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Abstract: Dendrigraft polymers have a mulével branched architecture resulting from

the covalent assembly of macromolecular building blocks. Most of these materials are
obtained in divergent (cotferst) synthetic procedures whereby the molecule grows
outwards insuccessive grafting reactions or generations. Two main types of dendrigraft
polymers can be identified depending on the distribution of reactive sites over the grafting
substrate: Arborescent polymers have a large and variable number of more or less
uniformly distributed sites, while dendrimike star polymers have a lower but
well-defined number of grafting sites strictly located at the ends of the substrate chains. An
overview of the synthesis and the characterization of dendrigraft copolymers with
phasesegregated morphologies is provided in this review for both dendrigraft polymer
families. The tethering of sidehains with a different composition onto branched substrates
confers unusual physical properties to these copolymers, which are highlighdgedgh
selected examples.

Keywords: graft copolymers dendritic dendrigraff arborescent; dendrimdike;
coresshell; coresheltcorona
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1. Introduction

Different types of macromolecules with weléfined branched architectures have been synthesized
over the past 3@10 years including stdsranched polymers and polymacromonomers3][1
dendrimers and hyperbranched polymers [4,5], and dendrigraft polymers [4,6,7]. Among these the
dendritic architecture, represented by the latter three categorietiatlaa significant impact on
polymer science because it encompasses highly branched macromolecules with a controllable
molecular weight, number of branches, and terminal groups. The most distinctive characteristic of
these polymers is a mulevel branchedrchitecture, resulting from coupling reactions of either small
molecule monomers (dendrimers and hyperbranched polymers), or macromolecular building blocks
(dendrigraft polymers, referring collectively to arborescent and dendlikeestar polymer systas).

The dendritic branching concept was first applied to graft polymers synthesized from polystyrene [8]
and polyethylenimine [9] segments in 1991. The synthesis of these materials typically involves cycles
of substrate functionalization and grafting ré@cs in a generatichased divergent (co#fést) scheme
as represented i8cheme 1(a) whereby the molecule grows outwards from the substrate. Grafting
linear chains onto a linear polymer substrate suitably functionalized with coupling sites yields a
conmb-branched polymer structure, also called a generation zero (GO) arborescent pBlyvieed
that the grafted sidehains can be further functionalized with coupling sites, the process can be
repeated to obtain successive generations of arborescentepslyfhus the second functionalization
and grafting cycle yields the first generation of arborescent polymer (G1, corresponding to the first
generation with a dendritic or mulevel branched architecture), and so on. Geometric increases in
molecular wei@it and branching functionality are typically observed over successive reaction cycles
(generations) of arborescent polymers, while a narrow molecular weight distribution (polydispersity
indexM,/M; < 1.1) is maintained in most cases.

Scheme 1Graphical epresentation of the synthesis(af arborescent anfb) dendrimedike
star polymers by successive grafting reactions of polymer segments.
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Dendrimerlike star polymers$cheme 1(b), on the other hand, have a smaller but defined
number of coupling sites strictly located at the chain ends of the previous generation, and are thus the
dendrigraft polymers closest to dendrimers from a structural viewpoint [10]. Since the branching
multiplicity of the chain ends (number of branching points) is relatively low (typicail§) 2n
dendrimerlike polymers, the rate of molecular weight increase is also lower for these systems than for
arborescent macromolecules. It should be noted that,nture consistency of the structure
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nomenclature used herein, dendririke architectures with a single branching level (star polymers)
are identified as GO structures, while polymers with a second level of branching (branches upon
branches) are G1 moleesl, and so on.

Dendrigraft copolymers are unimolecular, covalently bonded species witidefgled structures
(as opposed to multimolecular or randomly crlisked assemblies), and branching functionalities
ranging from a few to thousands of sidleains,whose basic characteristics (sicleain molecular
weight and composition, branching functionality/density, and uniformity) can be accurately controlled
in their synthesis. These features distinguish them from other heterogeneous macromolecular
assembliessuch as stablock copolymers with relatively low branching functionalities [11],
metastable micelles obtained by the ss§embly of block copolymers in selective solvents [12,13] or
stabilized through random crebsking as in knedelike structures [4], and coreshell polymer
particles prepared by microemulsion polymerization [15,IBis paper reviews the different methods
developed for the synthesis of dendrigraft polymer structures, with emphasis on copolymer systems
and the unusual propertiessang from these heterogeneous morphologies.

2. Arborescent Polymers with Randomly Distributed Branching Points
2.1. Arborescent Polystyrene

Arborescent polystyrene is of particular importance, because it served as grafting substrate in the
synthesis of many phaseparated copolymers. Consequently the synthesis of the homopolymers will
be discussed first, but it will be shown that even theseromolecules display characteristics typical
of heterogeneous copolymer systems due to differences in segmental density within the core and the
outer shell (corona) of the molecules. The synthesis of arborescent polystyrene starts with the
nucleophilic a a c k of Al i vingo pol ystyryl anions ont
functionalized with suitable electrophilic substituents on a fraction (typicallg@®%) of the structural
units, to generate the GO polymer. Both chloromethyl [8] and afEfylfunctionalities have been
successfully applied as electrophilic coupling sites in the synthesis of arborescent strBchesse (2
In each case it was important to match the reactivity of the macroanions and the electrophile, in order
to minimize sde reactions and maximize the yield of the grafting reaction. It was thus necessary to
Afcapo the pol ystyr yl-dplenyletoytese umititd buppress médtatogein e 1
exchange reactions competing with coupling for the chloromethyl siteggrafteng yield (defined as
the fraction of sidechains generated in the polymerization reaction becoming attached to the substrate)
was maxi mized when grafting was carried out i
on the other hand, areisceptible to proton abstraction by the macroanion acting as a strong base. In
this case the yield was maximized in THF in thi@® € range, after capping the chains with a few
units of relatively unhindered or more reactive monomers such as isopremnglp@ridine, and the
addition of LiCl to the reaction to suppress chain end ionization [17]. Irrespective of the grafting path
selected, the functionalization and grafting reaction cycle can be repeated to obtain arborescent
polystyrene structures of gerations G1 and above.
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Scheme 2.Synthesis of arborescent polystyrene by grafting polystyryl anions onto
(a) chloromethylated anfb) acetylated polystyrene substrates.

sec-Bu
Z =2-Vinylpyridine
Isoprene
l) THF / LiCl, 0-25°C

2)H®

CH,CI

l THF /-30°C

(a) O (b) oH

Z
O Bu-sec 3 Bu-sec
n

An important characteristic of arborescent polymers is that their apparent laoleeight,
determined by size exclusion chromatography (SEC) analysis using a linear polystyrene standards
calibration curve, is strongly underestimatdalfle 1) [17]. Comparison of these values with the
absolute weightiverage molecular weightsl{) determined from static light scattering measurements
reveals discrepancies between both sets of results, the magnitude of the discrepancies increasing ft
the higher generations. This is a direct consequence of the very compact structure of arborescen
polymers, which display an increase in average segmental density over successive generations, i
contrast to randomly coiled linear polymers for which the hydrodynamic density decreases
exponentially as the molecular weight increases. The absolute moleceilgint vand branching
functionality of the molecules (determined from light scattering measurements) otherwise follow the
expected trend, with roughly geometric increases over successive generations, while a low
polydispersity index is maintained.

Table 1. Characterization data for a series of arborescent styrene homopolymers
synthesized from acetylated polystyrene substfates.

Sample Generation M, M,/M.,° f,° M,2
PSPS5 0 53x10"0 1.08 11 3.3x10*
GOPSPS5 1 43x10° 1.08 84 1.3x10
G1PSPS5 2 39x10° 1.09 690 4.5x10°
G2PSPS5 3 2.5 x10 3800

@ Adapted from Reference 17 by permission from the American Chemical Society. All polymers synthesized

from M,, ° 5,000 sidechains with an acetylation levelch.2 5 mol e% and 5 equiv of LiC
® Absolute values from SEC analysis with a light scattering detector or from batchwise light scattering
measurementst Branching functionality (number of sidihains added in the last grafting reaction).

4 ApparentM,, from SEC analysis using a linear polystyrene standards calibration curve.
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Arborescent macromolecules, including even the homopolymers, may be regarded as having a dua
phase morphol ogy. This i s becaus dthemoledulaseover d i f
successive generations, represented in a cartoon fashi&cheme 1(a) A high segmental density
(low chain mobility) region is expected in the core portion of the molecules, due to the coupling
reactions leading to the formation afibching points, while the chains added in the last grafting cycle
are only tethered to the substrate at one end. These remain relatively flexible and form a mobile shell
(corona) of linear chains on the outside of the molecule. The corona should belifddsernot only
because of the higher mobility of the chains, but also due to fluctuations in the position of the coupling
sites along the sidehains of the substrate as shownSicheme 1(a) To a first approximation, the
growth of arborescent moleculeser successive generations may thus be represented by the addition
of successive layers of chains onto a rigid core substmeré 1).

The heterogeneous character of arborescent polystyrene molecules was first qugnadoeding a
series of polymes with short branchedW, °© 5,000) with pyrene and observing their fluorescence
guenching behavior when exposed to small molecule (nitrobenzene) and macromolecular (nitrated
polystyrene) quenchers in solutigb8]. The diffusion coefficients measured for the small molecule
guencher within the arborescent polystyrene molecules decreased as a function of increasing
generation number. Quenching experiments with linear nitrated polystyrene led to downward curvature
in SternVolmer plots characteristic for protective quenching, reduced accessibility of a portion of
the chromophores to the quencher groups. The application of a fractional quenching model allowed the
determination of the quenching rate constart #re fraction of accessible chromophores for each
sample. These parameters decreased for the upper generation polymers, in agreement with the diffus
layer growth model oFigure 1. When adding successive layers of constant thickness (corresponding
to thechains added in the last grafting reaction) on the surface of a sphere, the volume fraction of the
core (fraction of inaccessible materi),should increase over successive generations.

Figure 1. Schematic representation of the diffuse layer growth ehdor arborescent
polymers. e volume fraction of inaccessible (core) material in the moledales, core
of initial radiusR = 2 onto which layers of thickneds= 1 are added, is representediby

G
G+1 G+2

The morphology of arborescent polystyrenelecules was also the topic of a detailed investigation
using smahangle neutron scattering (SANS) experiments with contrast matching for polymers derived
from arborescent polystyrene substrates grafted with deuterated polystyrene chains forming the
shel [19]. Most interestingly, radial SANS contrast density profiles (proportional to the local
concentration of scattering segments) could be generated for the core and the shell portions of the
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molecule under matched contrast conditions, and for polymetwaofiifferent generations (G@s.

G4). It is clear from the profiles obtaineffigure 2) that the core and the shell components are
segregated, even for systems expected to display minimal phase separation such as copolymers with
hydrio-polystyrene corand a deuterpolystyrene shell. The cohell interface is nonetheless diffuse

due to significant mixing between the core and the shell components, in agreement with the diffuse
layer growth model proposed above.

Figure 2. Radial SANS contrast profilegenerated from measurements on arborescent
polystyrenes with a deuterated polystyrene shell uifdeshell and(b) core contrast
matching conditions. Adapted from Reference 19 by permission from the American

Chemical Society.
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2.2. Poly(ethylene oxide)dpolymers

The first example of an arborescent copolymer structure with a clearly heterogeneous morphology,
published in 1996, was for polymers incorporating an arborescent polystyrene core grafted with
poly(ethylene oxide) (PEO) segments at the chain tefi20]. The synthesis of miceligke coreshell
macromolecules with different core sizes (generations) and varying PEO contents or shell thicknesses
was demonstrated.

The preparation of the arborescent polystyrene core relied on the grafting technique wi
chloromethyl coupling sites [8], but the addition of a PEO shell required a modification of the
procedure in the last step. The synthesis of a G1 copolymer is illustr&eldeme s a example A
combbranched (GO) polystyrene substrate was preparethe usual fashion, by initiatinghe
polymerization of styrene witBecbutyllithium and capping with 1;tliphenylethylene, followed by
titration of the #Alivingo anions with arafled!| ut i
(G1) substate with protected hydroxyl ergtoups was obtained by usingl{ioexyl)acetaldehyde
acetal (LHAA in Scheme 3 to initiate the polymerizatiorof styrene, followed by capping and
coupling with the chloromethylated GO polymer. The acetal functionalitexe tihen hydrolyzed and
the hydroxyl enebroups were deprotonated with potassium naphthalide before adding ethylene oxide
to the substrate. To maintain a narrow molecular weight distribution in the reaction, it was necessary to
eliminate residual chloromeyl sites on the substrate via mebalogen exchange prior to shell
growth. The coreshell copolymers derived from a G1 core wii, = 7 x 10° had PEO contents
of 19% and 66% by weight, and apparent polydispersiigéM, = 1.07 1.21. Another sample
containing 36% PEO by weight was obtained from a G4 core hakjng10°.
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Scheme 3.Synthesis of arborescent polystyragraft-poly(ethylene oxide) amphiphilic
copolymers. Reproduced from Reference 20 by permission from theicameChemical
Society.

)s—BuLx N . :
CHm SBu(CH,~CHp=CH-Co Li®
2) 1,1-DPE
((S Q@
sBU('CHy=CH )p-x= (CH,=CH ) =H + (1) —p» G=0
Yield >95%

2

CI"CHyOCH,
2 ——> 3)

AICL /PINO,

1) LHAA

CH #(H =P CH =('H-O~(C C -CH- eLi®
6 2) 1,1-DPE 1§ = (Hzé)p él

A+@ —»

(5) +KNaph. —»

Comparison of the hydrodynamic radii determined from dynamic light scattering measurements for
the core homopolymers and the csrell copolymers demonstrated that the hydrophilic poly(ethylene
oxide) chains on the surface oétmolecules essentially adopted a randomly coiled conformation, with
minimal stretching of the chains. The solubility characteristics of the macromolecules were consistent
with a coreshell morphology: The copolymers were freely soluble in methanol, imasbrio the bare
polystyrene cores.
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The selfassembly of the amphiphilic arborescent polystygradt-poly(ethylene oxide)
copolymers at the aiwvater interface was investigated as a function of the composition and the
structure of the molecules [21,22]he types of superstructures formed by the amphiphiles strongly
depended on characteristics including their composition, branching functionality, and structural
rigidity. Thus copolymers with low PEO contents simply dewetted from the water surface rzued for
large islandike clusters, while molecules with a high PEO content had little tendency {asselnble
in the absence of compressidirigures 3(a,c) [21]. However copolymers of intermediate
compositions ¢a. 20i 35% PEO content by weight) se@fsembled into ribbelike superstructures
[Figure 3(b)] mainly via endto-end aggregation, the extent of aggregation (ribbon length) being
determined not only by the composition but also by the flexibility of the migec({branching
functionality and molecular weight of the polystyrene sitiains within the core). This eftd-end
aggregation phenomenon was rationalized through sideways rearrangement of the linear PEO chains i
the shell leading to an increase in thegmtude of van der Waals interactions between the
hydrophobic cores along the long axis of the ribbons, while thickening of the stabilizing PEO layer on
the sides of the ribbons hindered further aggregation of the mol¢Eidese 3(d)]. It was also shown
that the length of the ribbeike superstructures increased under the influence of compression in
Langmuir force balance experiments, or through temperature variations influencing the degree of
hydration of the stabilizing PEO chains [22].

Figure 3. Selfassembly of arborescent polystyregraft-poly(ethylene oxide) copolymer
molecules at the awater interface without compressig@) low branching functionality,

low PEO content GBOPSLB-15, (b) low branching functionality, intermediate PEO
content G130PSLB-31, and (c) high branching functionality, high PEO content
G1-30PSHB-43. Each picture has a width of 1fim. (d) Endto-end aggregation
mechanism proposed to explain the formation of ribbons in (b). Adapted from Reference 21
by permission from Wey-VCH.

2.3. Poly(2vinylpyridine) Copolymers

The synthesis of arborescent polystyrgnaft-poly(2-vinylpyridine) copolymers was initially
achieved by coupling poly{2inylpyridinyl)lithium with chloromethylated polystyrene substrates of
generations up to G2 i n-tettarethylethylgnddramineu TMEDA) [@3].t h
This reaction is adogous toScheme 2(a) where the 1;tiphenylethylenecapped polystyryllithium
species are r epl ac-einylpyvdinyl)kthiuin bhains fivithouv dappiggo Copotyrheys( 2
with branching functionalities ranging fromiB31880 and molecular weighof 8.2 x1¢ to 6.7 x 10
were thus obtained while maintaining low apparent polydispersity indidgd1; & 171 1.065 The
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polystyrene content of these copolymers was rather low and variedcaofto 19% by weight,
depending on the arborescent pblysne substrate generation and the molecular weight of the
sidechains used in the reaction. Comparable results were subsequently obtained when coupling
poly(2-vinylpyridinyl)lithium with acetylated polystyrene substrates in the presence of LiCl, similarl
to Scheme 2(b)(in this case the sidehai ns correspond to a | ong
styrene)24].

Dynamic light scattering measurements demonstrated that arborescent-vioopgg2ridine)
(P2VP) copolymers, when protonated with excess (dChigh ionic strengths), expand much more in
solution than their linear homologueBidure 4). This effect was attributed to the higher charge
density (charge/volume) attained in these branched polyelectrolytes [25], which can be viewed as
P2VP homopolyrars to a first approximation due to their low polystyrene contents. Nevertheless the
expansion ratio of the copolymers, expressed as the ratio of hydrodynamic volumes in the ionized anc
the neutral states, decreased as the generation number (strucidits) 0§ the copolymer increased.
It was also larger for copolymers containing longer, more flexiblechdens.

Figure 4. Hydrodynamic volume expansion for arborescent polystygeat-poly(2-
vinylpyridine), polystyrengyraft-poly(methacrylicacid), and their linear homologues upon
ionization. Linear P2VP (06), Ms~ba@oleadent P2
long Mw~3 0, 0 O O ;-chasmgdissslved ia MeOH/KHO 95/5 with 0.10 N HClLinear

PMAA ( D? , arborescent sherM@@A~ 50@pyd laydmeng s wi t |
(My~30, 000 ; -chaips dissohke@ in MeOHAD 95/5 with 0.05 N NaCl and

neutralized with NaOH. Adapted from Reference 25 by permission from Wiley.

10
=
= A
s 8
a
k=
= Y
S e
=
m A a
]
= 4
>
= —— s
Z2 o .
> *—o—"s
0
4.5 55 6.5 75 8.5
log M.,

An investigation on the dilutsolution structure of aggregated, partially ionized arborescent P2VP
copolymer molecules at low ionic strengths was completed bye¥Yahusing SANS measurements [26].
Solutions of charged G1 arborescent polystygnadt-poly(2-vinylpyridine) copolymers in methandi
and in DO were characterized in the dilute concentration regime (mass fraction f ¥ @Q@H5 Upon
addition of less than one equivalent of HCI penir®/Ipyridine unit (degree of ionization © 8.4), <
a peak appeared in plots of the scattering inten@jgyvs. q (whereq = sin@)4p/l is the scattering
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vector,q is the observation angle, ahds the wavelength) due to aggregation of the molecules. The
intermolecular distance within the aggregates;utated from the peak position, corresponded to the
expected value for the formation of superstructures having a uniform -ligeidlistribution of
molecules. The lower dielectric constant of methatibtesulted in longange Coulombic interactions
perssting to lower polymer concentrations than inCD Dynamic light scattering measurements
displayedwo diffusive relaxation processes under these conditions, the slow diffusion mode reflecting
aggregate formation within the solutions. The SANS scatt@@ads and the slow diffusion mode both
disappeared upon addition of NaCl or excess HCI to the solutions, due to screening of the electrostatic
interactions promoting aggregate dissociation. Furthermore, the G1 copolymer grafted with long P2VP
sidechains M,, = 30,000) formed a gel upon addition of HCI for volume fractibr9.01. This result

is consistent with enhanced molecular expansion promoting gelation for these branched
polyelectrolytes, the aggregated network breaking up upon addition of NaCl esseid€| due to
screening of the electrostatic interactions [26].

The ability to control the solution properties of arborescent polyelectrolytes by varying parameters
such as the length and the number of P2VP segments in the molecules is interestindesigthef
pH-sensitive reversible gels with tunable properties such as thgektidansition point and the gel
modulus [23].

The arborescent polystyreggaft-poly(2-vinylpyridine) copolymers were also investigated for
their potential application as unmiecular micelles, to take advantage of their heterogeneous
morphology combining a hydrophobic core and a corona of polyelectrolyte chains. The copolymers
derived from a linear polystyrene substrate aggregated when dissolved in aqueous HCI solutions, bu
those incorporating G@2 substrates yielded unimolecular (raggregated) micellar solutions with
interesting solubilization properties for various polycyclic aromatic hydrophobes [27]. It was shown
that the solubilization kinetics and capacity of the flesevaried with their composition (polystyrene
content), but also with their structure (generation number, molecular weight of the P2\¢Rasits).

The kinetics for pyrene solubilization were found to obefirst order kinetic model where the
time-dependent concentration of pyrene within the micellPgMi;, could be expressed in terms of the
equilibrium concentrationHyM]eq as[PyM]y = [PyM]e(1 T € 9'(Figure 5), where the solubilization

rate constant k variech. 3-fold among the differerdamples investigated. While the copolymers used

in the investigation were not specifically designed to serve as drug delivery vehicles (being
non-biocompatible and having low polystyrene weight fractions), the study still demonstrates that the
solubilizaton or release characteristics of arborescent unimolecular micelles can be tailored through
variations in structure and composition. The solubilization capacity of the micelles also varied with the
type of hydrophobic probe solubilized, significantly higleapacities being observed for probes with
nonspecific solubilization within the polystyrene core and the P2VP shell of the molecules rather than
exclusively within the core [27]. Similar observations were reported in a release study using lidocaine
andindomethacin as model drugs, a higher loading capacity being observed for indomethacin due to
strong interactions between its carboxylic acid group and the P2VP component of the copolymers in
the sidechains [28].
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Figure 5. Analysis of the micellar solulization kinetics of pyrene by arborescent
polystyrenegraft-poly(2-vinylpyridine) copolymers. The following rate constants were
obt ai ne dP2VPHL2 OP18° 0.01)d ‘'z G1PSP2VP513,k=(0.13° 0.01)d ?

I G1PSP2VP520,k = (0.266° 0.006) d ' y G2PSP2VP518, k = (0.089° 0.007) d *
Reprinted from Reference 27 by permission from Elsevier.
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2.4, Poly(methacrylic acid) Copolymers

The grafting of polytert-butyl methacrylate) chain segments onto arborescent polystyrene was
achieved by a procedure analogous Soheme 2(a) albeit it was necessary to replace the
chloromethylated polystyrene substrates with their bromomethylated analogues to achieve reasonabls
grafting yields [25]. The resulting copolymer molecules had patiybutyl methacrylate) contents
ranging from 81 to 98% by weight. Thert-butyl ester group was easily hydrolyzed by treatments
with trimethylsilyl iodide and HCI, and neutralization dfet methacrylic acid units with a base
generated the corresponding polyelectrolytes. These molecules displayed enhanced molecula
expansion in solution upon neutralization, the effect being even more important than for arborescent
polystyrenegraft-poly(2-vinylpyridine) copolymersKigure 4).

2.5. Polyisoprene Copolymers

Arborescent copolymers containing polyisoprene (PIP) segments were obtained by coupling
polyisoprenyllithium Alivingd chains with eit!|
substrates according to the procedures outline8cimeme 2 The synthesis from chloromethylated
substrates proceeded most efficiently after capping of the chains witliphdnylethylene and
coupling at 130 AC. For g r atfates thegyield was maxienized| at
at25A C, i n t he presence of 5 equi v o f Li ClI p
polyisoprenyllithium. Isoprene was polymerized wgbcbutyllithium either in cyclohexane or in
tetrahydrofuran, to yield predonantly cis-1,4 or mixed microstructures, respectively. However when
the polymerization was carried out in cyclohexane, the addition of tetrahydrofuran before the coupling
step was still preferable to increase the grafting yield. Arborescent copolymersym#resized by
grafting PIP sidechains having #M,, of either 5,000 (PIP5) or 30,000 (PIP30) onto linear, GO, G1, and
G2 polystyrene. The copolymers with short (PIP5) -sidains had a polyisoprene content of 806
by weight, increasing to 998% for long(PIP30) sidechains. The expected geometric increases in
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branching functionality and molecular weight were observed, while a narrow molecular weight
distribution was maintained over successive generations.

Film formation by the isoprene copolymers on nscafaces was investigated using tapping mode
atomic force microscopy (AFM) after spaasting from different solvents [30]. Measurements in the
phase contrast mode are ideal to probe phase separation in these systems, because the glas
polystyrene coreral the rubbery polyisoprene shell should lead to significant phase changes in the
signal. A heterogeneous morphology was indeed detected for these copolymer dyisferass) and,
surprisingly, even for the copolymers with very low polystyrene contentgndoca. 3% by weight).

It was interesting that when heptane, a solvent selective for the polyisoprene segments, was used t
prepare the films, phase separation between the polystyrene core and the polyisoprene shell wa
significantly enhanced in phaseontrast imaging, particularly for copolymers with longer PIP
side-chains (low polystyrene contents). Conversely, in nonselective solvents (toluene and chloroform)
the phase contrast was reduced, presumably due to enhanced mixing of the polystyrene anc
polyisoprene components. This clearly confirms the occurrence of phase separation between the
polystyrene core and the polyisoprene shell of the molecules on the nanometric scale, but also that th
extent of phase separation achieved strongly depends onlélctvity of the solvent used in film
preparation [30].

Figure 6. AFM phase contrast images for films of arborescent polystygeafepolyisoprene
obtained by sphtasting (concentration ~1 mg/mL): GOP830 in heptangA) and
chloroform(C); G1PSPIP30 in heptané) and chloroform(D). The insets of (A) and (B)

are the height images, showing the topology of the monolayers, and tmenl€tale bar
shown in (D) is the same for all the images. Reprinted from Reference 30 by permission
from the American Chemical Society.

While AFM imaging provides direct evidence for phase segregation within the individual
styreneisoprene graft copolymer molecules, characterization results obtained by other methods were
also consistent with a heterogeneousrphology. Thus breakdown of the tiremperature
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superposition principle was observed in an investigation of the rheological properddsodscent
polystyrenegraft-polyisoprene copolymersyhen constructing modultfsequency master curves for
copolyners with sufficiently large (G1 and G2) polystyrene cores [31]. This type of behavior is typical
for heterogeneous polymer systems.

The arborescent polystyrergraft-polyisoprenecopolymers were very recently investigated for
their potential use as polymgrocessing additives in linear low density polyethylene (LLDPE)
resing[32]. The copolymers, after modification with fluorinated substituents on a fraction of the
isoprene units, were shown to suppress sharkskin formation and delay the onset of cy&lactued
when used at a concentration of 0.5% by weight in the extrusion of LLDPE monofilaments. Pressure
reductions reaching up to 29% as compared with the unmodified LLDPE resin were also observed in
the extrusion experiments.

2.6. Layered Copolymer ghitectures

All the examples discussed so far are for copolymers with-stoett morphologies, derived from
arborescent polystyrene substrates grafted with-chdens having a different chemical composition
and forming the shell. Multilayered ces@ellcorona systems have also been obtained recently by a
similar approach. Thus t he -gnylpypdine)blackpalystyaend i o0 n
carrying the macroanion at the P2VP chain end yielded a layered morphology with a polystyrene core,
an inne shell of P2VP, and a corona of polystyrene chains on the outsSigerd 7) [33]. The
usefulness of these complex macromolecular architectayssn their ability to complex various
transition metal salts within the P2VP shell, while the polystyremeneoensures good solubility of
the metalloaded micelles with minimal aggregation in Aaolar solvents such as toluene. These
copolymers may thus serve as templates for the formation of metallic nanoparticles, in analogy to
block copolymer micelles [34Jhut are potentially much more powerful: Spherical micelles are only
formed by block copolymers under specific conditions (solvent selective for the shell component,
appropriate volume fraction of each block), but these restrictions are relaxed for @hbres
coreshellcorona copolymers. The covalently bonded architecture of these molecules also precludes
extensive rearrangements of the sati@ins, including their dynamic exchange (dissociation) from the
micellar structure. Consequently, the micel@orphology of the arborescent copolymer molecules is
preserved even under ngelective solvency conditions (e.tetrahydrofuran, chloroform) that hinder
the selfassembly of poly(inylpyridine)-blockpolystyrene copolymers into micelles. A preliminary
investigation on the corghellcorona copolymer systems demonstrated that intricate metallic
nanoparticle morphologies could be obtained upon loading metallic compounds such as
tetrachloroauric acid (HAuG) in these template moleculdsdure 7).
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Figure 7. Top: Schematic representation of the synthesis of astw#corona arborescent

copol ymer structure by grafting #Alivingo b
polystyrene substrate. Bottom: Examples of TEM micrographs obtained f@)@2ad @

(B) templates loaded with HAuglat 0.25 and 0.50 equiv relative to 2VP
residuesrespectively. Adapted from Reference 33 by permission from the American
ChemicalSociety.

PS-b-P2VP metal
O (HAuUCl4)
— e
G1PS

G1PS-g-(P2VP-b-PS)

2.7. Onepot Synthetic Procedures

The stepwise or generatitiased synthesis @dearly advantageous in terms of the extent of control
achieved over the reaction and the characterization of the products obtained: The molecular weight of
the sidechains and the substitution level of the coupling substrates can be easily controetplé s
of sidechains can be removed from the reactor prior to the grafting reaction and analyzed by SEC to
determine their exact molecular weight and size uniformity (polydispersity index). Finally, since the
absolute molecular weight of the substrate tedgraft polymer can be measured, the exact number of
sidechains grafted onto the substrate can be determined for each generation. On the down side
product i1isolation after functionalizationhof t
grafting cycle are timeonsuming and relatively expensive procedures. To circumvent these problems,
a onepot process has been developed by Yuan and Gauthier for the synthesis of arborescent polymer
which does not require the isolation and purificatddmeaction intermediates [35,36]. The procedure
is applicable to the preparation of GO and G1 hoamd copolymer architectures from successive
functionalization and grafting reactions carried out sequentially in the same reactor, and yields
products wih fairly low polydispersity indicesMw/M, &  11.32ypically).

The onepot method starts with the anionic copolymerization of styrenaratitcsopropenylbenzene
as shown inScheme 4 To compensate for the unfavorable copolymerization behavior of the two
monomers, a sentiatch monomer addition protocol was developed to minimize segregation of the
m-diisopropenylbenzene units along the chains. After the preparation of the linearncepadllye
Alivingo chains are terminated by titration o
moieties of the copolymer are then activated webbutyllithium to generate initiating sites along the
linear substrate, and a GO styrenaliisopropenylbenzene copolymer is obtained by successive
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additionsofastyremerd i i sopropenyl benzene monomer miXxtur e
copolymer, the pendent isopropenyl groups on thedidéns are again activated and used to initiate

the polymerization of styrene to obtain a G1 styrene homopolymer, or other monomers such as
2-vinylpyridine or tert-butyl methacrylate (as shown i8cheme 4 to give the corresponding
copolymer. This approach, while not yielding products as well definetieastépwise method, is

much more convenient when large samples are required for less demanding applications. The
formation of linear homopolymer in the procedure outline8cheme 4due to incomplete reaction of

the secbutyllithium used to activate theitiating sites) varied fromi@4% of the total sample weight,
depending on the monomer and the substrate used in the reaction. Unfortunately, the exact
characterization of the branched polymer structure obtained (branching functionality and molecular
weight) is difficult in this case, as for all aniorgeafting fromprocedures in general. It was indeed
pointed out that in these aniongrafting from procedures, the branching functionality is usually
approximated from the molecular weight of the graftypwr and the linear contaminant formed.
Unfortunately this calculation method can lead to an underestimated branching functionality, because
chain growth is faster for the linear polymer contaminant than for the graft polymer [35,36].

Scheme 4. Synthesis b arborescent polystyrergraft-poly(tert-butyl methacrylate)
copolymers by a onpot process. Reprinted from Reference 36 by permission from

Wiley-VCH.
; s-Bu-(Sty)s H
s-Bu-(Sty)sLi 1y (n Sty + m DIB) . m
) 2) McOH L | y
Linear Substrate
. s-Bu-(Sty)s H "
- k, S +
s-BulLi 0 mly ) Sty + DIB
O O 2) MeOH
GO sBu— O Li®

1) s-BuLi 2) fBMA ,b
R

3) MeOH

GO Substrate
G1 Copolymer

The onepot synthesis of arborescent polyisobutylene structures by cationic polymerization in the
presence of inimers (monomers containing a latent initiating site within their structure) has received
much attention by the group of Puskag]. This technjue, initially developed for the preparation of
arborescent isobutylene homopolymers, was subsequently extended to the preparation of copolymer
with polystyrene or polyf-methylstyrene) segments as showirsaheme 5For example, the cationic
copolymerizéion of isobutylene with 42-methoxyisopropyl)styrene serving as inimer produces
Al i vingo macr omo n-gandensan siulandcdpolymaize wisheasiofutylene in a
grafting throughscheme to give dendritic branched structures carrying muttgglenic active sites at
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the chain ends. The addition of styrengpanet hy |l st yrene to the #Alivin
the growth of glassy styrenic segmerggafting fromprocess). The main interest in these copolymers
lays in their elastomeri@roperties, as the glassy segments aggregate into-pbpaated domains,

giving rise to thermoplastic elastomers (TREhH excellent tensile properti¢38-40]. The biomedical
application of these systems as coatings for the sustained release ohdsteygs has also received
attention[41], considering that the analogous linear block copolymer TPE are alreadgpiidéved.

Scheme 50nepot synthesis of arborescent polyisobutylene with polystyrendlects
by the cationic inimer method accordingRoskas.

- o O ®
TiCl,/-80°C I
+ T e —_ =
CH,Cly/Hexane
o<
PIB
@
@®

3. Arborescent Polymers with Segregated Branching Points

The arborescent polymer syntheses discussed in the previous section depend (with the exception ¢
the inimer technique) on the random introduction of coupling sites on the substrate in a
postpolymerization modification reaction for each grafting cycle. An alternate approach avoiding the
functionalization step was suggested by Deffieual, by growing short polymer segments providing
a variable but controllable number of coupling sites grouped at the end of the substrate chains. The
synthesis of an amphiphilic copolymer structure incorporating an arborescent polystyrene substrate anc
a coraa of poly(methyl vinyl ether) chains is illustratedScheme 6as an example [42]. A linear
poly(chloroethyl vinyl ether) segment was first synthesized by cationic polymerization ardhaids,
generated by the anionic polymerization of styrene ieidiatvith 3lithiopropionaldehyde diethyl
acetal, wergyrafted ontathe substrate to obtain a GO polymer. After conversion of the acetal moieties
to a-iodo endgroups with trimethylsilyl iodide (TMSI), the substrate was activated for the cationic
polymerizaion of a new portion of chloroethyl vinyl ether to extegdaft from) the sidechains of the
GO polymer. An additional anionic grafting cycle with acetabped polystyryllithium provided a G1
substrate, that was again activated with TMSI and Zb€loreadding methyl vinyl ether to grow a
shell of watersoluble poly(methyl vinyl ether) segments from the end of the polystyrene core chains.
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In a closely related technique, amphiphilic structures were obtained by successive additions of
2-((tert-butyldimetlylsilyl) -oxy)ethyl vinyl ether (SiVE) and 1,2:3di-O-isopropylidenes-O-(2-
vinyloxy ethyl}D-galactopyranose monomers, followed by deprotection of the silyl ether units to
generate a hydrophilic block copolymer corona of poly@roxyethyl vinyl ether) and
sacchariddunctionalized poly(zhydroxyethyl vinyl ether) segmentd=igure 8) [43,44]. These
amphiphilic copolymers were shown to display micellar properties, enabling the solubilization of
hydrophobic compounds such as pyrene and manganese tegtgpdr@hyrin in waterf44]. Another
strategy investigated for the generation of amphiphilic macromolecules from the arborescent polystyrene
substrates involved a transacetalization reaction of the -@egtpéd polystyrene substrate (G1 structure

in Schemeo) with a-bis(hydroxymethybfunctionalized poly(ethylene oxide) chains [45].

Scheme 6.Arborescent polystyrengraft-poly(methyl vinyl ether) copolymer synthesis
according to Deffiewet al.

A similar method was devel oped by Dworak and
arborescent copolymer structures with poly(ethylene oxide) and polyglycidol segments [46]. In this
case an an.i-am poty(ethylene\oxide)gstlranthedsubstrate was used to initiate the
polymerization of a protected glycidol monomerefhoxyethyl glycidyl ether) and extend the arms
with a short poly(glycidol acetal) eddock. After hydrolysis of the acetal protecting groups, the free
glycidol moietiesof the GO polymer were activated with a base and used for a second cycle of



