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ABSTRACT: This paper describes the supramolecular assembly of arborescent (dendrigraft) copolymers in
solution. The dendritic copolymers remained as unimolecular (nonassociated) micelles in toluene at temperatures
above the critical self-assembly temperature (cst) but aggregated into supramolecular structures with a diameter
of a few micrometers below the cst. Small-angle neutron scattering (SANS) measurements in toluene revealed
that the P2VP shell of the unimolecular micelles was swollen above the cst. The supramolecular aggregates
obtained below the cst had a spherical topology and a relatively uniform size according to electron microscopy
analysis. The temperature-responsive self-assembly process was fully reversible. The cst varied with the copolymer
concentration and shifted to higher temperatures as the length of the P2VP chains in the shell increased. The
self-assembly mechanism reported provides a path to new types of “smart” supramolecular structures.

Introduction

Linear block copolymers have been investigated extensively
for their ability to self-assemble into supramolecular structures
that find applications in different areas including nanolithog-
raphy, catalysis, molecular templating, and drug delivery.1,2

Much emphasis in the block copolymer studies has been set on
relating the characteristics of the superstructures obtained (e.g.,
size, morphology, uniformity) to the structure and composition
of the copolymers and the conditions used for the self-assembly
process.3,4 The association behavior of dendritic macromolecules
has also been examined, albeit to a more limited extent.5-10

Dendritic polymers are a class of cascade-branched molecules
including dendrimers, hyperbranched polymers, and dendrigraft
(or arborescent) polymers.10-21 In spite of the limited informa-
tion available on these systems, it is clear that dendritic polymers
significantly broaden the range of superstructures attainable via
self-assembly. This is demonstrated, among others, by the
preparation of tectodendrimers as a combination of dendritic
building blocks of well-defined geometries to control the
topology of the superstructures obtained.8,9 In contrast, the self-
assembly of dendrigraft polymers, the third family of dendritic
polymers, is largely unexplored.

We now report, for the first time, the self-assembly of
dendrigraft (arborescent) copolymers in solution, providing a
new path for the creation of well-defined supramolecular
structures of large dimensions. Most interestingly, the self-
assembly of the arborescent copolymers investigated is tem-
perature-responsive, offering the possibility to produce new
types of “smart” supramolecular structures. Arborescent poly-
mers incorporate linear chain segments rather than monomers
as building blocks, yielding branched polymers with a very high
molecular weight in a few grafting cycles (generations) while
maintaining a narrow molecular weight distribution (Mw/Mn <
1.1).13-15 The generation two (G2) arborescent copolymers used
in the current investigation were obtained by grafting generation
one polystyrene (G1PS) substrates with poly(2-vinylpyridine)
(P2VP) side chains (Scheme 1a).14,15 Since the molecular weight

of arborescent polymers grows geometrically for successive
generations, the copolymers contained about 90 mol % of P2VP,
even though the G1 substrate was pure polystyrene (PS).
Copolymers incorporating P2VP segments have attracted much
attention in the field of smart nanomaterials due to their pH
responsiveness and their ability to immobilize various inorganic
components for the preparation of nanoparticles.22-24 In contrast,
the temperature-responsive behavior of P2VP copolymers in
toluene, while interesting, has been rarely studied. Linear and
low branching functionality star PS-P2VP copolymers can self-
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Scheme 1. Schematic Representation of (a) Core-Shell
Morphology and (b) Temperature-Responsive Supramolecular

Self-Assembly of Arborescent PS-P2VP Copolymers in Toluene
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assemble into micelles in a way such that the solvophobic
components of the copolymers avoid direct contact with the
solvent.25-30 Thus, the P2VP component of the copolymers,
which is poorly soluble in toluene, collapses to form the core
of the micelle surrounded by an expanded PS shell.25-29 In a
solvent selective for P2VP such as methanol, the core and shell
components of the micelles are reversed, yielding a collapsed
PS core and an expanded P2VP shell.30

The arborescent copolymers investigated are unimolecular
micelles containing a PS core and a large number of covalently
bonded P2VP chains forming a shell (Scheme 1a). Conse-
quently, the arborescent PS-P2VP copolymers are unable to
reverse their core and shell components even in a PS-selective
solvent, forcing the P2VP shell to directly contact the poor
solvent. This unusual micellar morphology with a solvophilic
core and a solvophobic shell is interesting with respect to the
core-shell structure of unimolecular micelles as well as their
self-assembly. Polymer micelles are indeed typically investigated
in shell-selective solvents. It should nonetheless be pointed out
that the self-assembly of charged PS-P2VP arborescent mi-
celles similar to the ones used in the current investigation has
been observed in a mixture of methanol/HCl/water as a shell-
selective solvent, in this case under the influence of electrostatic
interactions.31 In the current investigation we have discovered
that in toluene arborescent copolymer micelles incorporating a
PS core and a P2VP shell either remained as unimolecular
micelles above the critical self-assembly temperature (cst) or
formed large spherical aggregates (with a diameter of a few
micrometers) below the cst (Scheme 1b). To study the influence
of the P2VP chain length on the temperature-sensitive self-
assembly process, P2VP side chains with a number-average
molecular weight (Mn) of either 5000 (P2VP5K) or 30 000
(P2VP30K) were used. The self-assembly of arborescent
copolymers in toluene was monitored using dynamic light
scattering (DLS), transmission electron microscopy (TEM), and
scanning electron microscopy (SEM) measurements. The uni-
molecular micelles of (nonaggregated) arborescent copolymers
in toluene above the cst were also characterized by small-angle
neutron scattering (SANS).

Experimental Section

Materials. The synthesis of the arborescent P2VP copolymers
used in this study has been discussed in detail elsewhere14,15 and
is provided as Supporting Information. The Mn of the side chains
was determined by size exclusion chromatography analysis of
samples removed from the reactor prior to the grafting reactions.
A twice-grafted arborescent polystyrene (G1PS), containing 205
side chains with Mn ) 4900 (5K) and having a total Mn ) 1.1 ×
106, served as grafting substrate for the preparation of both
copolymers. The P2VP side chains grafted on the G1PS substrate
had a Mn of either 5000 (P2VP5K) or 30 000 (P2VP30K). The
characteristics of the P2VP copolymers are summarized in
Table 1.

Dynamic Light Scattering (DLS). The hydrodynamic diameter
(Dh) of the arborescent copolymers was determined from DLS
measurements on a Malvern HPPS 3.3 instrument. The Dh of the
unimolecular micelles, which have a narrow size distribution, was
determined from the z-average diffusion coefficient obtained from
cumulant analysis. Below the cst, the size distribution broadened

due to aggregation. The Dh of the aggregates was assessed by
analyzing the autocorrelation function G(τ) with a multiexponential
fitting algorithm. The Dh of each fraction of the sample was
calculated from the translational diffusion coefficient (DT) derived
from the analysis and the Stokes-Einstein equation, DT )
kT/3πηDh, where k is the Boltzmann constant, T is the absolute
temperature, and η is the solvent viscosity.

Small-Angle Neutron Scattering (SANS). The SANS experi-
ments were carried out at the Center for Neutron Research of the
National Institute of Standards and Technology, using the 30 m
NIST-NG3 instruments.32 The raw data were corrected for scattering
from the empty cell, detector dark current, detector sensitivity,
sample transmission, and thickness. Following these corrections,
the data were placed on an absolute scale using direct beam
measurement and circularly averaged to produce I(q) vs q plots,
where I(q) is the scattered intensity, q ) sin(θ)4π/λ is the scattering
vector, and θ is the scattering angle. The q range used was
0.0065-0.12 Å-1, and the neutron wavelength was λ ) 6 Å with
a wavelength spread ∆λ/λ ) 0.15.

Transmission Electron Microscopy (TEM). TEM images were
recorded for samples prepared by evaporation of the copolymer
solutions on holey carbon-coated grids. A JEOL 2000FXII TEM
instrument operating at 100 kV with an Oxford PentaFET analytical
EDS running off the Link ISIS system was used. Images were
obtained using standard bright field TEM with Digital Micrograph.

Scanning Electron Microscopy (SEM). SEM images also were
recorded for the samples prepared for TEM analysis. After the TEM
measurements, the samples on holey carbon-coated grids were
coated with 50 Å of platinum under vacuum, so as to prevent
charging during the SEM experiments. This is a standard procedure
known not to introduce any visible artifacts at the magnifications
used here. The SEM instrument used was a JEOL JSM-6400 with
an attached Noran Instruments Voyager Series IV X-ray mi-
croanalysis system. The SEM was operated at an accelerating
voltage of 15 kV.

Results and Discussion

The hydrodynamic diameter Dh, measured by DLS for G1PS-
P2VP5K (φ ) 0.0014 g/mL) in methanol and toluene, as a
function of temperature, is provided in Figure 1a. The Dh of
the copolymer in methanol, a good solvent for the P2VP shell,
remained almost independent of temperature, and no aggregation
was observed, in agreement with previous results.33 The
copolymer did not disperse well in toluene at temperatures below
26 °C, as expected for this copolymer containing 87 mol % of
insoluble P2VP branches in the shell. Interestingly, above 26
°C, the solution became transparent and the copolymer was
molecularly dissolved with a Dh ) 57 ( 3 nm. The size of the
molecularly dissolved G1PS-P2VP5K copolymer in toluene
at these higher temperatures was about 10% lower than in
methanol, indicating shrinkage of the P2VP shell in toluene due
to the poorer solvent quality. By decreasing the temperature
from 27 to 25 °C, the Dh increased abruptly to a few
micrometers, as shown in Figure 1a. In contrast to the nonas-
sociated copolymers having a uniform size distribution (error
bars smaller than the data point markers in Figure 1), these large
aggregates had a somewhat broad size distribution (large error
bars), but nonetheless a well-defined spherical topology (vide
infra). The DLS measurements confirmed that the supramo-
lecular structures persisted at the lower temperatures, albeit some

Table 1. Characteristics and Thermodynamic Data for G1PS-P2VP Copolymersa

sample Mn
b/P2VPbranch × 103 fn

d/P2VPbranch P2VP, mol %e Mn
c ∆G° (T ) 25 °C), kJ mol-1 ∆H°, kJ mol-1 ∆S°, kJ mol-1

G1PS-P2VP5K 6.2 1180 87 8.4 × 106 -18 ( 3 -190 ( 20 -0.59 ( 0.07
G1PS-P2VP30K 32.7 303 90 1.1 × 107 -43 ( 6 -560 ( 30 -1.70 ( 0.09

a 2VP polymerization in THF at -78 °C and grafting at room temperature (23 °C). b Absolute Mn of P2VP chains determined by SEC-MALLS
analysis. c Values determined by combining the absolute Mn of the substrate with the copolymer composition from 1H NMR analysis. Apparent Mw/Mn )
1.09 for G1PS-P2VP5K determined by SEC analysis using a linear polystyrene standards calibration curve. G1PS-P2VP30K was not eluted from the col-
umn. d Number of P2VP branches added in the last grafting reaction. e P2VP content determined by 1H NMR analysis.
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of the larger aggregates precipitated as the temperature was
decreased below 20 °C. Since the precipitation was time-
dependent, the Dh values measured by DLS below 20 °C likely
do not reflect the actual size of the precipitated aggregates.
We did not intend to study the kinetics of aggregation in the
current investigation. The aggregation transition was thermor-
eversible, the size decreasing back to that of the isolated
molecules at 27 °C, as illustrated in Figure 1a and Scheme 1b.
The reversible size transition between 25 and 27 °C occurred
within the 1-3 min cooling or heating cycle of the DLS
instrument.

The Dh values measured by DLS for G1PS-P2VP30K (φ )
0.0014 g/mL) with longer P2VP chains in methanol and in
toluene as a function of temperature are also provided in Figure
1b. Similar thermoreversible self-assembly was observed, but
the critical self-assembly temperature (cst) was shifted to a
higher temperature (41 °C) in that case. This shows that the
critical temperature for the thermoresponsiveness is tunable by
varying the length of the P2VP segments within the shell. For
comparison, the copolymer grafted with shorter (P2VP5K) side
chains at the same concentration displayed no aggregation
whatsoever at 27 °C. Clearly, the aggregation becomes more
favorable as the size of the insoluble branches increases. The
micellization of amphiphilic PS-P2VP copolymers in toluene,
driven by solvophobic interactions of the P2VP chains, was
previously reported to depend strongly on temperature as well
as molecular architecture.25-29 In analogy to arborescent
PS-P2VP, star-shaped copolymers have been reported to remain
molecularly dissolved without association in toluene at higher

temperatures, but to aggregate into large micelles at low
temperatures (<40 °C). Interestingly, linear PS-P2VP block
copolymers aggregated even at higher temperatures, indicating
that the micellization of linear block copolymers is more
favorable than for star copolymers.27

Similarly to the critical micelle concentration (cmc) of the
closed association model for micellization, the critical self-
assembly concentration (csc) of arborescent PS-P2VP copoly-
mers at 25 °C was determined by DLS. The standard Gibbs
free energy for self-assembly at 25 °C was calculated from the
equation ∆G° ) RT ln(csc). From the temperature dependence
of the csc (Figure 2a) the standard enthalpy of self-assembly,
∆H°, was obtained using the Gibbs-Helmholtz equation, ∆H°
) R[d ln(csc)/dT-1]. The standard entropy for self-assembly,
∆S°, was calculated from the slope of a linear plot of ∆G° vs
T (Figure 2b), in accordance with the equation ∆G° ) ∆H° -
T∆S°. The thermodynamic properties thus obtained for the
arborescent copolymers are summarized in Table 1. The negative
∆G° values indicate that the self-assembly of arborescent
PS-P2VP copolymers in toluene is thermodynamically favor-
able due to the solvophobic interactions of the P2VP shell.
Because of the weak scattering intensity at very low concentra-
tions, the csc ) 2.4 × 10-8 g/mL was estimated for
G1PS-P2VP30K containing longer P2VP branches by extrapo-
lating the plot of ln(csc) vs T-1 to T ) 25 °C. The ∆G° value
at 25 °C was more negative for the arborescent copolymers with
longer (P2VP30K) branches, confirming the more favorable
aggregation for copolymers with longer insoluble branches.
Similarly, ∆G° was reported to become more negative for star
PS-P2VP copolymers in toluene as the length of the insoluble
P2VP arms increased.18,19 The large negative values of ∆H°
indicate that the self-assembly of both arborescent PS-P2VP
copolymers is an enthalpically favorable process. The standard
entropy of aggregation ∆S° was negative, showing that the

Figure 1. Hydrodynamic diameter of (a) G1PS-P2VP5K and (b)
G1PS-P2VP30K obtained from DLS in methanol and toluene as a
function of temperature. The concentration of all solutions was φ )
0.0014 g/mL.

Figure 2. Variation in (a) the critical self-assembly concentration (csc)
and (b) theGibbs freeenergy (∆G°)with temperature forG1PS-P2VP5K
and G1PS-P2VP30K in toluene.
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entropic contribution is unfavorable. Interestingly, ∆S° was
much more negative for arborescent copolymers with longer
(P2VP30K) branches than for those with 5K branches. This
demonstrates that the entropy loss of arborescent copolymers
is dependent on the length of the insoluble block. Since the
entropy loss was more significant for arborescent PS-P2VP30K
than for PS-P2VP5K, the large negative ∆H° for PS-P2VP30K
is therefore responsible for the more favorable aggregation (more
negative ∆G°) for PS-P2VP30K. It is also interesting to note
that the size of the superstructures formed by linear- or star-
shaped block copolymers (50-60 nm)27,28 was much smaller
than for the aggregates of arborescent PS-P2VP copolymers
(1-3 µm). This is obviously due to the characteristics of
arborescent polymers, with very high branching functionalities
and Mn even for relatively low generations such as the G2
samples investigated.

The morphology of the arborescent unimolecular micelles in
a core-selective solvent is of particular interest because of the
possibility to form a swollen core and a partly collapsed shell
(solvophilic core-solvophobic shell) even above the cst. Uni-
molecular micelles with collapsed P2VP arms and swollen PS
arms were indeed pictured even for heteroarm star copolymers
in toluene above the critical micelle temperature.27 Monte Carlo
simulation studies on the conformation of dendrimer micelles
with a solvophilic core and a solvophobic shell likewise
predicted that the solvophobic monomer units in the shell would
collapse into the core while the solvophilic inner segments
rearrange and form a corona.34,35 The morphology of the
arborescent copolymers in toluene-d above the cst was inves-
tigated by SANS. The internal segment density of the arbores-
cent micelles was first assessed by fitting the SANS data with
a core-shell model using two different constant density values
in the core and shell regions of the sphere. This model has been
successfully used to characterize the internal structure of many
micellar systems because it gives the effective average density
values of each region. The small-angle neutron scattering
intensity from a suspension of monodipersed spheres can be
written as36

where N is the number density of particles, F(r) is the scattering
length density (SLD) in the sphere, and Fsolvent is the SLD of
the solvent. For a sphere with radius R2 that has an inner core
with a radius R1, the following analogous equation is obtained.

In order to handle size polydispersity, eq 1 was averaged over
the particle size distribution using a Schultz distribution.36 The
SANS data obtained for the arborescent copolymers and the
best fits using the core-shell model are compared in Figure
3a. The fitting parameters Fcore and Fshell are related to the radial
density profiles by the equations

where C is the volume fraction of (dry) polymer in the core
and shell. The radial polymer volume fraction profiles for the
individual molecules, as obtained from the core-shell model
fits, are displayed in Figure 3b. For comparison, the polymer

volume fraction profile for G1PS-P2VP5K in methanol-d,
which is a selective solvent for the P2VP shell, is also displayed
in Figure 3b. The PS core of G1PS-P2VP5K appears to be
more swollen (smaller C value) in toluene-d than in methanol-
d, as anticipated. The P2VP shell in toluene-d is slightly less
swollen than in methanol-d but still fairly expanded, in spite of
thepoorsolventqualityof tolueneforP2VP.TheG1PS-P2VP30K
sample, with the longer P2VP chains in the shell, exhibited even
more swelling in toluene-d than G1PS-P2VP5K, possibly due
to the more flexible character of the longer P2VP chains. The
swollen core and shell morphology observed indicates that the
P2VP chains within the shell, when exposed to a poor solvent,
did not collapse into the core region, in contrast to Monte Carlo
simulation results for dendrimer micelles with a solvophobic
shell and a solvophilic core.33,34 This difference may be due to
toluene-d above the cst being simply not poor enough to induce
the collapse of the P2VP shell chains. As the solvent quality
decreased (below the cst), the arborescent micelles did not
remain in their unimolecular state but rather aggregated, in
contrast to dendrimers burying their solvophobic end groups
into the core to avoid unfavorable contacts with the solvent and
lower their overall free energy. Since the building blocks of
arborescent polymers are bulky linear segments (DPn ≈ 50 or
300 monomer units), the collapse of the P2VP chains into the
highly branched PS core would be much more energy-
demanding than for the rearrangement of chain segments in low

I(q) ) NF(q)2 (1)

F(q) ) [∫ (F(r) - Fsolvent)
sin qr

qr
4πr2 dr] (2)

I(q) ) N[∫0

R1
(Fcore - Fsolvent)

sin qr
qr

4πr2 dr +

∫R1

R2
(Fshell - Fsolvent)

sin qr
qr

4πr2]2
(3)

Fcore ) CPSFPS + (1 - CPS)Fsolvent

Fshell ) CP2VPFP2VP + (1 - CP2VP)Fsolvent (4)

Figure 3. (a) SANS data for G1PS-P2VP5K (φ ) 0.0034 g/mL) and
G1PS-P2VP30K (φ ) 0.0034 g/mL) in toluene-d at 75 °C and best
fits using the core-shell model. The fit of the data includes about 10%
polydispersity in size for the polymers and instrumental smearing effect.
(b) Polymer fraction profiles for the copolymers in toluene-d derived
from the core-shell model fits.
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branching functionality star polymers or for the chain ends of
dendrimers. The question of solvent quality of course comes
into play (worse solvent ) larger driving force for conformation
changes), but since arborescent polymers have a limited ability
to rearrange they can only precipitate out of solution.

The simulations also predicted that end-group segregation
within the core of dendrimer micelles would result in elongation
or a dumbbell-like conformation for dendrimer micelles.34,35

The good fit of the core-shell sphere model to the SANS data
is consistent with arborescent micelles adopting a spherical
rather than an elongated shape even under poor shell solvency
conditions (considering that toluene is a poor solvent over the
whole temperature range investigated). Alternatively to the
model fit according to eqs 1 and 2, indirect Fourier transforma-
tion can be performed on the SANS data to determine the overall
shape of scattering objects. The scattering intensity I(q) is related
to the real space pair distance distribution function (PDDF) by
the following Fourier transformation, which enables the deter-
mination of the overall shape and size of scattering objects.37

The PDDF under good solvency conditions for both the core
and the shell of arborescent copolymers were previously
determined by the SANS contrast matching method and
confirmed that arborescent polymers are spherical macromol-
ecules with a core-shell morphology.38 The PDDF obtained
for both G1PS-P2VP5K and G1PS-P2VP30K, provided in
Figure 4, does not have two maxima or a skewed distribution,

typical for dumbbell-like and elongated shapes, respectively.
The bell-shaped PDDF obtained for both copolymers is typical
for a well-defined spherical topology, confirming that poor shell
solvency conditions did not alter the shape of arborescent
micelles.39

The radius of gyration (Rg) was determined from Guinier plots
of the SANS data at different concentrations (0.001 g/mL < φ
< 0.007 g/mL) according to the equation I(q) ) I(0) exp(-Rg

2q2/
3) (the Guinier plots are supplied as Supporting Information).
The Rg obtained at different concentrations were extrapolated
to φ ) 0 (see Supporting Information). The extrapolated Rg (φ
) 0) values in toluene-d are provided as a function of
temperature (55 °C < T < 85 °C) in Figure 5. The radius of
gyration of the molecules in toluene-d is essentially constant
for G1PS-P2VP5K but decreases slightly (<5%) for G1PS-
P2VP30K as the temperature decreases. The ratio P ) radius
of gyration (Rg)/hydrodynamic radius (Rh) is a sensitive
fingerprint of the internal density profile of the molecules.40 The
Rh measured by DLS and Rg (φ ) 0) were used to calculate P
values for arborescent micelles in toluene-d. The P value for
an ideal hard sphere is 0.775.40 The P values for arborescent
copolymer micelles in toluene-d were 0.65 ( 0.03 and 0.67 (
0.03 for G1PS-P2VP5K and 30K, respectively, significantly
smaller than 0.775. A P value below 0.775 suggests that the
arborescent micelle corresponds to a sphere with a soft surface
(transient outer shell) rather than an idealized hard sphere. The
soft surface (transient shell) morphology of the arborescent
micelles also implies that the P2VP shell of these molecules is
unlikely to be fully collapsed into a dense shell in toluene-d. It
was previously shown that in toluene the internal density of
arborescent styrene homopolymers of the same generation as
the copolymers used in the current investigation could be
modeled as spheres with a transient outer region described by
a power law model.41 The power law function used was given
by

where Rmax corresponds to the hydrodynamic radius and A is
the contrast between the solvent and the center of the sphere.
A single density profile with a power law function could be
used to model the internal density of arborescent micelles, since
the SLD of the PS and P2VP components is very similar and
much smaller than the SLD of toluene-d (FPS ) 1.4 × 10-6

Å-2, FP2VP ) 1.77 × 10-6 Å-2, and Ftoluene-d ) 5.66 × 10-6

Å-2). The fits to the SANS data using the power law model are

Figure 4. (a) Experimental SANS data for G1PS-P2VP5K (φ ) 0.0034
g/mL) and G1PS-P2VP30K (φ ) 0.0034 g/mL) in toluene-d at 75 °C
and fits by the IFT method using the GIFT program. (b) Corresponding
PDDF.

I(q) ) 4π∫0

∞
p(r)

sin(qr)
qr

dr (5)

Figure 5. Influence of temperature on Rg for G1PS-P2VP5K and
G1PS-P2VP30K in toluene-d extrapolated to φ ) 0.

F(r) - Fs ) A(1 - ( r
R)R) (6)
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provided in Figure 6a, and the corresponding polymer density
profiles are displayed in Figure 6b. The I(q) fits obtained using
the core-shell model (Figure 3a) and the power law model
(Figure 6a) are comparably good. However, the power law
function gives larger overall dimensions for the unimolecular
micelles than the core-shell model, closer to the Rh measured
by DLS (Figure 1), suggesting that the model with a transient
surface is a more realistic representation of the morphology of
arborescent micelles in toluene-d. The R (exponent) value
derived from the best fits was found to be R ) 6, larger than R
) 4 previously determined for arborescent styrene homopoly-
mers in toluene-d.35 The power law function with a larger R
value leads to thinner (sharper) transient shell region, closer to
the density profile of hard spheres. The larger R ) 6 of the
arborescent PS-P2VP as compared to R ) 4 for arborescent
PS in toluene-d is presumably due to the P2VP shell being less
swollen than the shell of arborescent PS, since toluene-d is a
good solvent for PS but a poor solvent for P2VP.

The aggregates were further investigated by TEM and SEM
analysis. The images were recorded for samples prepared by
the evaporation of dilute solutions (φ ) 0.0014 g/mL) on holey
carbon-coated grids. For the SEM images, platinum was coated
on the samples. The temperatures maintained during solvent
evaporation were the same as the solution temperatures used in
the DLS measurements. The aggregates of G1PS-P2VP5K
obtained in toluene at 20 °C are depicted in Figure 7a,b. Large
aggregates of relatively uniform size with a spherical shape are
clearly seen in the TEM (Figure 7a) and SEM (Figure 7b)

images, while pictures (not shown) recorded for the same
solutions evaporated at 30 °C did not show such aggregates.
The electron microscopy images in Figure 7 suggest that some
of the large spheres tend to associate, which may occur during
solvent evaporation. In Figure 7a, a higher resolution TEM
image also shows the presence of smaller species, corresponding
to the unimolecular micelles, at the periphery of the large
aggregates. This indicates that some isolated molecules are
present even below the critical self-assembly temperature. They
were understandably not resolved in DLS analysis due to the
dominant effect of the large spheres on the light scattering signal.
The coexistence of isolated molecules and aggregates of
arborescent copolymers, even below the cst, is very different
from the formation of monodispersed (aggregated) micelles
observed for conventional linear block and star copolymers
below the cmt. TEM images recorded for the copolymers with
long P2VP side chains (G1PS-P2VP30K) in toluene at 20 °C
are provided in Figure 7c. The size and shape of the aggregates
of copolymers with P2VP30K side chains were not significantly
different from those observed for the shorter chain P2VP5K
copolymers.

Conclusions

Amphiphilic arborescent copolymers incorporating a poly-
styrene (PS) core and a shell of poly(2-vinylpyridine) (P2VP)
chains were investigated in toluene, a solvent selective for the
PS core. The self-assembly behavior of the copolymers in
toluene strongly depended on temperature. Above the cst, the

Figure 6. (a) SANS data for G1PS-P2VP5K (φ ) 0.0034 g/mL) and
G1PS-P2VP30K (φ ) 0.0034 g/mL) in toluene-d at 75 °C and best
fits using the power law model. The fit of the data includes about 10%
polydispersity in size for the polymers and instrumental smearing effect.
(b) Polymer fraction profiles for the copolymers in toluene-d derived
from the power law model fits.

Figure 7. (a) TEM images for G1PS-P2VP5K, (b) SEM images for
G1PS-P2VP5K, and (c) TEM images for G1PS-P2VP30K on holey
carbon-coated grids after evaporation of the solutions in toluene (φ )
0.0014 g/mL) at 20 °C.
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copolymers remained as unimolecular (nonassociated) micelles.
SANS analysis indicated that the unimolecular micelles in
toluene-d did not have a dense shell, in spite of the partial
collapse of the P2VP segments. These unimolecular micelles
self-assembled into supramolecular aggregates with a well-
defined spherical topology at temperatures below the cst. The
cst could be tuned to higher temperatures by increasing the
length of the P2VP chains in the shell.
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