two initiators belong to the
same type, the influence of two different initiators is not ob-
vious in number-average molecular weight (Mn) and polydis-
persity index (PDI=Mw/Mn).

The effect of the PEO block length on morphologies was
also investigated. The triblock copolymer 1 has the same
length of PS as copolymer 2 but a shorter PEO block.
Subsequently, we studied the aggregates of several different
morphologies obtained from copolymer 2 wherein the vari-
ances of the copolymer 2 concentrations in initial THF solu-
tion were accordance with those of copolymer 1 for conve-
nient comparison. The normal spherical micelles with average
diameters of 50 nm appeared in each of the samples and the
bowl-shaped aggregates with an average diameter of 333 nm.

Critical aggregate concentrations (CACs) of the copolymers
were estimated by a fluorescence spectroscopic method using
pyrene as the fluorescence probe at 25 °C. The pyrene entered
the hydrophobic core from water when the critical aggregation
concentration was achieved. The final concentration of pyrene
in each flask was 1.25x10° mg/mL. The excitation spectra of
pyrene were obtained on a 920 Steady state/Life time
Fluorescence Spectrometer, excited at 335 nm with the emission
wavelength at 384 nm. The value of CAC (0.02 mg/mL) was
determined from the plots of the intensity at 373 and 384 nm
against the logarithm of sample concentration (Fig. S6).
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Fig. 1 The ROESY NMR spectrum of a 2:1 mixture 5-CD-PEO and AD-PS-AD moieties

@ Springer



Colloid Polym Sci (2016) 294:145-155

151

Table 2 Materials, preparative

conditions, and morphological Triblock PEO concentration Mn (PS) Mw/Mn (PS)  Initial concentration ~ Morphologies
characteristics of bowl-shaped copolymer  (wt.% in copolymer)  (g/mol) in THF (wt.%)
structures
1 327 9200 1.17 0.8 Vesicles and
bowl-shaped
327 9200 1.17 1.2 LCMs
2 68 12,000 1.11 0.5 Vesicles and
bowl-shaped
68 12,000 1.11 0.6 LCMs

The morphology of the triblock copolymer systems has
large compound micelles (LCMs) and porous spheres
(Fig. 1). Schematic structure of a cross section of the bowl-
shaped aggregates (Fig. 2) shows that the bowl-shaped aggre-
gate have an internal structure similar to that of typical LCM
conversion from a good solvent for the PS blocks, in which
the blocks form reverse micellics with the polar cores inside
and the PS on the corona. The morphology encountered in
these triblock copolymer systems is similar to other structures
previously encountered in copolymers, which could not be
directly dissolved in water [64, 65]. The final morphology
appears in the form of the compound micelles or the porous
spheres [66].

TEM and SEM micrographs demonstrated bowl-shaped
aggregates obtained from PEO-3-CD-AD-PS-AD-(3-CD-
PEO at initial concentration of 0.8 and 0.5 wt.% in THF sol-
vents (Figs. 3, 4, and 5). In the early stages, the structure of the
void spaces formed by a consequence of the self-assembly is
apparently homogeneous; the triblock copolymer shows low
viscosity and high chain mobility. The formation of the void
spaces resembles that encountered in the porous sphere struc-
tures. With the addition of water to the THF solution of the
copolymers, the organic solvent (THF) is progressively ex-
tracted through the surface of the sphere, which may cause
the viscosity of the core to rise and the PS blocks to form a
hard skin at the periphery of the aggregates. At last, a cavity
forms within the core. THF in the interior diffuses out of the
cavities faster than the rate at which water diffuses in, the
cavities grow and migrate to the surface of the aggregates,
causing the formation of bowl-like vesicles. THF in the

hydrophobic PS chain in inverse
micelle core

hydrophilic PEO chain on the
surface o
hydrophilic PEO chain in inverse
micelle core

hydrophobic PS chain at interface

Fig. 2 Schematic structure of a cross section of the bowl-shaped
aggregates

interior diffuses out of the cavities faster than the rate at which
water diffuses in, the cavities were left, and the bubble breaks
through the surface to form bowl-shaped aggregate (Fig. 4).
The diameters of the bowls are in the range of 240600 nm,
and the diameters of the void space are between 200 and
400 nm. The apparent diameters of the aggregates obtained
from TEM and SEM are consistent with dynamic light scat-
tering (DLS) results. DLS measurement was performed on a
MalvernZetasizer NanoSize Distributions and Zeta Potential
Meter at 25 °C. As shown in Fig. S7, the number-averaged
size of assemblies formulated with PEO-3-CD-AD-PS-AD-(-
CD-PEO was 365.1 nm and the PDI was 0.195. They revealed
that the NP dimensions are in agreement with the ones deter-
mined through TEM measurements (332.8 nm). The asymme-
try of force makes the bubble moving in the direction of the
thinner wall until the bubble breaks through the surface. Hest
et al. recently reported that the spherical morphology of mi-
celles can be reengineered via shape transformations triggered
by either a change through variation of external stimuli such as
temperature or osmotic pressure [67]. They found that poly-
mer vesicles containing a polystyrene high-molecular-weight
glassy segment can be forced to undergo shape transformation
from a spherical morphology to a bowl-shaped structure [68].
The solvent increases the flexibility of the polymersome mem-
brane; difference in osmotic pressure is the reason of morphol-
ogy transformation. After complete removal of the solvent, the
polystyrene segments in the membrane recover their rigidity.
Bowl-shaped structures’ self-propel properties in aqueous me-
dia and bowl-shaped stomatocyte architectures show the fu-
ture prospects for the entrapment of nanosized catalysts, nano-
particles, or other guest molecules. The schematic diagram of
the latter is presented in Fig. 5.

Conclusion

In summary, we have studied the morphologies and the vesicle
formation of a self-assemble noncovalent dumbbell-shaped
amphiphilic triblock copolymer, which was prepared through
the host—guest interactions between [-cyclodextrin modified
poly(ethylene oxide) (G-CD-PEO) and adamantane-
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e

Fig. 3 TEM picture of the bowl-
shaped structures from the
triblock copolymer: the bubble to
break through the surface. a PEO
concentration 32.7 wt.%, Mn
(PS)=9200 g/mol, Mw/Mn
(PS)=1.17, initial concentration
in THF (wt.%)=0.8. b PEO
concentration 68 wt.%, Mn (PS)=
12,000 g/mol, Mw/Mn (PS)=
1.11, initial concentration in THF
(Wt.%)=0.5. ¢ PEO concentration
32.7 wt.%, Mn (PS)=9200 g/mol,
Mw/Mn (PS)=1.17, initial
concentration in THF (wt.%)=0.8

Mic [ HV | Mag |  Date |
JEM-2100/200 kV/40000 x|05/26/10, 11:00/

200 nm

polystyrene-adamantane (AD-PS-AD) in a dilute solution. 50 nm and the bowl-shaped aggregates with an average diam-
The normal spherical micelles with average diameters of  eter of 300 nm, the concentration of triblock copolymer in

Fig. 4 SEM picture of the
triblock copolymer. a PEO
concentration 32.7 wt.%, Mn
(PS)=9200 g/mol, Mw/Mn
(PS)=1.17, initial concentration
in THF (wt.%)=0.8. b PEO
concentration 68 wt.%, Mn (PS)=
12,000 g/mol, Mw/Mn (PS)=
1.11, initial concentration in THF
(Wt.%)=0.5. ¢ PEO concentration
32.7 wt.%, Mn (PS)=9200 g/mol,
Mw/Mn (PS)=1.17, initial
concentration in THF (wt.%)=
0.8. d PEO concentration

68 wt.%, Mn (PS)=12,000 g/mol,
Mw/Mn (PS)=1.11, initial
concentration in THF (wt.%)=0.5
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: O \ water water

Fig. 5 The schematic diagram of the move of the single large bubble

THF, and concentration of hydrophilic group (PEO) are key
factors of different morphologies. The bowl-shaped morphol-
ogies and the vesicle formation in this system could be as-
cribed to LCMs and porous spheres.
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