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tar polymer based on
b-cyclodextrin with ABC type miktoarms†

Kranthikumar Tungala,a Pubali Adhikary,a Venkanna Azmeera,a Krishna Kumar,b

K. Rameshc and S. Krishnamoorthi*a

The present article reports the synthesis and self aggregation study of a novel dendrimer like star polymer

based on b-cyclodextrin (b-CD), in which the primary alcoholic arms of b-CD have been linked to ABC type

miktoarm star polymers. Initially, 6-heptaazido-6-deoxy-b-cyclodextrin (7N3-b-CD) has been clicked with

alkyne terminated poly(methyl methacrylate) (alkynyl-PMMA-Br), which has been synthesized through

atom transfer radical polymerization technique. Subsequently, azidation has been done in order to

prepare b-CD(PMMA-N3)7. Parallelly, an amphiphilic block copolymer (alkynyl-PDLL-b-PNIPAAm),

having an alkyne end group, has been synthesized by employing a mikto functional initiator having

alcohol, xanthate and alkyne functionalities, in ring opening polymerization (ROP) of D,L-lactide (DLL)

from –OH end, and reversible addition-fragmentation chain-transfer (RAFT) polymerization of

N-isopropylacrylamide (NIPAAm) from xanthate end. Then, the desired star polymer has been

synthesized by the click reaction between b-CD(PMMA-N3)7 and alkynyl-PDLL-b-PNIPAAm. The

polymers have been characterized by 1H NMR, and gel permeation chromatography. Self aggregation of

the star polymers has been investigated by 1H NMR and fluorescence spectroscopy. Size of the micelles

formed has been analyzed by dynamic light scattering and transmission electron microscopic techniques.
Introduction

In recent years, amphiphilic star shaped block copolymers like
miktoarm star polymers have received much attention in terms
of their synthesis and self assembly.1,2 Miktoarm star polymer is
a star polymer which contains two or more arm species with
different chemical compositions and/or molecular weights.3–6

Themicelles formed by the miktoarm star polymers can provide
distinct chemical environments to store various kinds of drug
molecules, gene therapy agents, microreactors and capsu-
lates.7–10 For the preparation of miktoarm star polymers,
recently, many methods like combination of controlled/living
radical polymerization routes and modular synthesis have
been developed.11–14 Controlled/living radical polymerization
methods involve ring opening polymerization (ROP), atom
transfer radical polymerization (ATRP), reversible addition
fragmentation chain transfer polymerization (RAFT) and
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nitroxide mediated radical polymerization (NMP)15,16 where as
modular approach to chemical functionalization covers a class
of chemical modications, termed click chemistry, 1,3-dipolar
cycloaddition and Diels–Alder reaction.17–21

Because of controlled/living radical polymerization methods
synthesis of polymers with predetermined chemical composi-
tion and complex architectures has been signicantly simpli-
ed. Moreover, these methods are applicable to a variety of
monomers and have signicant tolerance to experimental
conditions in comparison with living ionic polymerization
techniques.22 When these techniques are combined with
modular approaches such as click reaction,23 star and branched
polymers with extended compositions such as 3-arm ABC,24 4-
arm ABCD star copolymers25 and ABCDE-type H-shaped quinto
polymers26,27 have been successfully obtained.

Gungor et al. have synthesized a mikto functional initiator,
propargyl-3-[(2-bromo-2-methylpropanoyl)oxy]-2-(hydroxymethyl)-
2-methylpropanoate, and employed it in the synthesis of
H-shaped (ABCDE type) quintopolymer.28 By using same initiator
recently Ozcan Altintas et al. have reported dendrimer like mik-
toarm star terpolymers (A)3–(B–C)3 using a combination of click
chemistry andmultiple controlled/living polymerizationmethods
such as ROP, NMP, and ATRP.29 Gou et al. has synthesized an
amphiphilic drug conjugated A14B7 miktoarm star copolymer
based on b-cyclodextrin, via the combination of controlled ring
opening polymerization and click reaction.30
This journal is © The Royal Society of Chemistry 2016
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In this article, we have discussed the synthesis of a new
mikto functional initiator having alcohol, xanthate and alkyne
end groups, and its handling in synthesizing a novel dendrimer
like star polymer based on b-cyclodextrin, in which all the
primary alcoholic arms of b-cyclodextrin core are linked to ABC
type miktoarm star polymers. Further the self assembly prop-
erty of micelle formation, of the synthesized polymer has been
studied. For the synthesis purpose, we have combined
controlled/living radical polymerization methods (ATRP, ROP
and RAFT) with modular approach (click reaction). The mono-
mers employed in ATRP, ROP and RAFT, are methyl methacry-
late (MMA), D,L-lactide (DLL) and N-isopropylacrylamide
respectively. PMMA is a promising polymer for applications in
optical, pneumatic actuation, sensor, analytical separation, and
conductive devices. It is also useful in biomedical applications,
polymer electrolytes, polymer viscosity, and drug delivery using
electro-diffusion or electro-osmotic ow. Due to its compati-
bility and easy processing as a polymer moiety, PMMA with
carbon nanotubes or other inorganic materials plays an
important role in the development of nanotechnology.31 D,L-
Lactide is one of the most commonly used monomers in ROP
and the corresponding polymer has many biomedical applica-
tions. ROP of D,L-lactide has been done at room temperature by
using an organo catalyst, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU).32 ATRP of MMA has been done in general manner,
using Cu(I)Br as a catalyst.33 Poly(N-isopropylacrylamide) (PNI-
PAM) is most widely studied thermo-responsive polymer due to
its interesting thermal behavior. It undergoes volume phase
transition (from coil to globular state) in water at around 33 �C.
This temperature is known as its lower critical solution
temperature (LCST).34 These interesting elements of these
polymers made them to be chosen in order to synthesize the
desired star polymer.

Experimental section
Materials

b-Cyclodextrin hydrate (b-CD) was purchased from Aldrich and
dried for 48 h in vacuum oven before use. Propargyl alcohol
(98%) (AVRA), sodium azide (NaN3) (99.5%, SDFCL), triethyl-
amine (TEA) (SDFCL), N,N,N0,N00,N00-pentamethyldiethylenetri-
amine (PMDETA) (99%, Sigma Aldrich), dry tetrahydrofuran
(THF) (99.5%, Spectrochem), N,N-dimethylformamide
(DMF) (99.5%, SDFCL) were used as received. 2-Bromo-2-
methylpropanoyl bromide was purchased from Sigma Aldrich.
But-3-yn-1-ol (98%) was purchased from Spectrochem, India.
Copper(I) bromide (CuBr) (98% Himedia) was washed consec-
utively with glacial acetic acid, ethanol and diethyl ether, and
then dried at 40 �C for 3 days in vacuum oven, and was stored
under nitrogen atmosphere.35 Dry dichloromethane (DCM)
($99%) was purchased from MERCK and distilled over CaH2

under nitrogen atmosphere. Azobis(isobutyronitrile) (AIBN)
(Spectrochem, Mumbai, India, 98%) was recrystallized from
methanol. Tetrahydrofuran (THF) (Spectrochem, Mumbai,
India, $99%) was dried and fractionally distilled from sodium
and benzophenone. DBU was purchased from Spectrochem and
was used as received. Dialysis membrane 70, LA 393, Himedia,
This journal is © The Royal Society of Chemistry 2016
Mumbai; MWCO 12 000–14 000 daltons; pore size: 2.4 nm was
obtained.

Methyl methacrylate purchased from SD ne chemicals was
washed with 5% NaOH solution, and then with distilled water.
Later it was dried over CaH2 and then distilled under low
pressure. DLL was purchased from Sigma Aldrich and was
recrystallized in ethyl acetate. NIPAAm was purchased from
Sigma Aldrich and was recrystallized in hexane just before use.
Potassium O-ethylxanthate was prepared as reported in the
literature.36 Heptakis(6-azido-6-deoxy)-b-cyclodextrin (7N3-b-
CD) (1),37,38 propargyl-3-[(2-bromo-2-methylpropanoyl)oxy]-2-
(hydroxymethyl)-2-methylpropanoate (2)28 and potassium O-
ethyl carbonodithioate (3) were prepared according to the
methods reported in the literature.

General methods
1H NMR spectra were recorded on a JEOL AL300 FTNMR (300
MHz) at room temperature and reported in parts per million (d)
from internal standard tetramethylsilane or residual solvent
peak. The number average molecular weight (Mn,GPC) and
polydispersity index (Mw/Mn) were determined by Youglin
ACME 9000 gel permeation chromatography in DMF at 40 �C
with ow rate 0.5 mL min�1 on two polystyrene gel columns (PL
gel 5 mm 10 � 104 Å columns (300 � 7.5 mm)) connected in
series to Younglin ACME 9000 Gradient Pump and a Younglin
ACME 9000 RI detector. The columns were calibrated against
seven poly(methyl methacrylate) (PMMA) standard samples
(Polymer Lab, PMMA Calibration Kit, M-M-10). SEM images of
the polymers were recorded by the scanning electron micro-
scope of model: HRSEM SUPRA 40, ZEISS (Germany), to
examine the morphology of the amphiphilic and star polymers
(Fig. S1†). Samples for SEM analysis were prepared by making 1
mg mL�1 aqueous solutions of polymers, deposited 2 drops of
the solutions on copper grids and subsequently dried them up
under vacuum. Their root mean square roughness and average
roughness were determined by AFM analysis. Sample (polymer)
lms were prepared by depositing 3 drops of 1 mg sample per 1
mL of water, on a neat glass slide (1 cm � 1 cm) and allowed for
drying in vacuum oven at room temperature for 24 h before
AFM observation. The AFM images were recorded in semi
contact mode by using noncontact silicon cantilever (NSG10-
DLC) and the imaging was done on NT-MDT Model Solver
NEXT (Fig. S1†). Image processing was done by using NOVA Px
3.1.0 Rev 3880 soware.

Self assembly study

Self assembly of alkynyl-PDLL-b-PNIPAAm and b-CD(PMMA-b-
PDLL-b-PNIPAAm)7 to form micelles was observed by the 1H
NMR spectral analysis done in deuterium oxide and the 1H NMR
spectra were recorded on a JEOL JNM-ECZ500R/S1 FTNMR (500
MHz) at room temperature and reported in parts per million (d)
from residual solvent peak. Fluorescence measurements were
carried out on Varian Cary Eclipse uorescence spectrometer. A
series of aqueous solutions of alkynyl-PDLL-b-PNIPAAm and b-
CD(PMMA-b-PDLL-b-PNIPAAm)7 having concentrations ranging
from 1 � 10�4 to 1 mg mL�1 were prepared by diluting the stock
RSC Adv., 2016, 6, 41594–41607 | 41595
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solutions of polymers in deionized water. A stock solution of
pyrene in acetone was added to a series of vials and acetone was
evaporated under nitrogen. The polymer solutions prepared were
then added to the vials to get a nal concentration of pyrene
equal to 6 � 10�7 M in each vial. These samples were equili-
brated overnight at room temperature and then excitation
spectra of the solutions were recorded at an emission wavelength
of 394 nm using a slit width of 5 nm (Fig. S2†). The ratio of the
pyrene peak intensities of the excitation spectra at 337.07 nm (I3)
and 333.07 nm (I1) was analyzed as a function of polymer
concentration. The critical micelle concentration (cmc) value was
calculated from the point of interception of the two tangent
straight lines at low concentration. Hydrodynamic diameter
measurements of the micelles formed by both amphiphilic and
star polymers were carried out by using a DLS instrument
(Zetasizer Nano ZS, Malvern Instrument Ltd., UK) equipped with
a He–Ne laser beam at 658 nm.Minimum threemeasurements at
25 �C were made for each sample with an equilibrium time of 2
minutes before starting the measurement. Samples were
prepared by mixing 50 mL of the polymer solution (1 mg mL�1

aqueous solution) diluted with 1.95 mL CH3OH followed by
ltering through a 0.45 mm polytetrauorethylene (PTFE) lter.
TEM analysis of amphiphilic and star polymers was done by
using TECNAI 20 G2-electronmicroscope operated at accelerating
voltage 200 kV. The TEM samples were prepared by dipping the
carbon coated copper grid into the aqueous solutions of poly-
mers (1 mg mL�1) followed by the removal of extra solution with
a lter paper.

Strategy followed for the synthesis of dendrimer like star
polymer based on b-cyclodextrin, with ABC type miktoarm star
polymeric arms is depicted in Schemes 1–3. This polymer was
synthesized by the combination of controlled/living radical
polymerization methods (ATRP, ROP and RAFT polymerization)
and modular approach (click reaction).

Synthesis of but-3-yn-1-yl 2-bromo-2-methylpropanoate
(alkynyl-Br) (4)

In a dried 250 mL round bottom ask, but-3-yn-1-ol (1.51 mL, 20
mmol) and triethyl amine (2.93 mL, 21 mmol) were dissolved in
15 mL of dichloro methane. The mixture was cooled to 0 �C on
an ice bath and then 2-bromo-2-methylpropanoyl bromide (2.48
mL, 20 mmol) dissolved in 10 mL was added into the reaction
mixture for 30 min which was followed by stirring for 16 h. Then
the mixture was ltered and the ltrate was diluted with 50 mL
of DCM. The solution was washed consecutively with saturated
NaHCO3 solution (3 � 30 mL) and water (3 � 50 mL). The
organic layer was dried over anhydrous Na2SO4, ltered and the
ltrate was concentrated under vacuum and the product was
puried by column chromatography with 1 : 10 ethyl acetate
and hexane mixture. Yield: 86%. 1H NMR (300 MHz, CDCl3)
(Fig. 1(a)): d (ppm) ¼ 4.2 (t, 2Hc), 2.6 (t, 2Hb), 2.0 (s, 1Ha + 6Hd).

Synthesis of alkyne terminated poly(methyl methacrylate)
(alkynyl-PMMA-Br) through ATRP

Alkynyl-PMMA-Br was synthesized through ATRP of methyl
methacrylate. MMA (5.3 mL, 50 mmol), CuBr (0.145 g, 1 mmol),
41596 | RSC Adv., 2016, 6, 41594–41607
but-3-yn-1-yl 2-bromo-2-methylpropanoate (0.219 g, 1 mmol)
and PMDETA (0.210 mL, 1 mmol) were added to 3mL of toluene
in a 100 mL of Schlenk tube and the reaction mixture was
degassed by three freeze–pump–thaw (FPT) cycles and le in
vacuum. The Schlenk tube was subsequently placed in a ther-
mostated oil bath at 70 �C until the reaction mixture became
viscous. Then the darkgreen polymer mixture was diluted with
THF, passed through a basic alumina column to remove the
catalyst and precipitated in methanol. The polymer was dried
for 24 h in a vacuum oven at 40 �C. Yield: 74%. [M]0/[I]0 ¼ 50,
[I]0 : [CuBr]0 : [PMDETA]0 ¼ 1 : 1 : 1; (Mn,NMR ¼ 4504 Da;
Mn,GPC ¼ 5500 Da; Mw/Mn ¼ 1.51). 1H NMR (300 MHz, CDCl3)
(Fig. 1(b)): d (ppm) ¼ 4.1 (br, 2Hc), 3.6 (br, 3mHg), 2.5 (br, 2Hb +
2He0), 1.9–1.8 (br, (2m-2)He + Ha + 3Hf0), 1.4 (s, 6Hd), 1.3–0.8 (br,
(3m-3)Hf).
Synthesis of 7 arm star polymer precursor of poly(methyl
methacrylate), based on b-CD (b-CD(PMMA-Br)7)

Click strategy, between 7N3-b-CD and alkynyl-PMMA-Br, was
used to achieve the 7 arm star polymer of poly(methyl meth-
acrylate), based on b-CD (b-CD(PMMA-Br)7) having bromine
terminal on each arm. 7N3-b-CD (0.131 g, 0.1 mmol), Alkyne-
PMMA-Br (3.468 g, 0.77 mmol) (calculated by using Mn,NMR ¼
4504 Da), CuBr (0.102 g, 0.7 mmol) and PMDETA (0.147 mL, 0.7
mmol) were dissolved in 10 mL of DMF in a 100 mL of Schlenk
tube and the reaction mixture was degassed by three FPT cycles
and le in vacuum. The tube was subsequently placed in
a thermostated oil bath at 70 �C for 48 h. Then the reaction
mixture was concentrated under vacuum and then dissolved in
THF. The resulting solution was passed through basic alumina,
and then concentrated under vacuum and precipitated in
methanol. The precipitated polymer was dissolved in THF and
gone through dialysis for 48 h to remove unclicked PMMA.
Yield: 64%. (Mn,NMR ¼ 19 775 Da;Mn,GPC ¼ 18 000 Da;Mw/Mn ¼
2.08). 1H NMR (300 MHz, DMSO) (Fig. 2(a)): d (ppm) ¼ 8.4 (s,
4.1Ha), 5.6 (br, 7Hb00 + 7He00), 5.1 (br, 7Ha00), 4.1–3.2 (br, 8.2Hc +
12.3mHg + 7Hc00 + 7Hd00 + 7Hf00 + 7Hg00 + 14Hh00), 2.5 (br, 8.2Hb +
8.2He0), 1.8 (br, 4.1(2m-2)He + 12.3Hf0), 1.4 (br, 25.2Hd) and 1.2–
0.8 (br, 12.3mHf).
Synthesis of azide terminated 7 arm star polymer of
poly(methyl methacrylate), based on b-CD (b-CD(PMMA-N3)7)

b-CD(PMMA-Br)7 (2.966 g, 0.15 mmol) (calculated by using
Mn,NMR ¼ 19 775), and NaN3 (195 mg, 3 mmol) were dissolved
in 10 mL of DMF and the reaction mixture was stirred in
a thermostated oil bath at 70 �C for three days. The resulting
mixture was concentrated under vacuum and precipitated in
methanol. Yield: 91%. (Mn,NMR ¼ 19 619 Da; Mn,GPC ¼ 18 400
Da; Mw/Mn ¼ 1.47). 1H NMR (300 MHz, CDCl3) (Fig. 2(b)):
d (ppm)¼ 8.4 (s, 4.1Ha), 5.6 (br, 7Hb00 + 7He00), 5.1 (br, 7Ha00), 4.3
(t, 7.6Hc), 4.1–3.8 (m, 7Hc00 + 7Hd00 + 7Hf00 + 7Hg00 + 14Hh00), 3.6
(br, 12.3mHg), 2.5 (t, 8.2Hb), 2.3 (br, 8.2He0), 1.8–1.5
(br, 4.1(2m-2)He), 1.2 (br, 24.6Hd + 12.3Hf0) and 1.0–0.8 (br,
12.3mHf).
This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Synthetic route of precursor star polymer (b-CD(PMMA-N3)7) and representation of its idealized structure.
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Synthesis of mikto functional initiator (5)

A novel mikto functional initiator i.e., prop-2-yn-1-yl 3-((2-
((ethoxycarbonothioyl)thio)-2-methylpropanoyl)oxy)-2-(hydroxy-
methyl)-2-methylpropanoate (5) was synthesized as follows:
propargyl-3-[(2-bromo-2-methylpropanoyl)oxy]-2-(hydroxymeth-
yl)-2-methylpropanoate (2) (2.385 g, 7.5 mmol) and triethyl
amine (4.2 mL, 30 mmol) were dissolved in 40 mL of DCM and
then potassium O-ethyl carbonodithioate (3) (2.775 g, 22.5
mmol) was added to the reaction mixture. Aer 16 h stirring at
room temperature the mixture was ltered off and the ltrate
was diluted with 25 mL of DCM. The solution was washed
consecutively with saturated NH4Cl solution (3 � 50 mL),
saturated NaHCO3 solution (3 � 50 mL) and water (3 � 100
mL). The organic layer was dried over anhydrous Na2SO4,
ltered and concentrated under vacuum and the product was
puried by column chromatography with 1 : 100 ethyl acetate
and hexane mixture. Yield: 76%. 1H NMR (300 MHz, CDCl3)
(Fig. 3(a)): d (ppm) ¼ 4.8–4.5 (br, 2Hg + 2Hb + 2He), 4.4 (t, 1Hc),
4.0 (t, 1Hc0), 3.7 (br, 1Hi), 2.5 (s, 1Ha), 1.6–1.3 (br, 3Hd + 6Hf +
3Hh).
This journal is © The Royal Society of Chemistry 2016
ROP of D,L-lactide (Xant-PDLL) at room temperature

Above synthesized mikto functional initiator was employed in
ring opening polymerization of D,L-lactide to synthesize poly(D,L-
lactide) having xanthate and alkyne groups attached (Xant-PDLL).
For this, mikto functional initiator (359 g, 1mmol) and D,L-lactide
(7.207 g, 50 mmol) were dissolved in 8 mL of DCM under
nitrogen gas purging in a 100 mL of Schlenk tube. Then DBU
(0.15 mL, 1 mmol) was added into the reaction mixture at room
temperature. Within 5 minutes reaction mixture became viscous
and then benzoic acid (134 mg, 1.1 mmol) was added to quench
the polymerization. Then the reaction mixture was cooled in
liquid nitrogen to stop polymerization, and dissolved in 50 mL of
DCM and then washed with saturated NaHCO3 solution (3 � 50
mL) and water (3 � 100 mL). The organic layer was dried over
anhydrous Na2SO4, ltered and concentrated under vacuum. The
resulting mixture was then precipitated in cold methanol to get
poly(D,L-lactide) (Xant-PDLL). Yield: 78%. (Mn,NMR ¼ 6408 Da;
Mn,GPC ¼ 7200 Da; Mw/Mn ¼ 1.21). 1H NMR (300 MHz, CDCl3)
(Fig. 3(b)): d (ppm) ¼ 5.2–5.1 (br, (2n-1)Hi), 4.7 (m, 2Hb + 2Hg),
4.4–4.3 (m, 2Hc + 2He + 1Hi0), 3.7 (s, 1Hk), 2.5 (s, 1Ha), 1.6–1.5 (br,
(6n-3)Hj + 6Hf), 1.2 (m, 3Hd + 3Hh + 3Hj0).
RSC Adv., 2016, 6, 41594–41607 | 41597
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Scheme 2 Synthetic route of amphiphilic block copolymer i.e., alkynyl-PDLL-b-PNIPAAm.
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Scheme 3 Representation of idealized structures of b-CD(PMMA-b-PDLL-b-PNIPAAm)7, synthesized through the click reaction between b-
CD(PMMA-N3)7 and alkynyl-PDLL-b-PNIPAAm.
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RAFT polymerization of NIPAAm to synthesize alkyne
terminated block copolymer of PDLL and PNIPAAm (alkynyl-
PDLL-b-PNIPAAm)

Above synthesized poly(D,L-lactide) having xanthate and alkyne
groups attached (Xant-PDLL) was used in synthesis of block
copolymer of PDLL and PNIPAAm (alkynyl-PDLL-b-PNIPAAm).
For this, in a 100 mL of Schlenk tube Xant-PDLL (3.849 g, 0.6
mmol) (calculated by using Mn,NMR ¼ 6408) and NIPAAm
(5.662 g, 50 mmol) were dissolved in 15 mL of THF under
nitrogen purging. Then AIBN (0.025 g, 0.15 mmol) was added
to the reaction mixture and the Schlenk tube was placed in
a thermostated oil bath at 80 �C for 24 h. The reaction mixture
became viscous and was concentrated under vacuum. The
product was dissolved in 50 mL of DCM and washed with
saturated NH4Cl solution (3 � 50 mL), saturated NaHCO3

solution (3 � 50 mL) and water (3 � 100 mL). The organic layer
was dried over anhydrous Na2SO4, ltered and concentrated
under vacuum. The resulting mixture was then precipitated in
hexane to get alkyne terminated block copolymer of PDLL and
PNIPAAm (alkynyl-PDLL-b-PNIPAAm). Yield: 85%. (Mn,NMR ¼
11 504 Da; Mn,GPC ¼ 11 600 Da; Mw/Mn ¼ 1.19). 1H NMR (300
MHz, CDCl3) (Fig. 4): d (ppm) ¼ 6.5 (br, pHk), 5.2 (br, 2nHd),
4.8 (br, 2Hb + 2Hv), 4.3 (m, 2Hc + 2Hg + Hd0), 4.0 (br, pHt), 2.5 (s,
1Ha), 2.1 (br, pHj + 2Hi0), 1.8–1.3 (br, 2pHi + 6nHe + 6Hh), 1.2
(br, 6pHu + 3Hf + 3Hw + 3He0).
Synthesis of star polymer based on b-CD, having ABC type
miktoarms (b-CD(PMMA-b-PDLL-b-PNIPAAm)7)

Star polymer based on b-cyclodextrin, in which the primary
alcoholic arms of b-cyclodextrin linked to ABC type miktoarm
This journal is © The Royal Society of Chemistry 2016
star polymers was synthesized by the click reaction of b-
CD(PMMA-N3)7 with alkynyl-PDLL-b-PNIPAAm.

For this, b-CD(PMMA-N3)7 (0.393 g, 0.02 mmol) (calculated
by using Mn,NMR ¼ 19 619), alkynyl-PDLL-b-PNIPAAm (1.841 g,
0.16 mmol) (calculated by using Mn,NMR ¼ 11 504), CuBr (0.015
g, 0.1 mmol) and PMDETA (0.021 mL, 0.1 mmol) were dissolved
in 5 mL of DMF in a 50 mL of Schlenk tube and the reaction
mixture was degassed by three FPT cycles and le under
vacuum. The tube was subsequently placed in a thermostated
oil bath at 70 �C for 72 h. Then the reaction mixture was
concentrated under vacuum and then dissolved in THF. The
resulting solution was passed through basic alumina, and
concentrated under vacuum. The polymer mixture obtained was
subjected to dialysis for 48 h in a membrane of 12 000–14 000
Da cut off. Then the star polymer was precipitated in hexane.
Yield: 71%. (Mn,NMR ¼ 57 352 Da;Mn,GPC ¼ 69 600 Da;Mw/Mn ¼
1.37). 1H NMR (300 MHz, CDCl3) (Fig. 5): d (ppm) ¼ 8.4 (s,
4.1Hi0), 7.6 (s, 3.28Ha), 6.5 (br, 3.28pHk), 5.9 (br, 7Hc0 + 7He0), 5.2
(br, 3.28(2n-1)Hd + 7Ha0), 4.7 (br, 6.56Hb + 6.56Hv), 4.3 (m,
6.56Hc + 6.56Hg + 8.2Hk0 + 3.28Hd00), 4.0 (br, 7Hb0 + 7Hd0 + 7Hf0 +
7Hg0 + 14Hh0 + 3.28pHt), 3.6 (br, 12.3mHw0 + 3.28Hj00), 2.4–2.1 (br,
3.28(p-1)Hj + 8.2Hj0 + 8.2 Hu00 + 6.56Hi00), 1.7–1.4 (br, 4.1(m-1)Hu0

+ 6.56pHi + 9.84(2n-1)He + 19.68Hh), 1.2 (br, 19.68pHu + 9.84Hf +
9.84Hw + 24.6Ht0), 0.8 (br, 12.3mHv0 + 9.84He00).
Results and discussion

The star polymer based on b-cyclodextrin having ABC type
miktoarm star polymeric arms was synthesized by the combi-
nation ATRP, ROP and RAFT polymerization, and click reaction.
RSC Adv., 2016, 6, 41594–41607 | 41599
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Fig. 1 1H NMR spectra of (a) alkynyl-Br and (b) alkynyl-PMMA-Br recorded in d-chloroform at room temperature.
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Synthesis of azide terminated star polymer based on b-CD and
PMMA (b-CD(PMMA-N3)7)

But-3-yn-1-yl 2-bromo-2-methylpropanoate (alkynyl-Br) was
synthesized by reacting but-3-yn-1-ol with 2-bromo-2-
methylpropanoyl bromide in presence of TEA as base and
DCM as solvent at room temperature. Thus synthesized alkynyl-
Br was puried by using column chromatography and good
yield was observed. In the 1H NMR of alkynyl-Br (Fig. 1(a)), done
by using CDCl3 as solvent, a peak at 2.0 ppm due to the presence
of both HC^C– (a) and six –CO(CH3)2Br (d) protons conrmed
its formation.39 Thus synthesized, alkynyl-Br was used as initi-
ator in ATRP of MMA to produce alkynyl-PMMA-Br. In the 1H
NMR spectra (Fig. 1(b)), six methyl (d) protons of initiator were
shied from 2 ppm to 1.4 ppm during ATRP of MMA. Signals
observed at 3.6, 1.9–1.8 and 1.3–0.8 ppm attributed to –COOCH3

(g), –CH2–CH (e) and –CH–CH3 (f) protons of PMMA respec-
tively, conrmed the polymerization of MMA. The number of
repeating units was calculated by comparing the peak area of
methyl (g) protons of ester links present in PMMA, observed at
3.6 ppm, with that of methylene (c) protons of initiator at 4.1
41600 | RSC Adv., 2016, 6, 41594–41607
ppm, and was found to be 42.8. The number average molecular
weight estimated through 1H NMR (Mn,NMR) was 4504 Da.
Mn,GPC and polydispersity index (PDI), were 5500 Da and 1.51
respectively.

Alkynyl-PMMA-Br, thus synthesized, was employed in click
reaction with 7N3-b-CD to synthesize 7 arm star polymer of
PMMA, based on b-CD, with bromide end groups i.e., b-
CD(PMMA-Br)7. In the 1H NMR spectrum of b-CD(PMMA-Br)7
(Fig. 2(a)), done in DMSO, a signal observed at 8.3 ppm was due
to the aromatic triazole ring proton, a, of PMMA part shied
towards low shield region, aer the click reaction. The number
of PMMA units linked to 7N3-b-CD through click reaction was
calculated by comparing the peak area of secondary hydroxyl
protons, b00 and e00, observed at 5.6 ppm with that of HC]C–
proton of triazole ring observed at 8.3 ppm, and was found as
4.1. Calculated Mn,NMR, Mn,GPC and PDI were 19 775 Da, 18 000
Da and 2.08 respectively. Thus obtained, b-CD(PMMA-Br)7 was
treated with sodium azide to synthesize b-CD(PMMA-N3)7
having azide end groups. The 1H NMR spectrum of b-
CD(PMMA-N3)7 (Fig. 2(b)), done in CDCl3 revealed the
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 1H NMR spectra of (a) b-CD(PMMA-Br)7 and (b) b-CD(PMMA-N3)7 done in d6-DMSO and d-chloroform, respectively at room temperature.
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appearance of a new signal at 1.2 ppm and smoothening of peak
at 1.9 ppm, due to the shiing of methyl protons (f0), adjacent to
azide groups, of terminal repeating unit of PMMA.
Synthesis of amphiphilic block copolymer of PDLL and
PNIPAAm having alkyne terminal (alkynyl-PDLL-b-PNIPAAm)

Mikto functional initiator (5) was synthesized by the reaction of
propargyl-3-[(2-bromo-2-methylpropanoyl)oxy]-2-(hydroxymethyl)-
2-methylpropanoate with potassium O-ethyl carbonodithioate
in presence of TEA, as a base. The 1H NMR spectral analysis
(Fig. 3(a)) revealed that, during the synthesis of compound 5
from 1, the six protons of –C(O)–C(CH3)2–S (“f” protons) shied
This journal is © The Royal Society of Chemistry 2016
from 1.9 ppm to 1.4 ppm, and new signals of –C(S)–O–CH2– (g)
and –O–CH2–CH3 (h) appeared at 4.8 and 1.3 ppm respectively.
Thus 1H NMR conrmed the synthesis of mikto functional
initiator, 5. Initiator, thus synthesized, was used in ring opening
polymerization of D,L-lactide, through its hydroxyl end group, to
obtain Xant-PDLL. Synthesis of Xant-PDLL was conrmed by its
1H NMR spectrum (Fig. 3(b)) containing the peaks of –CH (i)
and –CH3 (j) proton signals of poly(D,L-lactide) appearing at 5.2–
5.1 and 1.6–1.5 ppm respectively, along with initiator proton
signals. The number of repeating units of DLL was estimated by
comparing the peak area of CH, i, protons at 5.1 ppm with that
of c, e and i0 protons at 4.3 ppm and was found as 41.9. Thus
RSC Adv., 2016, 6, 41594–41607 | 41601
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Fig. 3 1H NMR spectra of (a) mikto functional initiator, 5 and (b) Xant-PDLL in d-chloroform at room temperature.

Fig. 4 1H NMR spectra of amphiphilic block copolymer, alkynyl-PDLL-b-PNIPAAm in d-chloroform at room temperature.

41602 | RSC Adv., 2016, 6, 41594–41607 This journal is © The Royal Society of Chemistry 2016
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Fig. 5 1H NMR spectra of star polymer, b-CD(PMMA-b-PDLL-b-PNIPAAm)7 in d-chloroform at room temperature.
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calculated Mn,NMR was 6408 Da, and Mn,GPC and PDI were 7200
Da and 1.21 respectively. Xant-PDLL, thus synthesized had
alkyne and xanthate end groups for further processing.

Xant-PDLL was then employed in RAFT polymerization of
NIPAAm through its xanthate end group, using AIBN as initiator
to synthesize amphiphilic block copolymer (alkynyl-PDLL-b-
PNIPAAm) with alkyne end group. Synthesis of alkynyl-PDLL-b-
PNIPAAm, was conrmed by the 1H NMR spectral analysis done
in CDCl3 (Fig. 4). Six protons of –OC(O)–C(CH3)2– (h protons)
were shied from 1.3 to 1.6 ppm aer RAFT polymerization.
New signals at 6.5, 4.0, 2.1, 1.8–1.3 and 1.2 ppm appeared due to
the presence of repeating units of PNIPAAm. The number of
repeating units of NIPAAm was calculated by comparing the
peak area of –CH (t) protons, adjacent to –NH group, of NIPAAm
units observed at 4.0 ppm with that of –CH (d) protons of PDLL
part at 5.1 ppm, and was found as 45. Mn,NMR, thus estimated,
was 11 504 Da. Further, the GPC spectrum of alkynyl-PDLL-b-
PNIPAAm contained a unimodal peak portraying the presence
of amphiphilic block copolymer alone, with number average
molecular weight (Mn,GPC) and PDI equals to 11 600 Da and 1.19
respectively.
Fig. 6 (a) Gel permeation chromatograms of alkynyl-PMMA-Br, b-
CD(PMMA-Br)7 and b-CD(PMMA-N3)7, and (b) Xant-PDLL, alkynyl-
PDLL-b-PNIPAAm and b-CD(PMMA-b-PDLL-b-PNIPAAm)7.
Synthesis of star polymer having ABC type polymeric
miktoarms

The star polymer of interest i.e., b-CD(PMMA-b-PDLL-b-
PNIPAAm)7 was nally attained through the click reaction
between b-CD(PMMA-N3)7 and excess amounts of alkynyl-
PDLL-b-PNIPAAm. Resulting polymeric mixture was run
through basic alumina column to remove Cu(I)Br and its
complexes. Unclicked amphiphilic block copolymer was then
removed by using dialysis method. The aromatic proton of
newly formed triazole ring, aer the click reaction, appeared at
This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 41594–41607 | 41603
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Table 1 The synthetic and molecular weight details of the synthesized polymers

Polymer
Monomer
(equivalents)

Yield
(%)

Mn

(NMR) (Da)
Mn

(GPC) (Da) PDI

Alkynyl-PMMA-Br 50 74 4504a 5500 1.51
b-CD(PMMA-Br)7 — 64 19 775b 18 000 2.08
b-CD(PMMA-N3)7 — 91 19 619 18 400 1.47
Xant-PDLL 50 78 6408c 7200 1.21
Alkynyl-PDLL-b-PNIPAAm 50 85 11 504d 11 600 1.19
b-CD(PMMA-b-PDLL-b-PNIPAAm)7 — 71 57 352e 69 600 1.37

a The number of repeating units ¼ 2 � (peak area of methyl (g) protons of ester links present in PMMA observed at 3.6 ppm)/3 � (methylene (c)
protons of initiator at 4.1 ppm). b The number of PMMA units linked to 7N3-b-CD through click reaction ¼ 14 � (HC]C– proton of triazole
ring observed at 8.3 ppm)/(peak area of secondary hydroxyl protons (b00, e00) observed at 5.6 ppm). c The number of repeating units of DLL¼ 5 �
(peak area of CH (i) protons at 5.1 ppm)/2 � (peak area of c, e and i0 protons at 4.3 ppm). d The number of repeating units of NIPAAm ¼ 83.8 �
(peak area of –CH (t) protons, adjacent to –NH group, of NIPAAm units observed at 4.0 ppm)/(peak area of –CH (d) protons of PDLL part at 5.1
ppm). e The number of amphiphilic block copolymer units linked to b-CD(PMMA-N3)7 through click reaction ¼ 4.1 � (peak area of triazole
ring protons appeared at 7.6 ppm)/(peak area of preliminary triazole ring protons appeared at 8.4 ppm).
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7.6 ppm (Fig. 5). Along with this the signals of all the protons
of polymeric arms (PMMA, PDLL and PNIPAAm) and core (b-
CD) were also present. The Mn,NMR estimated by comparing
the peak area of preliminary triazole ring protons appeared at
8.4 ppm with the triazole ring protons appeared at 7.6 ppm
was found to be 57 352 Da. Thus 1H NMR spectral analysis,
done in CDCl3, conrmed the synthesis of b-CD(PMMA-b-
Fig. 7 1H NMR spectra of (a) amphiphilic block copolymer, alkynyl-PDLL
in D2O at room temperature.

41604 | RSC Adv., 2016, 6, 41594–41607
PDLL-b-PNIPAAm)7. GPC analysis (Mn,GPC ¼ 69 600 Da) also
supported the synthesis of star polymer (Fig. 6). In the GPC
analysis, the presence of traces was due to the unrevoked
amounts of star polymer in which one unit of amphiphilic
block copolymer is attached with the precursor star polymer.
The equivalents of monomers used, number average molec-
ular weights calculated from 1H NMR spectra and GPC
-b-PNIPAAm and (b) star polymer, b-CD(PMMA-b-PDLL-b-PNIPAAm)7

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Hydrodynamic diameter measurements alkynyl-PDLL-b-PNI-
PAAm and b-CD(PMMA-b-PDLL-b-PNIPAAm)7 carried out by using
a DLS instrument equipped with a He–Ne laser beam at 658 nm.

Fig. 9 TEM image of the micelles obtained from aqueous solution
of (a) alkynyl-PDLL-b-PNIPAAm and (b) b-CD(PMMA-b-PDLL-b-
PNIPAAm)7 (1 mg mL�1).
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techniques and polydispersity indices of the synthesized
polymers are listed in Table 1.

SEM and AFM analysis

The SEM images of alkynyl-PDLL-b-PNIPAAm and b-CD(PMMA-
b-PDLL-b-PNIPAAm)7 are shown in ESI (Fig. S1(a) and (b)†
respectively). The former one had granular surface where as the
later one had smooth sheet like surface. Thus it was revealed
from these images, that amphiphilic and star polymers have
different surface morphologies. The respective root mean
square roughness and average roughness, deduced from AFM
analysis, of alkynyl-PDLL-b-PNIPAAm (Fig. S1(c)†) were 45.56
and 35.63 nm whereas of b-CD(PMMA-b-PDLL-b-PNIPAAm)7
(Fig. S1(d)†) were 30.85 and 21.46 nm. Thus the root mean
square roughness and average roughness of alkynyl-PDLL-b-
PNIPAAm and b-CD(PMMA-b-PDLL-b-PNIPAAm)7 were diver-
gent from each other.

Self assembly study of the star polymers in aqueous solution

Nanostructured aggregates of the amphiphilic block copoly-
mers can be formed by means of their self assembly in aqueous
solutions. Due to the presence of both hydrophobic and
hydrophilic parts, the synthesized star polymer could also form
aggregations through self assembly. In case of amphiphilic
block copolymer (alkynyl-PDLL-b-PNIPAAm) the 1H NMR spec-
tral analysis done in deuterium oxide revealed the presence of
PNIPAAm units only. In comparison with the 1H NMR spectrum
attained in d-chloroform (Fig. 4), the peaks attributed to PDLL
block totally disappeared in Fig. 7(a). It indicated that the self
aggregates got formed in aqueous solution with PDLL blocks as
the core and PNIPAAm blocks as the shell. Whereas, in case of
star polymer (b-CD(PMMA-b-PDLL-b-PNIPAAm)7) for which the
1H NMR spectrum was attained in D2O (Fig. 7(b)), the peaks
attributed to PDLL, PMMA and b-CD blocks i.e., hydrophobic
parts totally disappeared when compared with Fig. 5. Only the
This journal is © The Royal Society of Chemistry 2016
signals attributed to PNIPAAm were present. This indicated that
the nanostructured aggregates got formed in aqueous solution
with PDLL, PMMA and b-CD blocks as the core and PNIPAAm
blocks as the shell.

The plots between hydrodynamic diameter and intensity-
weighted distribution, obtained from DLS measurement, of
alkynyl-PDLL-b-PNIPAAm and b-CD(PMMA-b-PDLL-b-
PNIPAAm)7 are shown in Fig. 8. The observed unimodal distri-
bution functions indicated the formation of relatively similar
size micellar aggregates and the respective hydrodynamic radii
of amphiphilic and star polymers were �82.1 and �198.0 nm,
and the respective polydispersity index (PDI) values were 0.428
and 0.395. Thus, it was revealed that the size of the micelle
formed was greater in case of b-CD(PMMA-b-PDLL-b-
PNIPAAm)7 than alkynyl-PDLL-b-PNIPAAm. This observation
indicated that the hydrophobic part present in case of former
one was more than the later one.

The sizes of the micelles formed by alkynyl-PDLL-b-PNIPAAm
and b-CD(PMMA-b-PDLL-b-PNIPAAm)7 were also examined by
TEM analysis (Fig. 9(a) and (b) respectively). The average radii
of the micelles formed by alkynyl-PDLL-b-PNIPAAm and
b-CD(PMMA-b-PDLL-b-PNIPAAm)7 were found to be �9 and �62
nm respectively. The size of the micelles formed by star polymers
observed in case of TEM analysis was smaller than that of DLS
analysis. This might be because of the collapse of the micellar
RSC Adv., 2016, 6, 41594–41607 | 41605
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structure on TEM grids due to the dehydration.40 All these results
conrmed the amphiphilic character of the synthesized star
polymer.

Conclusion

PMMA having alkyne group terminal, synthesized through
ATRP, was clicked to 7N3-b-CD, yielding a star polymer of
PMMA, based on b-CD. To this azidation was done in order to
make the polymer clickable with alkynyl-PDLL-b-PNIPAAm.
Parallelly, alkynyl-PDLL-b-PNIPAAm, an amphiphilic block
copolymer of PDLL and PNIPAAm, was synthesized by the
combination of ROP and RAFT polymerization techniques.
Click reaction between alkynyl-PDLL-b-PNIPAAm and b-
CD(PMMA-N3)7 yielded b-CD(PMMA-b-PDLL-b-PNIPAAm)7,
a new star polymer whose 7 arms were linked to ABC type
miktoarm star polymers. The 1H NMR spectra and GPC analysis
conrmed the synthesis of all the initiators and polymers. The
morphology deduced by SEM and roughness by AFM analysis
supported the synthesis of amphiphilic and star polymers.
These characteristics supported the synthesis of star polymer
with polymeric miktoarms. 1H NMR spectral analysis done in
D2O and uorescence spectroscopic analysis of amphiphilic
and star polymers revealed their self assembly property to form
micelles. The cmc of the star polymer was observed to be greater
than amphiphilic block copolymer. DLS and TEM analyses
proved that the micellar size of star polymer is greater than that
of amphiphilic block copolymer. The average radius of the
micelles of star polymers deduced by TEM analysis was�62 nm.
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