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ABSTRACT: New water-soluble amphipatic hyperbranched organic polymers composed of a hydrophobic
polystyrene core and a hydrophilic shell have been synthesized and characterized. An arborescent
polystyrene core is first synthesized by the “graft-on-graft” technique based on the iterative grafting of
end-functional polystyryllithium chains onto reactive poly(chloroethyl vinyl) ether backbones. Chain-
extension of the external branches of the hyperbranched polystyrene is then achieved by living cationic
polymerization of protected hydrophilic vinyl ethers. This yields polystyrene dendrigrafts surrounded by
a dense poly(vinyl ether) shell that is made hydrophilic by deprotection of hydroxyl functions of vinyl
ether units. The obtained nanometer-sized macromolecular structures are fully soluble in aqueous media
and present unimodal and narrow size distribution with an average diameter of about 100 nm. The
dimensions and shape of the individual macromolecules before and after the deprotection step were further
investigated in solution by dynamic light scattering (DLS) and as isolated unimolecular deposits using
atomic force microscopy and cryomicroscopy.The results obtained using both imaging techniques are in
agreement with those obtained by DLS and provide additional information on the internal structure of
the amphipatic dendrigrafts. Both the protected and the deprotected amphipatic polymers exhibit a
complex internal organization constituted by distinct subdomains. These peculiar morphologies result
from the internal segregation of chemically distinct macromolecular blocks that constitute the dendrigraft

branches and associate with neighboring blocks to form separate phases.

Introduction

The development of polymers with new chain archi-
tectures and structures has become in the past decade
an intense research field in close interaction with the
rapid growth of nanoscale technologies. Much effort in
this area has focused on the controlled synthesis and
the use of highly branched polymer architectures since
new and specific properties can arise directly from the
size, shape, and compacity of such nanometric-sized
macromolecules.t=5>

The possibility to prepare macromolecular objects
with topologically organized elementary building blocks
is a new challenge on the way of more sophisticated
nanodevices. In particular, the internal morphological
organization of single nano-objects into discrete subdo-
mains with different properties may found important
developments in the nanotechnology area. Their prepa-
ration requires the topologically selective introduction
of chemically distinct and physically incompatible mac-
romolecular blocks. Amphipatic core—shell dendrigrafts
with hard/soft, polar/nonpolar, or hydrophilic/hydropho-
bic subdomains can be considered as the first examples
of this group.

With the aim to obtain such self-organized polymer
architectures, we have examined the possibility to
enlarge our strategy of synthesis of arborescent poly-
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mers to the preparation of hyperbranched macromol-
ecules constituted of distinct amphipatic subdomains.
In this paper, we report a methodology for the prepara-
tion of water-soluble dendrigrafts based on the growth
of an hydrophilic corona onto arborescent polystyrenes.
Characterization of the dimensions, shape, and molec-
ular morphology of the individual amphipatic dendri-
grafts is carried out both in solution, with dynamic light
scattering, and in the solid state, with atomic force
microscopy (AFM) and transmission electron microscopy
(TEM) on monolayers.

Experimental Section

Materials. Toluene (99.5%, J. T. Baker, The Netherlands)
was purified by distillation from calcium hydride and stored
in glass vessels over sodium/benzophenone. 5,10,15,20-((tert-
Butyldimethylsilyl)oxy)ethyl vinyl ether (SiVE) was prepared
as described previously by Fukui et al.6 from 2-hydroxyethyl
vinyl ether and distilled over calcium hydride twice before use.
Commercial TMSI (99% Sigma Aldrich France) and ZnCl,
(Aldrich, 1.0 M solution in diethyl ether) were used as received.
Di-O-isopropylidene-6-O-(2-vinyloxy ethyl)-p-galactopyranose
(GVE) monomer was prepared as described previously by
D’Agosto et al.”

Synthesis of Polystyrene Dendrigraft Core (l11). The
chemical structure and chain organization of the hyper-
branched polymer used in the present study is presented in
Scheme 1. It was synthesized according to a procedure recently
described in detail.2 Comb polystyrene (1) was first prepared
by reaction of a-diethylacetal polystyryllithium (M, = 5200,
{Mu}{Mp} = 1.03, DP, ~ 50), in slight excess, onto poly-
(chlorethylvinyl ether) chains (M, = 21 300, { My}/{ Mn} = 1.0,
DP, ~ 200). Purification of | was readily achieved by selec-
tive reprecipitation into a cyclohexane/heptane mixture. Comb
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Table 1. Characteristics of Dendrigrafts before and after Deprotection

structure M2 x 1077 Mnp2 x 1077 Mw/Mn Rg,2 nm Rp, nm
dendrigraft 200—50—50—509 ( 111) 3.8 3.6 1.05 34.5 340
dendrigraft
200—50—50—50—90—12¢ (1Va) 14.8 14.4 1.03 56.4 550
200—50—50—50—90—12f (IVb) 15.8 13.8 1.1s 64.0 56¢

a Measured by light scattering in THF (dn/dc = 0.18 for 111, 0.07 for 1Va, and 0.17 for 1Vb). P Measured by dynamic light scattering
in THF. ¢ Measured by dynamic light scattering in water. 4 PCEVE00-g-(PSso-b-(PCEVEso-g-PSsp)). ¢ PCEVE200-g-(PSs0-b-(PCEVEs0-g-
(PSso-b-PSiVE-b-PGVE))). f PCEVE200-g-(PSs0-b-(PCEVEso-g-(PSs0-b-POHVE-b-P(OH)GVE))).
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copolymer (11) with diblock copolymer branches (PS-b-PCEVE)
was synthesized by initiation of the cationic polymerization
of CEVE from the diethyl acetal polystyrene terminal groups
of 1. 1l was purified by selective reprecipitation into an acetone/
ether mixture. The average PCEVE block length was calcu-
lated by 'H NMR from the proportion between CEVE and
styrene units (CEVE/styrene:1/1) in the comb copolymer and
assuming quantitative initiation from all the acetal ends

(PCEVE block, DP, ~ 50). Polystyrene dendrigraft (111) was

finally prepared by reaction of a new a-diethylacetal polysty-
ryllithium feed (M, = 5200, M,,/M,, = 1.03, DP, ~ 50), added
in slight excess, onto CEVE units of the poly(chlorethylvinyl
ether) external blocks of structure Il. Purification of 111 was
achieved as indicated for structure 1. The molecular charac-
teristics and dimensions of dendrigraft 111 are collected in
Table 1.

Hydrosoluble Dendrigraft I1Vb. Synthesis of the Hy-
drophilic Shell. Chain extension of the external PS branches
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of 111 by hydrophilic macromolecular blocks was achieved by
initiation of the sequential living cationic polymerization of
SiVE and GVE monomers from the diethylacetal ends of PS
branches, followed by a deprotection step of the hydroxyl
groups of SIiVE and GVE units. The chain-extension polym-
erization was carried out under nitrogen in toluene at —30 °C
in a 250 mL baked flask with a double-way stopcock equipped
with a magnetic stirring bar: polystyrene dendrigraft 111 (5 g,
1 mmol acetal termini) was dissolved in 100 mL of anhydrous
toluene. To remove traces of moisture the solvent was evapo-
rated under vacuum and the polymer was vacuum-dried for 1
h at 60 °C. This operation was repeated twice. The polymer
was then redissolved into anhydrous toluene (100 mL) and
SIVE (19 g, 93 mmol) was introduced under nitrogen. TMSI
(0.17 mL, 1.2 mmol) was then added to convert the acetal ends
of 111 into a-iodoethers. After the reaction was stirred for 1 h
at —30 °C, a ZnCl; solution (1 mL; 3 mmol/L in diethyl ether)
was added to initiate the SiVE polymerization, and the
conversion was followed by SEC analysis of aliquots of the
reaction mixture. After complete SiVE conversion (12 h), GVE
(5 g, 15 mmol) was added to the resultant living polymer
solution to generate a third block and form external PS-b-
PSIiVE-b-PGVE triblock branches. The GVE polymerization,
at —30 °C was complete within 10 h and a lutidine/methanol
solution was added to deactivate the system. The polymer
solution was then washed several times with a solution of
potassium thiosulfate (50 mL, 2/100 weight) and neutral water.
The core—shell dendrigraft 1Va was finally recovered by
partial solvent evaporation and purified by slow precipitation
into methanol (yield after purification: 25 g). The relative
molar proportion of SiVE and GVE units with respect to
styrene units was determined by 'H NMR (styrene/SiVE/GVE:
1/1.80/0.24). The molar mass of 1Va was determined by SEC
using a laser light scattering detector. Data are collected in
Table 1.

Deprotection of the saccharidic blocks of dendrigraft I1Va
was achieved by treatment with a trifluoroacetic/water mix-
ture. The tert-butyldimethylsilyl ether group of SiVE was then
converted into hydroxyle by treatment with the fluoride anion
at room temperature, as follows. Namely, in a 250 mL round-
bottom flask equipped with a magnetic stirrer bar, a solution
of IVa (1.5 g) in tetrahydrofuran (20 mL) was prepared, and
10 mL of trifluoroacetic/water mixture (5/1 v/v) was added. The
mixture was stirred for 3 h at 20 °C, and then a mixture of
"BusN*F~ (20 mL, 1 M THF solution; 5 equiv to silyl group)
was added. The mixture was stirred again for 3 h, during
which the deprotection was completed. Then 100 mL of water
was added, and the excess acid was neutralized with a 1 M
NaOH solution. The obtained mixture was then purified by
dialysis against pure water (Spectra/Por7, molecular weight
cutoff ca. 1000) for 3 days.

Measurements. 'H NMR spectra were recorded in CDCl3
on a Bruker AC 200 FT apparatus. Size exclusion chromatog-
raphy (SEC) analysis in THF (distilled from CaH,) was
performed at 25 °C at a flow rate of 0.7 mL/min on a Varian
apparatus equipped with refractive index/laser light scattering
(Wyatt Technology) dual detection and fitted with four TSK
columns (300 x 7.7 mm, 250 A, 1500 A, 10* A, and 105 A). For
light-scattering measurements, the dn/dc of the different
polymer intermediates, the core polystyrene dendrigraft I11,
and the core—shell dendrigraft 1Va were determined in THF,
at 25 °C, with a laser source operating at 633 nm. SEC analysis
in water was performed at 25 °C on a Varian apparatus
equipped with a refractive index detection and fitted with four
TSK PWXL columns (300 x 7.7 mm, 250 A, 1500 A, 10* A,
and 105 A) at a flow rate of 0.5 mL/mn. Dynamic light-
scattering measurements in THF and in water were performed
at 25 °C on a Malvern apparatus (Zetasizer 3000 HS) equipped
with a laser source (633 nm). Correlation functions were
analyzed by the Contin Method. Latex particles were used as
calibration standards. UV—vis measurements were performed
at 20 °C on a Varian Cary 3E apparatus.

Atomic Force Microscopy (AFM). Samples for AFM
analysis were prepared by solvent casting at ambient condi-
tions on substrates starting from solutions in tetrahydrofuran
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(THF) for the protected dendrigraft form and in water for the
unprotected dendrigraft form. Practically, 20 L of a dilute
solution (0.01 wt %) was cast on a 1 x 1 cm? freshly cleaved
mica or highly oriented pyrolytic graphite (HOPG) substrate.
Samples were analyzed after complete evaporation of the
solvent at room temperature. All AFM images were recorded
in air with a Nanoscope Illa microscope operated in tapping
mode (TM). The probes were commercially available silicon
tips with a spring constant of 24—52 N/m, a resonance
frequency lying in the 264—339 kHz range, and a typical
radius of curvature in the 10—15 nm range. In this work, both
the topography and the phase signal images were recorded
with the highest sampling resolution available, i.e., 512 x 512
data points.

Transmission Electron Microscopy (TEM). A 4 ulL
droplet of a 0.01 mg/mL aqueous dendrigraft (deprotected
form) solution was deposited onto a glow-discharged carbon-
coated grid. After 1 min, the liquid in excess was blotted with
filter paper and a droplet of 2% uranyl acetate negative stain
was added before drying. The excess of stain was blotted and
the remaining liquid film allowed to dry.

Specimens for cryo-TEM were prepared using a Leica EM
CPC fast-freezing device, according to the method described
elsewhere.®* Thin films of a 1 mg/mL dendrigraft solutions
were formed on NetMesh (Pelco) “lacy” carbon membranes and
immediately plunged into liquid ethane (—171 °C). The sample
was mounted onto a Gatan 626 cryo-holder cooled by liquid
nitrogen, transferred into the microscope and observed at —180
°C. All samples were observed using a Philips CM200 “Cryo”
microscope operated at 80 kV, under low dose conditions.
Micrographs were recorded at magnifications of 15 000x and
27 500x, on Kodak SO163 films.

Results and Discussion

The general strategy developed for the design of
hydrosoluble amphipatic polymer dendrigrafts is de-
scribed in Scheme 1. The first step consists of the
preparation of a functional dendrigraft polystyrene (PS)
of controlled dimensions constituted by four elementary
macromolecular building blocks covalently assembled.
It is based, as previously described,>8 on the repeated
grafting of a-end-functional polystyryllithium onto chlo-
roethyl vinyl ether units of linear and comblike (PCEVE)
chains. This first hyperbranched structure serves as the
core of the final amphipatic dendrigraft. To obtain
water-soluble amphipatic dendrigrafts, the obtained
hyperbranched polystyrenes are used as a multifunc-
tional initiator from which a surrounding hydrophilic
macromolecular shell is grown. This is achieved by
chain-extension of the external PS branches with pro-
tected hydrophilic poly(vinyl ether) blocks, formed by
living cationic polymerization. Solubility into water of
the hyperbranched core—shell dendrigrafts is finally
achieved by deprotection of the units of the poly(vinyl
ether) blocks.

The preparation and the characteristics of these
amphipatic nanometric molecules are described in the
following section.

Synthesis of the Hyperbranched Polystyrene

Core. A poly(chloroethyl vinyl ether)(PCEVE) (a), DP,
= 200, My/M, = 1.09, is first synthesized as previously
described by living cationic polymerization of chloroethyl
vinyl ether using propyl diethylacetal/trimethylsilyl
iodide as initiating system and zinc chloride as catalyst
and used as reactive backbone.!! Then living w-diethy-
lacetal polystyryllithium chains (b), DP, = 50, are
prepared using propyllithium diethylacetal as initiator
and grafted onto the PCEVE backbone (a) to form a
comb polymer with w-diethylacetal polystyrene branches
(). The grafting reaction is achieved by adding the



Macromolecules, Vol. 36, No. 15, 2003

Idnldc
{IVa)

({11)]
elution
volume
(mi)

U U U 1

20 22 24 26
Figure 1. SEC chromatograms in THF of a polystyrene
dendrigraft (200—50—50—50) (I11) and of the corresponding
protected core—shell polystyrene-polyvinyl ethers dendrigraft
PCEVEzoo-g-(P85o-b-(PCEVEso-g-(PSSQ-b-PSiVEgo-b-PGVElz)))
(I'va) after purification.

living PSL.i solution onto a known quantity of PCEVE
in benzene solution.*?> The molar mass of the obtained
PS comb, experimental M, = 9.0 x 10°%, M,/M, = 1.0s,
as determined by static laser light scattering, is close
to the theoretical value (~1 x 10°%) calculated assuming
one PS graft per chloroethyl vinyl ether unit, in agree-
ment with an almost quantitative grafting reaction.
In a second step, the PCEVE-g-(w-diethylacetal PS)
comb polymer (l) is used as a macropluriinitiator to
grow from the end of each diethylacetal PS branch a

new PCEVE block (c), DP, = 50. As in the first step,
living CEVE polymerization is initiated by addition of
trimethylsilyl iodide to convert the acetal termini into
iodoether groups and zinc chloride as catalyst. The
corresponding PCEVE-g-(PS-b-PCEVE) comblike co-
polymer (I1) (experimental M,y = 1.75 x 108, My/M,, =
1.06, as determined by light scattering) is purified by
selective precipitation from free PCEVE chains. It is
then used as new reactive backbone for grafting a

second set of w-diethyl acetal PSLi chains (d), DP, =
50, Mw/M, = 1.03, to finally yield w-diethyl acetal
functionalized polystyrene dendrigraft PCEVE-g-(PS-
b-(PCEVE-g-diethylacetal PS)) (I11). Because of the
large difference in their molar masses, the hyper-
branched polymer can be easily separated from free
w-acetal polystyrene by selective reprecipitation into an
hydrocarbon mixture. The SEC chromatogram of the
purified diethylacetal functionalized polystyrene dend-
rigraft is shown in Figure 1, and its dimensional
characteristics are collected in Table 1. The molar
masses were measured by SEC using a laser light
scattering detector and the gyration and hydrodynamic
radius were determined respectively by static and
dynamic laser light scattering in THF at 25°C. The
observed small Ry and Ry, values, as compared to the
high molar mass of the dendrigraft (M, = 38 x 10°
g/mol), are in agreement with the hyperbranched and
compact (Rg/Rn ~ 1) architecture of the polymer. The
shape of the obtained dendrigraft was reported to be
mainly a function of the first PCEVE block length® and

goes from spherical at DP, < 100 to wormlike for high
DPn: as will be confirmed later, a cylindrical shape
could be expected for the PCEVE of DP, = 200 used in
this work.

Synthesis of Amphipatic Hydrosoluble Dendri-
grafts: Building of the Hydrophilic Shell. To form
an hydrophilic shell around the arborescent polystyrene
core, the polymerization of anhydrophilic vinyl ether
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monomer, in a protected form, 2-((tert-butyldimethylsi-
lyl)oxy)ethyl vinyl ether (SiVE) (e) was initiated from
the diethylacetal end of the polystyrene branches of 111.
Initiation of the SiVE polymerization was performed as
before by adding successively to the hyperbranched
macromolecular precursor dissolved in dry toluene,
TMSI, the vinyl ether monomer, and zinc chloride as
catalyst. The synthesis could be stopped at this stage.
However, taking into account the living character of the
cationic polymerization of SiVE, a second vinyl ether
monomer was added to further improve the hydrophilic
character and the biocompatibility of the dendrigraft.
To this purpose, 1,2:3,4-di-O-isopropylidene-6-O-(2-vi-
nyloxy ethyl)-D-galactopyranose monomer (f), a galactose-
substituted vinyl ether (GVE) monomer, was polymer-
ized at the living PSIVE chains, yielding the hyper-
branched copolymer structure (1VVa), in which external
branches are composed of (PS-b-PSiVE-b-PGVE) tri-
block copolymers. After complete polymerization of the
last monomer, the living polymer branches were deac-
tivated by addition of lutidine in methanol, and the
hyperbranched copolymer was purified and freed from
traces of SiVE and GVE polymers by slow reprecipita-
tion of the dendrigraft copolymer into methanol.

The SEC chromatograms of the core polystyrene
dendrigraft 111 and the core—shell dendrigraft I\Va can
be compared in Figure 1. Both show_unimodal and
narrow molar mass distribution (M\/M, < 1.1): the
small shoulder at low elution volume observed for 111,
but in the chromatogram of the corresponding core—
shell structure 1Va can be tentatively attributed to some
aggregation between PS dendrigrafts.

The proportion of SiVE and GVE units per dendri-
graft macromolecule was determined by *H NMR from
the relative integrals of SiVE and GVE with respect to
that of styrene units. The corresponding NMR spectrum
is available as Supporting Information. The character-
istics and dimensions of the core and core—shell hyper-
branched structures are collected in Table 1. Experi-
mental molar masses of dendrigraft 1VVa, measured by
laser light scattering detection, are as high as (140—
150) x 10%g/mol, a value which is in quite good agree-
ment with the expected growth of the dendrigraft PS
core (M,, = 38 x 108 g/mol) by approximately 3 times
after polymerization of the two vinyl ether monomers.

Ry and Ry, values, measured in THF at 25 °C, are very
close (R¢/Rn &~ 1), in agreement with a compact spheri-
cal-like structure. Compared to the corresponding values
determined for the core in the same solvent, a signifi-
cant increase by approximately /3 of the radii, which is
representative of the relative shell thickness, is ob-
served.

To finally obtain water-soluble amphipatic dendri-
grafts, deprotection of the poly(SiVE) and poly(GVE)
blocks was carried out. Deprotection of the poly(GVE)
was achieved by treatment of the hyperbranched co-
polymer in THF with an excess of trifluoroacetic acid/
water mixture’ whereas the tert-butyldimethylsilyl
ether groups of SIiVE units were converted into hy-
droxyles by treatment with a fluoride anion at room
temperature. The SEC chromatogram of the water-
soluble amphipatic hyperbranched copolymer is pre-
sented in Figure 2: the small shoulder at high elution
volume can be tentatively attributed to some possible
chain breaking during the deprotection process. The
hyperbranched copolymer dimensions and distribution
of size were measured by dynamic light scattering. A
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Figure 2. SEC chromatogram in water of the core—shell
dendrigraft PCEVEzoo-g-(PSso-b-(PCEVEso-g-(P850-b-PSiVEgo-
b-PGVE}))) (IVb) after deprotection of the SiVE and GVE
vinyl ether units.
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Figure 3. Size distribution (hydrodynamic diameter) of the
water-soluble dendrigraft (1VVb) determined by DLS at 25 °C
(3.5 mg/mL).
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size distribution diagram is shown in Figure 3. No
aggregation phenomenon between macromolecules is
detectable in water, indicating that the hydrophilic shell
fully protects the hydrophobic core and confirming that
these very high molar mass amphipatic objects are
unimeric and behave as fully water-soluble molecules.

Imaging Individual Dendrigraft Molecules: The
dendrigraft molecules were characterized in the solid
state by means of tapping-mode atomic force microscopy
(TMAFM). This technique was used for the first time
to characterize single poly(styrenemacromonomer) mol-
ecules and their films.’® Earlier TMAFM studies of
comblike (PCEVE-g-PS) and arborescent (PCEVE-g-(PS-
b-(PCEVE-g-PS))) precursors, based on the same “graft-
on-graft” technique, have allowed us to make the link
between the molecular architecture generated by the
synthesis and the molecular shape and dimensions
observed in the solid state.* In this study, we first
aimed at probing the molecular characteristics (dimen-
sions, shape, and intramolecular and intermolecular
organization) of the protected dendrigrafts.

The images in Figure 4 show a deposit obtained by
casting of a 0.01 wt % THF solution of compound IVa

Figure 4. TMAFM images of single protected PCEVE00-g-(PSso-b-(PCEVEso-g-(PSso-b-PsiVEg-b-PGVE;1,))) dendrigraft molecules
(IvVa) deposited on mica from a 0.01 wt % THF solution: (a) 800 x 800 nm? height image and corresponding cross-sectional
analysis; (b) 800 x 800 nm? phase image; (c) 300 x 300 nm? phase image. Image ¢ highlights the internal molecular structure

and the presence of an external crown for each molecule.
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on mica. The images show single molecules isolated on
the surface or aggregated within small assemblies of two
to four molecules. The single dendrigraft molecules can
be easily observed, showing dimensions that are very
uniform; they adopt an “olivelike” shape with the
following average lateral dimensions: length = ~100
nm, width = ~80 nm. A detailed analysis of the
molecule profile at different locations of the surface
indicates that their average height is 26 nm. It is worth
noting here that the lateral dimensions of the dendri-
grafts are very different from those observed for the
comblike (PCEVE-g-PS) and arborescent (PCEVE-g-(PS-
b-(PCEVE-g-PS))) precursors studied before.’* In par-
ticular the larger molecular width (80 nm) observed here
is coherent with the presence of additional lateral
constitutive segments to the initial precursor architec-
ture. Note that these solid-state values are also in good
agreement with the dimensions observed in solution
(DLS data).

Parts b and c of Figure 4 show higher magnification
phase images of the same protected dendrigrafts. In the
phase images, the molecules appear as dark objects and
the brighternetwork around them corresponds to the
mica surface. In contrast to the height image of Figure
4a, which simply yields topological information, phase
imaging clearly highlights an internal molecular struc-
ture, made of branches that all start from the core and
are oriented perpendicular to the periphery of the
molecules. Figure 4c shows the internal pattern in more
detail. Interestingly, this particular morphology is not
observed in the case of the comblike (PCEVE-g-PS) or
arborescent (PCEVE-g-(PS-b-(PCEVE-g-PS))) precursor
molecules studied in our earlier works.'* The reason this
contrast appears here is thus most probably due to a
segregation between the additional external elastomeric
vinyl ether-type blocks and the PS dendrigraft “core”
in the molecular architecture.

Phase imaging is known to provide qualitative infor-
mation on the local mechanical properties. It allows to
discriminate between soft and hard domains at the
surface of a material. For instance, it has been demon-
strated that phase imaging can address the relative
contribution of the local mechanical properties to the
image in the case of a triblock copolymer presenting a
phase separation between elastomer and glassy do-
mains.1®> The phase contrast observed here suggests that
the branches, appearing in dark gray, correspond to
hard domains embebbed in a softer matrix, appearing
in black. Considering the average width of these branches
(around 10 nm), we can reasonably conclude that they
are composed of the aggregation, along with a certain
interdigitation, of neighboring thermoplastic PS combs
within the molecules and can thus be understood in
terms of a phase separation between PS-rich and PVE-
rich regions. In other terms, this internal morphology
originates in the coexistence within the same hyper-
branched molecule of hard and soft diblock copolymer
branches. Since they are attached at one end to the
initial PCEVE backbone by a PS spacer, the phase
separation process and in particular the subdomains
dimensions are controlled by their restricted mobility.

In addition to the detailed internal structure, an
external layer surrounding the molecules is also visible
in the two phase images of Figure 4 (black arrows). This
belt is ~10 nm wide, is present around each molecule,
and is continuous with a constant thickness; it is thus
part of the molecular entities. It exhibits a phase signal
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100 nm

Figure 5. TMAFM (500 x 500 nm) phase image of single
deprotected 1Vb dendrigraft 100 nm). The gray scale is 30°.

that is close to that of the hardest regions of the
molecules interior (here in gray), it is however softer
than the mica substrate, appearing in light gray. Since
this “belt” is located at the periphery of the molecules,
we can reasonably believe that this could correspond to
the relatively rigid external PGVE final block of the
dendrigraft.

The effect on the intra- and intermolecular organiza-
tion of the chemical deprotection of the initial vinyl
ether blocks is described here after. The release of
hydroxyl functions of the external vinyl ether units is
indeed expected to modify the surface organization of
the molecules. The images of Figure 5 correspond to
deposits on graphite from a 0.01 wt % water solution of
a deprotected PCEVE200-g-(PSso-b-(PCEVEs0-g-(PSso-b-
POHVEg-b-PGVE}1))) dendrigraft (IVVb). After depro-
tection, the aspect of the molecules has changed. The
molecules appear now as ovoidal multilobular particles
presenting a grapelike morphology. This grapelike
morphology is not observed in the case of the THF-
soluble form and is thus the result of the deprotection.
The average dimensions of entire molecular entities are
rather difficult to estimate considering the fact that
these molecules are mostly aggregated into clusters and
the borders of individual molecules can no longer be
distinguished (see the left and bottom parts of the
image). The presence of such a morphology suggests
that the outer shells of the molecules can interpenetrate
to form a continuous matrix.

Nevertheless, some isolated molecules can be ob-
served (for instance those pointed by the three white
arrows). Their external dimensions correspond to those
observed before the deprotection procedure, i.e, an
“olivelike” shape with a length and width approximately
equal to 100 and 80 nm, respectively.Inside the mol-
ecules, the lobular domains clearly exhibit rather con-
stant shape and dimensions; i.e, an oval shape with a
length and width approximately equal to 23 and 12 nm.
Again, the phase contrast reveals that the lobular
subunits correspond to hard domains in a soft matrix.
These harder domains could thus also correspond to the
aggregation of a certain number of thermoplastic PS
blocks of comb substructures with polystyrene-b-hydro-
philic poly(vinyl ether) branches and surrounded by a
softer medium made of PVE. It is interesting to notice
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Figure 6. TEM images of individual water-soluble dendri-
grafts: (a) dried specimens negatively stained with uranyl
acetate; (b) macromolecules embedded in glassy ice (bars: 100
nm). Insets in both images: enlargements of selected macro-
molecules (bars: 50 nm).

that the isolated molecules all contain seven lobular
domains. This value is clearly smaller than the number
of domains observed in individual molecules before
deprotection (i.e, around 15, see Figure 4, parts b and
c). This suggests that the aggregation of the PS combs
is enhanced upon deprotection. In our opinion, this
behavior is the result of the increase in the chemical
affinity (c) between adjacent PVE segments due to the
deprotection. As a result, this deprotection induces a
more pronounced incompatibily between PS and PVE
segments, which forces the PS combs to interact much
stronger than before deprotection. The stronger ag-
gregation of the PS combs inside the molecules leads to
a change of the subunits shape and dimensions. Con-
sidering the number of polystyrene combs grafted onto
the PCEVE backbone, we can estimate that each lobular
subunit contains around 10 polystyrene combs sur-
rounded by the hydrophilic poly(vinyl ether) chains.
Deprotected dendrigrafts were further investigated by
TEM. An image of a typical amphiphilic water-soluble
molecule prepared from a 0.01 mg/mL water solution
is shown in Figure 6a.The negative staining technique
takes advantage of the amplitude contrast created by a
cast of heavy atoms surrounding the specimen after
drying. The dendrigrafts are seen as bright objects
surrounded by a dark dry uranyl acetate background.
They essentially appear as ovoidal multilobular par-
ticles presenting a peculiar grapelike morphology, as
observed by AFM. The variation of gray levels on the
deprotected dendrigraft enlarged in Figure 6a reveals
that the hyperbranched macromolecule is partly embed-
ded in the stain, providing a satisfying impression of
the 3D grapelike shape, the brighter areas correspond-
ing to subunits that point toward the viewer, out of the
stain. A slight aggregation between macromolecules was
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sometimes detected but it is certainly a drying artifact
on the supporting carbon film. The apparent macromol-
ecule length varies from 70 to 100 nm while the average
width is 60 nm. These values are slightly lower than
those calculated in water by DLS considering a spherical
shape. Indeed, the macromolecules are visualized as
composed of 15—20 elementary “lobes” linked to the first
PCEVE backbone. The difference in the number of
subunits between AFM and TEM images is most prob-
ably due the fact that AFM mainly visualizes the
outermost subunits in contrast to TEM imaging that
distinguishes between inner and outer subunits. The
width of the elongated subunits was also estimated to
be 12 nm suggesting again that they contain ap-
proximately 10 comb substructures with polystyrene-
b-hydrophilic poly(vinyl ether) branches.

To exclude a possible influence of the stain and the
drying step on the peculiar dendrigraft morphology,
samples were prepared for cryo-TEM. Recently, this
technique has been successfully used to observe aqueous
suspensions of both synthetic® and natural dendrimeric
particles.’” Dendrigrafts were fast-frozen from a 1 mg/
mL aqueous solution so that their hydration and 3D
shape were preserved. In Figure 6b, individual particles
can be seen embedded in glassy ice. They appear darker
than the surrounding glassy ice because of their higher
density compared to water and also because of the
Fresnel effect created by the negative defocus of the
microscope objective lens. The image in Figure 6b
confirms the morphology observed from negatively
stained preparations, i.e., a grapelike ovoidal particle.
Depending on the orientation of the dendrigraft, some
constituting subunits are seen longitudinally while
other point toward the viewer. In the latter case, as a
thicker volume of material is crossed by the electrons,
the subunits appear as very dark circular spots.

Concluding Remarks

The controlled synthesis of fully water-soluble am-
phipatic dendrigrafts constituted of a lypophilic PS core
and an external hydrophilic polyvinyl ether shell has
been achieved. The dimensions and shape of the indi-
vidual objects investigated by DLS, AFM, and TEM are
in good agreement with what could be expected from
the assembling processes and dimensions of the elemen-
tary building blocks. However, the detailed investigation
of the morphology of the individual ovoid objects show
a complex internal organization into a series of hard/
soft subdomains. These macromolecular subunits are
believed to correspond to phase segregation between
hydrophobic thermoplastic PS blocks and elastomeric
hydrophilic polyvinyl ether blocks. The dimensions and
organization of these subdomains is likely to be gov-
erned by the reduced mobility of the external diblock
branches of the dendrigrafts which are attached at one
end to the central backbone and therefore can inter-
digitate and aggregate only with the neighboring
branches. The possibility to use such fully water-soluble
amphipatic dendrigraft as a trapping agent and a host
for organic and inorganic molecules and substrates with
low water affinity is under study.
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