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ABSTRACT

Amphiphilic polymers are unusual materials having both hydrophobic and
hydrophilic parts. They have varied applications, as in drug delivery sys-
tems, tissue engineering, assurfactant in polymer synthesis, ascompatibilizer
in blend incompatible polymers etc. There are various methods used for
preparing this novel compounds like general free radical assisted synthe-
sis, group transfer polymerization, graft polymerization, reversible addition
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fragmentation chain transfer polymerization (RAFT), atomtransfer radical
polymerization (ATRP) etc. An attempt ismade in thisreview to enlist the
recent developments in the above-mentioned methods for the synthesis of

amphiphilic polymers.

INTRODUCTION

Amphiphilic polymersarecomposed of hydrophilic
(“water-loving”) and hydrophobic (“water-hating”)
parts. They areimportant throughout industry in many
applications(e.g. asemulsifiers). Structureof atypica
amphiphilicpolymerisgivenaway in Fgure 1. Recently,
amphiphilic polymershavedttracted subgstantia atention
duetotheir specia self-assembly ability to form nano-
scal e aggregates, which havewidefunctionssuch as
encapsulation for controlled release of drugs and
enzymes, tllers, pigments, catalysts, adsorption materials
etc. Momentous progressisbeen madeinthedesign
and synthesisof variety amphi philic polymerd?®. Since
amphiphilic polymers can ssmultaneously form self-
assembled nanostructures, including rod, wire, lamella,
sphere, vesicle, and LCM (large compound micelle),
they arepotentidly useful assoft templatesfor regulaing
nanometer-sized inorganic materia s°.
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Figurel: Molecular structureof an amphiphilic polymer
having (black) hydr ophilicand (white) hydrophobic parts
Amphiphilic copolymersprepared using general
polymerization methods

Amphiphilic copolymersapproachableto stimuli

have emerged as one of the promising nano-carrier
systems. In aqueous media, these polymers can self-
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assembleinto variousmolecular structures and thus
provideinteriorsableto non-covaently encapsul atethe
guest molecules™®; moreover, the release of guest
moleculescan beactivated by exterior stimuli, such as
pHI-11 glutathione’®, enzyme™, temperature™® and
soon. Luet a. synthesized pH sensitiveamphiphilic
copolymer using the pH-sensitive hydrophobic
monomer 2-phenyl-1, 3-dioxan-5-yl methacrylateand
the hydrophilic monomer 2-hydroxyethyl acrylatevia
free radical polymerization. Amphiphilic block
copolymer prepared by themisillustrated in Figure 2.
When the amphiphilic nanoparticles solution was
adjusted to apH of 5.5, the size of the nanoparticles
increased from 167 nmto about 800 nmwithin atime
interval of 24 h*9.
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Figure2: Amphiphilic block copolymer prepared using 2-
phenyl-1, 3-dioxan-5-yl methacrylate and 2-hydr oxyethyl
acrylate

Injecteblematerid sdevel oped recently havefulilled
many design criteriafor diverseclinic applicationg®.
Wang et a. synthesi zed injectabl e, photo-crosdinking
amphiphilic copolymer madeof caprolactonefumarate
and ethyleneglycol fumarate, found to be suitablefor
tissue engineering. Caprol actonefumarateinducesthe
ability of photo-crosdinking whereas ethyleneglycol
fumarate increases the biodegradation and bio-
compatibility of the copolymer to makeit suitablefor
in-body applications. The structure of the copolymer
synthesizedisshownin Figure 32

Highly ordered porouspolymer filmshaveattracted
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much attention dueto their potential applicationsin
areas such astissue engineering!??2¥, photonic band
gap'?¥, and optoel ectronic devices?®!, Porousfilms
with ordered structures have been fabricated by a
variety of methods?627, including lithography!?! or
soft litho-graphy!?®3°  the use of colloidal
crystal§°1-33 emulsions®?, self-assembled rod-cail
copolymers®+3% and microphase-separated block
copolymers®:371. Kim et al. synthesized a new
functiona amphiphilic polymer containing ruthenium
tris(bipyridyl) photosensitizer to prepare ahoney-
comb-patterned film. The amphiphilic copolymer
was obtained by the radical copolymerization of
ruthenium(4-vinyl-4’-methyl-2,2’-bipyridine)
bis(2,2’-bipyridine)bis (hexa-flurophosphate) with
N-dodecylacrylamide and N-isopropylacrylamide.
Scheme for the synthesis of the novel amphiphilic
polymer isshownin Figure4. To preparethe ordered
honey-comb structure asolution of the synthesized
amphiphilic polymer and polystyrenein chloroformwas
cast on aglass Petri dish. After complete evaporation
of the solution under ahumid condition, an opaque
film, having honey-comb structure, was obtained. The
filmissuitablefor tissue—engineering application®.

The self-association of amphiphilic block
copolymersin agueous mediais an entropy driven
process, which in the majority of cases leads to
formation of spherical micelles comprising of
hydrophobic coreand hydrophilic shell®4%, Themost
extensively studied is the micellization of block
copolymersof hydrophilic poly(ethylene oxide) and
hydrophobic polyoxiranes such as poly(propylene
oxide) or poly(butylenes oxide)“*“2, In the case of
PEO-PPO copolymers, the micellization is a
temperature dependent process“*#4, as PPO exhibit
thelower critical solution temperatureat arelatively
low temperaturel“s49,

Figure3: Amphiphilic copolymer made of caprolactonefumarateand ethyleneglycol fumarate
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Figure 4 : Scheme for the synthesis of the novel amphiphilic polymer from ruthenium(4-vinyl-4’-methyl-2,2’-
bipyridine)bis(2,2’-bipyridine)bis(hexaflur ophogphate) with N-dodecylacrylamide and N-isopr opylacrylamide

Star polymers and nanospheres obtained by cross-
linking the coresof thediblock copolymer micelles. Liu
et a. used photochemica reaction to stabilize poly(2-
cinnamoylethyl methacrylate) based copolymersin
organic mediumi#-59, Poly(ethylene oxide) (PEO)
based copolymers bearing polylactide!®, poly
(dimethylsiloxane)® or poly(1,2-butadiene)’™ asa
hydrophobic block were synthesized and cross-linked
viathermal, photochemical or g-irradiationinitiations.
Ishizu et a. reported the synthesis of polystyrene-b-
poly(4-vinylpyridine) (PS-b-PV P) nanospheresthat can
be used as macro-initiator for theliving free-radical
polymerization>%, Recently, nanoparticleshave been
built via intramolecular chain collapse of linear
copolymers™. Cross-linking of the coronahasa so been
devel oped for the preparation of PS-PV P knedel-like
structures®” %, Nicol et al. synthesized amphiphilic
copolymer using ethyleneoxideand akyl methacrylate
and photo cross-linked the obtained nanoparticles of
the copolymer in the aqueous medium. Mechanismfor

the preparation of thecopolymer isshownintheFgureb.
The cores of the micellesformed by Poly (ethylene
oxide-methacrylate) wereirreversibly cross-linked by
UV irradiation. Star polymers that are stable under
dilution in agood solvent were obtained after 1-min
irradiation. Star shaped polymer prepared after UV
irradiationisshownin Figure 6.

Tenkovtsev et d. prepared star-shaped amphiphilic
copolymers with calix®arene core and amphiphilic
alkyloligoethyleneoxide arms using the arm-trst
approach. Theeffectivenessof these star-shaped block
copolymers as phase-transfer agents was strongly
regulated by itssupramolecular organizationin water.
M ethodol ogy used for synthesi zing the copolymer is
shown]inFigure 719,

Adsorption of water-soluble amphiphilic block
polyelectrolytes could potentially be utilized to modify
the wetting properties of the charged surfaces. The
polyel ectrolyte block can be adsorbed onto the surface
from agueous ol ution, and the surface wettability could

ey, Research & Reotews On

Polymer



146

Recent developments in amphiphilic polymers — A review

RRPL, 3(4) 2012

Review

subsequently be moditied by the hydrophobic block,
given that during the moditcation process the
hydrophobic block tinally ends on the uppermost layer
of the moditied surface (See Figure 8). Nurmi et al.
synthesized ultra-thin Gilms of cationic amphiphilic
copolymers and applied on the silica surfaces from
agueous ol utionsthrough dectrogtatic interactions, and
theresultingmoditication in the wettability of the surfaces
was studied. The spin-coated surfaces were highly
hydrophilic with rapidly dropping contact angles,
whereasthe surfaces prepared by adsorption had stable
water contact angles between 30-60°164,
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When biodegradability isneeded intheamphiphilic
polymer, the hydrophobic block is generally the
degradableone, andisusually apolyester, for example
poly(lactic acid)®, poly(lactic-co-glycolic acid)6364,
poly(3-caprolactone)®8, In particul ar, biodegradable
AB® ABA™-8I and multiarm(™ " block copolymers
containing Polyethyleneglycol and Polycaprolactone
segments have been devel oped. Amphiphilic block
copolymersof malic acid and malic acid estershave
also been reported to salf assembleinwaterl™, Signori
et al. prepared anew biodegradable-biocompatible
amphiphilicblock copolymersby SnOct, catalyzedring
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Figure5: Schemefor preparing dlblock poly(ethyleneoxide)-b- alkylmethacrylateamph|ph|||c copolymer
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Figure6: Sar shaped copolymer formed on UV irradiation
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opening polymerization of 3-caprolactoneinitiated by
monomethoxy-terminated poly(ethyleneglycoal). The
lack of invitro toxicity (indicated by cytocompatibility
tests), and the hydrophilic-lipophilic balance supports
the potentia of the prepared polymer inthebiomedical
applications. Scheme of the preparation of the block
copolymer isshowninheFigure 97,
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Triftaridou et a. synthesized aamphiphilicABC
triblock copolymer from methylmethacrylate 2-
(dimethylamino)ethyl mecthacrylateand hexa(ethylene
glycol) methacrylate by group transfer polymerization.
The presence of three different monomersplacedin
threedifferent blocksunitesthreedifferent functionsinto
the polymeri™. ABC triblock copolymer hassufficiently
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Figure7: Thesyntheticroutetothestar polymers
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Figure8: M ode of working of amphiphilic copolymersin
modification of surfacepropertiesof thesubstrate

high molecular weight and have threemicrophasesin
bulk. Figure10illustratesthemicdlar structureformed
by the ABC triblock amphiphilic copolymer in the
agueous medium™,

Useof atomtransfer radical polymerizationinthe
synthesisof amphiphilic copolymers

Atom transfer radical polymerization (ATRP) isa
controlled polymerization method based on radical
polymerizationto prepare polymer. The M atyjaszewski
research group devel oped acontrolled polymerization,
which was asimpleand inexpensi ve polymerization
system. It iscapable of polymerizing awidevariety of
monomers, istolerant of traceimpurities(water, oxygen,
inhibitor), and is readily applicable to industrial
processes. Thesystem that was devel oped wastermed
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Atom Transfer Radical Polymerization (ATRP). The
control of the polymerization afforded by ATRPisa
result of theformation of radical sthat cangrow, but are
reversibly deactivated to form dormant species.
Reactivation of the dormant species alows for the
polymer chainsto grow again, only to be deactivated
later. Such a process results in a polymer chain that
dowly, but steadily, growsand hasawell-defined end
group. ATRP remains the most powerful, versatile,
sample, andinexpensve. ATRPmechanismisshownin
Figure 111,
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Figure10: Micdllar structureformed by the prepared ABC
triblock amphiphilic copolymer in water

CaCO, isthemost important minerd in natureand
isfoundinbiomineralsmainly asexoskeletonin shells
or cell wallsor asmechanical support in spiculesand
spines. Calcium carbonate has three anhydrous
crysdlinepolymorphs: vaterite(polycrystdlinesphere),
aragonite (needle), and cdcite (rhombohedra)™. Yang
et a. synthesized anew class of amphiphilictriblock
copolymersof poly(ethyleneglycol)-block-poly(acrylic
acid)-block-poly(n-butyl acrylate) was synthesized by
aom-trandfer radicd polymerization, whichtendtoform
a globular micelles in water solution. The single

hydrophobic block formed the core and two tianking
hydrophilic blocks formed the corona. The micelle
morphology of theamphiphilictriblock copolymer was
efficient for controlling the crystalli zation behavior of
calcium carbonate. M echanism for formation of the
triblock copolymer isshownin Figure 1278,

Rigid macroporous polymer monolithssurfacedin
the early 1990s and were found useful in separation,
cataysis, sensors, and solid-phaseextraction™&, They
should have uniform interconnected repeating
macroporesor cells. High separation efficiency canbe
realized with well-controlled skeletal structures. But, it
isdifficult to control the porousmorphol ogy of polymer
monoliths prepared by traditional free radical
polymerization because of the fast phase separation
between the growing polymer chainsand the porogenic
solvents’®l, giving aggregated microglobules at
micrometrescae. Xinet d prepared anove amphiphilic
diblock copolymer using butyl methacrylateblock and
glycidyl methacrylate blocksviaatom transfer radical
polymerization (ATRP) and then utilized asaphase
separator to control the porousstructureof poly (butyl
methacrylate-co-ethylene dimethacryl ate) monoliths.
The prepared porous structure had a well-definied
skeletal structureasshownin Figure 132,
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Figure 11: Mechanism of working of ATRP

Star shapeamphiphilicblock copolymersgenerdly
containlinear arms. Theblock copolymerscontaining
armswith globular structures by theincorporation of
dendrons or hyperbranched structures are rarely
synthesized. Frechet et al .8 reported the synthesis
of amphiphilic star block copolymers containing
dendrons. These block copolymers contained 2- or 4-
arm Polyethyleneglycol in coreasahydrophilic block
and polyether dendronsin shell ashydrophobic block.
An et d synthsized amphiphilic star block copolymers
containing tetra-armed Polyethylene glycol core
(hydrophilic part) and polystyrene having controlled
number of branches and chain lengths as the shell
(hydrophobic part). Thenumber of branchesper initiator
functional group was controlled by the adjustment of
themoleratio of chloromethylstyreneto macroinitiator,
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and the average chain length or branch length was be accomplished through one of the three routes:
controlled viaadjustment of themoleratio of styreneto  “grafting from’ reactions (utilizing polymerization of grafts
chloromethylstyrene. Stepsinvolvedinthesynthesisof  from a macroinitiator with pendant functionality),

the star copolymer isillustrated in Figure 141, ‘grafting through’ processes (operating by homo- or
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Figure13: Skeletal structureformed when usingand using butyl methacrylate (B) — glycidyl methacrylate (G) copolymer

Brush-type copolymers have recently attracted  copolymerization of amacromonomer) and ‘grafting
considerableattentionin abroad rangeof gpplications  onto’ (occurring when the growing chain is attached to
likedrug carriersfor targeted drug delivery, new class  apolymer backbone)®. Hu et al. synthesized aseries
of elastomeric materias, sensitive to environment of polystyrenewith different molecular weightsand
material 95”9, The synthesisof graft copolymerscan  narrow molecular welight distributionsviaATRP, and
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then functionalized it by chloromethylation. Sub-
sequently, the brush-type copolymers, Polystyrene-g-
Poly (2-(dimethylamino)ethyl methacrylate) were
prepared using chloromethylated polystyrene asthe
macroinitiator viaATRP. Mechanism for thesynthesis
isshowninFigure15.] (46) [ Chetterjecet d. synthesized
amphiphilicblock copolymersaf 2-(dimethylamino)ethyl
methacrylateand methyl methacrylateviaatomtransfer
radical polymerization at ambient temperature (35
oc)[Ql].
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polymerization. RAFT isone of themost versatile CRP
techniquesasit exhibits:
1. Good tolerance to a diverse range of functional
groupsinmonomers,
Good toleranceto solventsandinitiators, and
Offers control over a wide range of monomers
through theuse of different classesof chaintransfer
agents(CTAS).

Benefitsof RAFT are:
. It can be used to form narrow polydispersity

2.
3.
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Figure14: Sepsinvolved in thesynthesisof thestar copolymer from polyethyleneglycol and polystyrene

Use of reversible addition—fragmentation chain
transfer polymerization in the synthesis of
amphiphiliccopolymers

Therehasbeen grest interest in theuse of controlled
radical polymerization (CRP) techniques, especidlyin
revers bleaddition—fragmentation chain transfer (RAFT)

polymersand copolymers, and

2. Itisoften possibleto take the polymerisationsto
highconverson

3. RAFT polymerisation hasbeen used to synthesise
complex architectures such asblock copolymers,
stars, hyperbranched polymers and higher order
supramolecular structures.
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4. ComparedwithATRP, RAFT isameta-freeprocess Wong et al synthesized amphiphilic block
and therefore could avoid the contamination of the  copolymer, polystyrene-block-poly(N,N-di-methyl-
product by transition metd catalyst, whichisvitdly acrylamide) (PS-b-PDMA), focusing ontheintiuence
important for biomedica gpplications of thesizesof theirst polymer block used in the chain

Figure15: M echanism for preparation of Polystyrene-g-Poly (2-(dimethylamino)ethyl methacrylate) viaATR
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extension polymerization process. These amphiphilic
block copolymerswere used to fabricate honeycomb
gructured porousilms using the breath Gigure technique.
Theregularity of theilm was considerably intiuenced
by the humidity of the environment, which could be
controlled by therate of theairGow or the humidity in
the casting chamber. The interaction between the
hydrophilicblock copolymer and thehumidity wasfound
respong blefor theddicateequilibrium duringthecasting
process, which prevented high poresregularity a very
low (below 50%) and & e evated (above 80%) humidity.
The interactions of the hydrophilic block with the
humidity were observed to superimpose an additional
nano-scal ed order onto the hexagonal micron-sized
porousarray. Pores, which are created by encapsulation
of water droplets, werefound to be more hydrophilic
than the surface. Scanning e ectron microscopy images
of the prepared filmsat different humidity asshownin
Figure 162,

effect onthelr pH-induced micdlizationbehaviors. The
Dynamic Light Scattering results showed that themean
szeof themicdleswassmdler than 60 nmwith narrow
and near-monodispersed sizedistributions. These pH-
sengtivemicdlesmight beuseful for thetargeted ddlivery
of anticancer drugg™.
Amphiphilic copolymersprepared using grafting

[Jeong et al. reported the synthesis of a new
amphiphilic graft copolymer using poly(asparagine) as
thebackboneand poly(cgprolactone), asemi-crystdline
biodegradabl e polymert® asthe graft (hydrophobic
chains). Poly(asparagine) hasan amidelinkage, which
isfully biodegradable, water soluble polymer and can
be used asdrug carrier. Schemefor the synthesisof the
graft copolymer is shown in the Figure 17 and the
schematic view isshownin Figure 181,

Peng et al. synthesized an amphiphilic copolymer
with poly(acrylic acid) as the backbone and having

PS,s-b-PDMA,,
Humidity = 65%

PS;s-b-PDMA,
Humidity = 60%

PS,;4-b-PDMA,,
Humidity = 50%

Figure 16 : Scanning electron micrographsof thefilmsprepared

Lambert et al. prepared Poly(N-tert-butyl
acrylamide-b-N-acryl oylmorpholine) amphiphilicblock
copolymersvia RAFT polymerization. Conversion
reached 90% with alinear increase of theMW up to
60-70% conversion. Poly(N-acryloylmorpholine)
chainsof 10 000-90 000 g mol*could begrown from
apoly(N-tert-butyl acrylamide) tirst block of 14 000 g
mol 1%,

Huetd. investigated synthesisand pH dependent
micellization of 2-(diisopropylamino)ethyl methacrylate
based amphiphilic diblock copolymers via RAFT
polymerization using 1,4-dioxane. The hydrophilic/
hydrophobic ba anceof the copolymer had no apparent

polystyrene side chains. Schemefor the synthesis of
the copolymer isshownin Figure 19.

Theseamphiphilic graft copolymerscanform stable
micellesinwater. Preliminary studies showed that they
havealow cmc values of about 10 ’g/mL. The shapes
and sizes of micelleswerefound to berelated with the
micellar preparation methods. The sizes of micelles
increased with the addition of NaCl to water and
decreased at high pH values®l,

Chiuetd. investigated the synthesi sof amphiphilic
graft copolymer from stearyl methacrylate and
poly(ethyleneglycol). Encapsulation of pyrene(asadrug
model) into the mi celleswasfound to be dependent on
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ther gearyl methacrylate content. Thesecopolymersaso
exhibited asudta ned rel ease paternfor pyrenein agqueous
solutionsand might indicatetheir futureapplicationsas

potentia drugddivery systemd%Z,
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compogtions Thesecopolymershaveproventoeiiciently
improve the interfacial adhesion and accordingly the
mechanica propertiesof thecompati bilized composites,
leading to Stitier and tougher compostematerids.
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Figurel17: Schemefor thesynthesisof thegraft copolymer poly(aspar agine)-g-poly(caprolactone)

Congderableeffort hasgoneto the devel opment of
biodegradabl e polymersinitialy with the purpose of
designing resorbable biomaterials in surgery and
chemotherapy, and morerecently for developing plastics
that degrade more rapidly in the environment when
discarded. Rutot et d. reported the controlled synthesis
of poly(e-caprolactone)-grafted dextran copolymers and
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their eliciency ascompatibilizersin PCL/granular tarch Figure18: Schematic view of the prepared graft copolymer
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