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Abstract

The micelles formed when a dendritic polymer of polystyrene (PS) and polyisoprene (PI), having the overall
structure (PS,PI);, were examined in two solvents, dimethylformamide (DMF) and dimethylacetamide (DMA). Both
solvents are good solvents for polystyrene and non-solvents for polyisoprene. The aggregation behavior was studied by
a combination of static and dynamic light scattering and viscometry. In both systems star-like micelles were formed
which followed the hard sphere model. The aggregation number was much lower for the micelles formed in DMA. The
polymer—solvent interaction parameters indicate that the interactions are stronger between both PS-DMA and PI-
DMA than for either polymer block with DMF. The effects of solvent selectivity are exacerbated by the structure of the
polymer. With each polymer molecule contributing six soluble arms to the micelle, in the better solvent (DMA) in-

creased repulsive interactions between the extended polystyrene lead to lower aggregation numbers.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Many studies of the micelle behavior of high molecular
weight block copolymers in selective solvents have been
published over the last years in light of the intellectual
and commercial interest in such systems [1-11]. The de-
velopment of controlled polymerisation systems, capable
of the synthesis of well-defined block copolymers and the
improvement of analytical techniques have furthered the
understanding of the nature of the multimolecular mi-
celles with regard to the effects of composition, chemical
nature, temperature, pH, and concentration.
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Relatively recently, advances have been made as to
the effects of architecture on the structure of micelles
with the synthesis of miktoarm star and other well-
defined branched copolymers which have allowed fac-
tors such as the inclusion of many junction points on the
core-corona interface to be examined [12-17]. Generally,
an increase in the number of soluble blocks present on a
molecule leads to a decrease in the aggregation number,
steric factors being important. More recently, studies
have been directed to the solution properties of arbo-
rescent, dendritic-like and linear-dendritic hybrid co-
polymers due to the specific highly branched structure of
these molecules [18-21]. The formation of unimolecular
micelles in such systems is highly probable, due to the
presence of a large number of soluble blocks, leading
to compartmentalized nano-assemblies, whose structure
in solution does not depend on concentration.

The work reported in this paper concerns the micellar
properties of a well-defined dendritic copolymer of the
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Chart 1. Illustration of the formation of micelles from (PS,PI);
in solvents selective for PS.

(PS,PD),

type (PS,PI); (Chart 1), synthesized by anionic poly-
merisation high vacuum techniques. In this model sys-
tem the effects of copolymer architecture and solvent
selectivity towards the different blocks are investigated
by means of static (LALLS) and dynamic lights scat-
tering (DLS) and viscometry.

2. Experimental
2.1. Synthesis of the dendritic polymer (PS,PI);

The dendritic polymer, (PS,PI); was prepared using
high vacuum anionic polymerisation techniques [22].
The detailed synthesis has been published elsewhere [23].
Briefly, a stoichiometric equivalent of polystyryllithium
was added slowly to a solution of 4-(chlorodimethyl-
silyl)styrene (CDMSS) in benzene, preferentially reacting
at the chlorosilane site and forming a macromonomer. A
second equivalent of polystyryllithium was then reacted
with the styrenic double bond of CDMSS and isoprene
polymerised from the resulting living styrenic site. Tri-
chloromethylsilane was used as a linking agent to react
with three equivalents of the living polyisoprenyllithium
thus forming a second generation dendritic polymer.

2.2. Preparation of solutions

Dimethylformamide (DMF) was dried over 4 A mo-
lecular sieves and fractionally distilled just prior to use.

Dimethylacetamide (DMA) was also fractionally dis-
tilled after drying over calcium hydride for at least 24 h
and THF was similarly distilled from sodium. Stock
solutions were prepared by the accurate weighing of the
sample and solution, heated at 60 °C overnight in order
to ensure complete dissolution and stirred occasionally
to remove non-equilibrium structures. The solutions
were then allowed to stand at room temperature for 24 h
to ascertain the continuing solubility of the polymers
and reweighed before dilution and measurement in order
to obtain an accurate concentration. Prior to light
scattering measurements, the solutions were filtered
using 0.45 pm nylon filters.

2.3. Measurements

A Chromatix KMX-6 low-angle laser light scattering
photometer (LALLS) equipped with a 2 mW He-Ne
laser (A = 633 nm) was used to obtain values for the
apparent weight-average molecular weight, M,,, and the
second virial coefficient, 4,. Measurements were per-
formed at 30 °C. M,, and 4, were calculated from the
concentration dependence of the reduced scattering
intensity.

DLS experiments were performed at 30 °C using a
Series 4700 Malvern system comprising of a PCS5101
goniometer with a PCS stepper motor controller, a
Cyonics variable power Ar' laser, operating at a
wavelength of 488 nm and 10 mW power, a PCS8
temperature control unit, and a RR98 pump/filtering
unit. A 192 channel correlator was used for the accu-
mulation of data and the correlation functions were
analyzed using CONTIN software. Angular dependence
of the correlation function was initially checked, and
subsequent data collected at 90°. The apparent transla-
tional diffusion coefficient at zero concentration and
zero angle Dy ,pp, Was calculated for each system, using

Eq. (1)
Dupp = DO‘upp(l +kpc+ - ) (1)

where D, is the apparent diffusion coefficient at each
concentration at zero angle and kp is the coeflicient of
the concentration dependence of D,p,. Apparent hydro-
dynamic radii, Ry, were determined using Eq. (2)

ks T
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h

where kg is the Boltzmann constant, 7 the absolute
temperature, and #, the viscosity of the solvent.
Viscometry was performed using a Cannon—
Ubbelohde dilution viscometer in a temperature con-
trolled water bath (£0.01 °C temperature variation). The
flow times for the solvent and solutions were measured
with a Schott-Gerate AVS410 automatic flow timer. In
all instances, the flow times were sufficiently long as to
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avoid having to apply kinetic energy corrections. The
Huggins (Eq. (3)) and Kraemer (Eq. (4)) were used to
calculate the intrinsic viscosity [5] of each system

0 )kl + - 3)
e ) + kel + - @

where 5, is the specific viscosity and 7, is the relative
viscosity and ky and kg are the Huggins and Kraemer
coefficients respectively. Viscometric radii, R,, were cal-
culated from Eq. (5)

R, = (3/107Na)3([n)M,,)} (5)

N, being Avagadro’s number and M, the weight aver-
age molecular mass of the micelle as determined by static
light scattering. Details are given elsewhere [13].

3. Results and discussion
3.1. Hydrodynamic properties of (PS;PI); in THF

The characterization data for (PS,PI); and its com-
ponent arms have been listed in Table 1 along with
results from DLS and viscosity measurements in THF,
a common good solvent for the two components.

The values obtained from viscosity measurements
reflect that THF is a good solvent for both polystyrene
(PS) and polyisoprene (PI). The Huggins coefficient, ky
is close to the limit for flexible polymer chains in a good
solvent (0.3) [24]. The DLS results are in reasonable
agreement with those obtained from viscometry giving
Ry/Ry = 1.1, the theoretical value for R,/R;, being 1 at

Table 1
Molecular characteristics of (PS,PI); dendritic copolymer in
THF at 30 °C

M,* (PS,PI); (g/mol)x 105 1.19
M," PS arm (g/mol)x 10~* 1.71
M,° PI arm (g/mol)x 1073 5.5
My, /M,® (PS,PI); 1.05
wt.% PS¢ 79
Dyapp® (em?/s)x 107 5.30
kpd (ml/g) 27
Ryd (nm) 9.0
e (dlg) 0.51
ku® 0.32
R,¢ (nm) 10.0
Ry/R, 1.1

By LALLS in THF at 25 °C.

®By SEC in THF at 25 °C using PS and PI standards.
°By 'H-NMR in CDCI; at 30 °C.

4By DLS in THF at 30 °C.

By viscometry in THF at 30 °C.

Table 2

Properties of (PS,PI); micelles in DMA and DMF at 30 °C
Parameter Solvent

DMA DMF

dn/dc® (cm®/g) 0.126 0.132
My app® (g/mol)x 1076 2.79 9.43
A,° (molem?®/g?) x 10° 3.92 1.98
Ny ageapp’ 22 76
Do app° (cm?/s)x 107 1.41 1.15
kp¢ (ml/g) 6 10
Ry¢ (nm) 18.8 24.0
[n]¢ (dVg) 0.158 0.098
k¢ 0.93 0.87
R, (nm) 19.0 24.4
Ry/Ry 1.01 1.02
R. (nm) 6.4 9.6
A (nm?) 23 15

#The specific refractive index was obtained from differential
refractometry at 30 °C using a Chromatix KMX-16 refrac-
tometer operating at a wavelength of 633 nm.

°By LALLS.

°By DLS.

9By viscometry.

the hard sphere limit [24,25]. Values of the ratio ranging
between 1.05 and 1.15 have been reported for linear and
branched flexible polymers [24,25].

3.2. Micellization of (PS,PI); in DMA and DMF

Both DMA and DMF are considered to be good
solvents for the polystyrene and non-solvents for poly-
isoprene. The appearance of the (PS,PI); solutions in
both DMA and DMA indicated the formation of large,
multimolecular micelle structures, the solutions having a
slight blue tint. However, as can be seen from the results
in Table 2, the aggregation characteristics of (PS,PI);
in DMA and DMF are quite different.

The apparent weight average molecular mass, My app,
of micelles and their true weight average molecular mass
are likely to be very similar because dn/dc is high for
both the PS and PI components of the dendritic species
in DMA and on the other hand molecular, composi-
tional and architectural homogeneity of the dendritic
material is low. The same conditions apply for DMF.
The second virial coefficient value is very low for both
systems, but the 4, value is especially low in DMF since
the thermodynamic quality of this solvent for (PS,PI); is
particularly poor. The light scattering plots are shown in
Fig. 1. The apparent weight average molecular mass for
the micelles formed in DMF is much higher than for
that for micelles in DMA, and the apparent weight av-
erage aggregation number, Ny ,g0app as calculated using
Eq. (6), is correspondingly large.

Nw.agg.app = Mw,app.micelle /Mw.unimer (6)
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Fig. 1. Kc/AR, vs concentration plots for (PS,PI); micelles in DMA (M) and DMF (@) at 25 °C.
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Fig. 2. Diffusion coefficient vs concentration for (PS,PI); micelles in DMA (H) and DMF (@) at 25 °C.

The results of DLS experiments, also listed in Table 2,
reflect the structure and dimensions of the micelles
formed in DMA and DMF. The apparent diffusion co-
efficient, Dy app, is much higher for the unimeric (PS;PI)3
in THF. It can also be noted that the micelles formed in
DMF have a greater hydrodynamic radius than the
DMA species which is a reflection on its higher aggre-
gation number as determined by static light scattering.
In both solvents, the angular dependence of the diffusion
coefficient was found to be negligible and the second

moment values p,/I" 2 from cumulant fits to the corre-
lation functions, were very low, less than 0.05 in the
majority of the measurements, an indication of the
uniformity of the micelles in size. No unimers were ob-
served even when the temperature was raised to 50 °C.
The high M, ,,, compensates for the low 4, value to give
a higher kp for the micelles formed in DMF compared
to the DMA system (Fig. 2).

The results of the viscosity experiments agree well
with those of the DLS measurements in that there is
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Fig. 3. Huggins (M) and Kraemer (@) plots for (PS,PI); in DMA and Huggins (A) and Kraemer (V) plots for P(S,I); in DMF at 25 °C.

negligible difference between R, and Ry, for the micelles
formed in the solvents in this study (Fig. 3). A R,/Ry
ratio of around 1 is characteristic of hard sphere be-
havior [24,25]. This indicates that the micelles are stable
and uniform in dimension over the different ranges of
concentrations required for the analytical techniques
employed, and remain unaffected by the small yet
sometimes significant shear forces which can arise from
the passage of micelles through the capillary of a vis-
cometer. In both DMA and DMF, the micelles have the
characteristics of compact hard spheres, where the PI
chains have collapsed, forming a small core, as illus-
trated in Chart 1. The intrinsic viscosity of the dendritic
polymer in both solvents is accordingly low compared
with the unimeric species in THF due to the swelling of
the whole molecule in the latter good solvent. In both
DMA and DMF the Huggins constant has a relatively
high value, (kg = 0.99, in theory, for hard spheres [24]) a
reflection of the solvents being poor and of increased
hydrodynamic segment interactions within the micelles.

The effect of the architecture on the micellar prop-
erties displayed by the systems examined is difficult to
ascertain, few systems having been studied in either
DMA or DMF although several publications have ex-
amined the properties of PS—PI of samples of various
architectures in hydrocarbon solvents, primarily n-
decane [4,7,8]. It has also been found that the aggrega-
tion behavior is strongly influenced by the degree of
polymerisation (N) of the non-soluble block of a block
copolymer but is also dependent on the overall molec-
ular weight of the constituent block copolymer. In the
micellization of AB block copolymers, N,z =~ NiNg b

where o and f are exponents for the degree of poly-
merisation of the non-soluble block A and the soluble
block B respectively. Theoretically, o is 0.8 for hairy
micelles, where the micelle has a large corona relative to
the core, . =1 for crew-cut micelles, where the core
dimensions are greater than for the corona, and o« =2
for amphiphilic micelles where A and B have a charac-
teristically high Flory-Huggins interaction parameter y
[1,10b]. However, the (PS,PI); micelles are not made up
of AB diblocks but of dendritic polymer molecules
whose architectures are comparable to three AB, mik-
toarm stars joined together at a central junction point at
the end of the PI block. The entropic penalties associ-
ated with the packing of the additional arms would be
expected to give a comparatively low N,,, compared to a
simple AB diblock and it would be expected that re-
pulsive, steric, forces would increase in the corona from
the presence of additional soluble blocks. It is interesting
to note that a diblock sample with a total molecular
weight of 43,000, almost one third of the dendritic co-
polymer investigated in this study, and similar compo-
sition (81% wt PS) forms micelles in DMF with an
aggregation number of 73, almost equal to the one cal-
culated for the dendritic copolymer [9]. The formation of
multimolecular instead of unimolecular micelles in both
solvents must be a result of the high solvent selectivity
for the PS arms as well as to the low density branched
structure of the molecule.

The difference in N,g, for (PS,PI); in DMF and DMA
is obviously related to the interactions between the
constituent blocks of the dendritic polymer and the
solvent. The behavior is thus dependent on the DMF
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and DMA solubility parameters (J), 24.8 and 22.1
[Mpa]'/? respectively [26]. Since polyisoprene has a sol-
ubility parameter of approximately 16 [Mpa]'/2, consid-
erably lower than either DMA or DMF, the polyisoprene
block is insoluble in these solvents and micellar cores
should be essentially free of solvent in both DMA and
DMF. The effects exerted by the polystyrene chains in
the corona have to be also taken into account in order to
explain the differences in N,z These are also somewhat
dependent on the polymer—solvent interactions which
are also expected, for similar reasons, to be stronger
between DMA and polystyrene (6PS ~ 17-20 [Mpa]'/?)
than for DMF. These interactions lead to a greater chain
extension and larger repulsive interactions between the
chains of the corona in DMA and ultimately to a de-
crease in the aggregation number in this solvent. The
solvent effects are likely to be exacerbated by the ar-
chitectural constraints arising from the system i.e. the PS
corona chains radiating from a single junction point.

For an individual micelle, the dimensions of the core
can be calculated from Eq. (7)

R. = (3My micetieWtp1 /4TNadp1 0y )'% (7)

where My, micelle 1S the apparent weight average molecular
mass of the micelle as determined by static light scat-
tering, wtpy is the weight percent of PI in the copolymer,
Na Avogadro’s number, dp; the density of PI and ¢p, is
the volume fraction of PI in the core of the micelle
(op; =1 if it assumed that the core is free of solvent
as it is probably the case in both solvents).

Also, the area A occupied by each copolymer chain at
the core-corona interface, can be calculated using Eq. (8)

A = 47R%/N,, 8)

The values for the core dimensions and for the area, 4,
are also listed in Table 2. The results show that the core
radius is smaller for the micelle formed in DMA.
However, the area occupied by each (PS,PI); unit is
significantly larger for the micelle in DMA which indi-
cates that the PS chains are more swollen/extended in
this solvent than is the case in DMF.

4. Conclusions

The multimolecular micelles formed by (PS,PI);, a
second generation dendritic polymer, were found to
have quite different characteristics in DMA than for the
same polymer in DMF. A much lower degree of ag-
gregation was found for the micelles formed in DMA. In
both DMA and DMF the structures formed are stable
over a range of concentrations and at elevated temper-
atures and both species behave as hard spheres. The
differences in aggregation number must be due to a
combination of the structure of the (PS,PI); and the

polymer—solvent interactions, DMA being a better sol-
vent than DMF for polystyrene.
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