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ABSTRACT: Complex comblike block copolymers of various architectures containing polystyrene, PS, and
polyisoprene, PI, or polybutadiene, PB, components were synthesized by anionic polymerization high-vacuum
techniques and the macromonomer strategy. Their micellization behavior was studielkdane, a selective

solvent for the Pl or PB blocks, and M,N-dimethylacetamide, DMA, selective for the PS blocks. Utilizing

static and dynamic light scattering techniques, parameters such as the aggregation number and the hydrodynamic
radius were determined. On the basis of these results, structural parameters of the micelles, i.e., core and corona
radii as well as corecorona interfacial area, were calculated. The thermal stability of the micelles was also
examined in both selective solvents. The macromolecular architecture was found to have a considerable effect on
the micellization behavior of the block copolymers.

Introduction synthetic methodologies have allowed the preparation of well-
g defined complex architecturé$These methodologies include

i i~18,19 i i~20 i i i i
anionic’®19cationic?° atom transfer radicak nitroxide-medi-
ated radicaf? reversible additiorfragmentation chain transfer
radical?® group transfef? ring-opening metathes?8,and co-
ordinatior?® polymerization. Among these, anionic polymeri-
zation is the most powerful method for controlling macromo-
lecular structure, since it is associated with the absence of any
spontaneous termination reaction (real livingness) under the
appropriate experimental conditions and allows the synthesis
of model polymers with predictable molecular and structural
characteristics.

Utilizing these polymerization techniques and their combina-

Block copolymers have attracted significant scientific an
economic interest over the past few decades due to their ability
to self-assemble into ordered structutek bulk, the im-
miscibility of the constituent blocks leads to microphase
separation with the formation of long-range ordered structures,
such as cubic arrays, cylinders, bicontinuous phases, and
lamellae, with sizes comparable to the chain dimensidnsa
selective solvent, i.e., a thermodynamically good solvent for
the one block and precipitant for the other, block copolymers
associate and form micellar aggregates, which resemble the
micelles obtained from the low molecular weight surfacténts.

From a morphological point of view, block copolymer micelles . . . : . .
tions, studies of micellar properties as a function of architecture

consist of a more or less swollen core of the insoluble blocks S . .
surrounded by a corona formed by the soluble blocks. Because/€'¢ initiated. Llneqr triblock te_rpolymeifé? tapered copoly-
mers26 star-block?” linear—dendritic28 cyclic,2° miktoarm stars

of their stability, variety of sizes, and corshell structure,
y y of the type AB,,3° A,B,3! and AsB,3? graft!* H-, super H-,

micelles can be used in a diverse field of practical applications, d haped® i h b died | lecti
such as colloidal stabilizatighlatex technology,compatibili- and z-shapee copolymers have been studied in selective
solvents, revealing the tremendous impact of macromolecular

zation in polymer blend$,controlled drug delivery, water - A .
architecture on micellization properties.

purification; viscosity and surface modificatichetc. The micellization behavior in-decane (selective solvent for
. ; o -
Many studies, both experimenitaind theoretical, have been P1 or PB) and\,N-dimethylacetamide, DMA (selective solvent

devoted to the study of micellar structural parameters (critical - . ;
- . . . for PS), was studied for the following samples: (a) dibleck
micelle concentration, cmc, aggregation number, overall micellar brush copolymers, where one block is a Pl (PMMI) or PB

size, core and shell dimensions) as well as the kinetics and .
thermodynamics of micellization. These parameters are influ- (Fr’]'\é”,\[/l?) t}“ﬁ’hr(P?j{]P:\M\ﬁl‘ ormPi;le-Ptl)\fl ME)i’ (tlg’)l\/tlrl\lllblloikpcl\c/ll;\/lB
enced by many factors such as chemical nature, composition?PSb?PR/?l\%I_;_sl' PST)—TDMI?AI-b-PSe ng-PI\S/IMB-b-P?B nd
and molecular weight of the blocks, solvent quality, pH, PSb—PMMB-b—Pé) (©) block- raft’co olvmers whe;eaone
concentration, temperatutéetc. The majority of the previous block is araft co ’OI mer PSJ:?- Pl -P‘I) yPSb- iDI- (Pl-b-
studies have been conducted using mostly di- and triblock IS g cOpoty { (P1-g-P1), [Pl-g-(
copolymerst2 Relatively few studies focused on the micelliza- PS)}, and (d) diblock graft copolymers, where both blocks are
tion behavior of graft copolyme?d, triblock terpolymers? or graft copolymers{(PSg-PS)b-(PI-g-PI)}} (Scheme 1). The
synthesis of these materials was previously published using the

more complex structuré$.From these reports the macromo- fnacromonomer methodology and anionic polymerization high
lecular architecture has emer very important paramet . : ) .
ecular architecture has emerged as a very important parame €lacuum technique¥36 The ultimate goal of this study was to

for the manipulation of the micellar properties, thereby providing provide further evidence regarding the influence of the macro-

a new tool for tuning of micellization behavior and for designing molecular architecture on the micellization behavior of nonlinear
materials with specific applications.
block copolymers.

Initial studies on complex structures dealt, in most cases, with
ill-defined structures, characterized by chemical and composi- Experimental Section
tional heterogeneity, broad molecular weight distributions, and  Polymer SynthesisAll the samples were synthesized by anionic
poor structural control. However, recent advances in polymer polymerization high-vacuum techniqdéssing the macromonomer
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Scheme 1. Complex Comblike Block Copolymer Architectures
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Table 1. Molecular Characteristics of the Block-Brush Copolymers

macromonomers total

sample PS first block type  My@ x1073 Mu/Mp2 third block type My? x 1073 Mu/Mp2 wt % P&
PS-PMMI 105 1.04 38.4
PS-PMMI—PI Pl 3.7 1.07 Pl 142 1.05 31.2
PS-PMMI—-PS My? =47 x 10° PS 140 1.07 60.9
PS-PMMB Mw/M, = 1.01 131 1.07 31.3
PS-PMMB—PB PB 3.5 1.05 PB 195 1.05 26.0
PS-PMMB—PS PS 159 1.07 39.8

aBy SEC-TALLS in THF at 35°C. P Composition of PS (wt %) byH NMR in CDCl; at 30°C. ¢In all cases: PI-1,4: 93%®B-1,4. 90%.

methodology. Pl or PB macromonomers bearing styryl end groups,
MMI or MMB, respectively, were prepared by the reaction of the

Table 2. Molecular Characteristics of the Block-Graft and
Double-Graft Copolymers

corresponding living chains witp-(chlorodimethylsilyl)styrene, sample My (x 10-3)2 |b
CDMSS38 The synthesis is given in detail elsewhété® Briefly, Pl arm 20 106
for the synthesis of the bloekorush copolymerd; PSh-PMMI PS block 215 1.02
or PSh-PMMB living PSLi chains were used as initiators for the PSS block 26.8 11
homopolymerization of the Pl or PB macromonomers. The living
block—brush copolymer can be further used to initiate the polym- wt % wt % wt %
erization of styrene, isoprene, or butadiene, leading to the synthesis sample My (x1079)2 I PS Pl Plz-4°
of the block-brush-block copolymers P®-PMMI-b-PI, PSb- PSPl 73.0 103 191 75.3 56
PMMI-b-PS, PS3-PMMB-b-PB, and P$3-PMMB-b-PS. The mo- PS-Pl'1o 72.6 1.05 23.0 70.7 6.3
lecular characteristics of the samples are given in Table 1. For PS-Ply 70.0 1.06 224 69.5 8.1
simplicity, the samples are symbolized as#31M|, PS-PMMB, PSs-Pl's 77.3 1.07 205 72.8 6.7
PS-PMMI—PI, PS-PMMI—-PS, PS-PMMB—-PB, and PS PSs—Pl'o 80.0 11 21.4 71.9 6.7
PMMB—PS. PS%—Pllz 97.9 1.2 24.8 69.2 6.0
PS-PIS, 158.0 1.07 27.0 67.1 5.9

The block-graft copolymers P&-(PI-g-Pl) and PS-[PI-g-(PI-
b-PS)] were synthesiz8tusing the living PS as initiator for the
copolymerization of isoprene and the corresponding MMI or MMSI

aBy SEC-TALLS in THF at 35°C. P By SEC in THF at 30C. ¢By 'H

NMR in CDCls at 30°C.
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Table 3. Micellization Properties of the Block—Brush Copolymers in n-Decane

AZC DO,apﬁj

wt % (M)t (Mw)ped (ML mol/g?) (cmé/s) kpd R Rt L corona Af

sample PS fa (x1079) (x107%) (1) Ny  (x109) (mL/g) (nm)  (m) (R—R) (nmd)
PS-PMMI 38.4 15.7 105 4.35 0.39 41 12.2 0.53 20.9 6 8. 123 22,
PS-PMMI-PI 31.2 15.7 142 2.88 0.86 20 10.6 2.8 239 o9 6. 17, 30a
PS-PMMI-PS 60.9 15.7 140 8.40 1.80 60 12.0 —19 21.2 12 87 327
PS-PMMB 31.3 24.0 131 2.82 —0.13 22 115 4.7 22.1 8. 15, 27,
PS-PMMB—PB 26.0 24.0 195 2.38 —0.24 12 13.8 —14.5 18.4 61 123 39,
PS-PMMB—PS 39.8 24.0 159 4.30 1.58 27 125 35.3 203 7 8. 1ls 352

aNumber of Pl or PB macromonomer brancheBy SEC-TALLS in THF at 35°C. ¢By LALLS in n-decane at 25C. ¢ By DLS in n-decane at 25C.

€ Calculated from eq 5.Calculated from eq 7.
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Figure 1. LALLS plots for block—brush copolymers im-decane at 28C: PS-PMMB (H), PS-PMMB—PB ), PS-PMMB—PS ().

macromonomer in the presence of potassium 2,3-dimethyl-3-
pentoxide as randomizer. The BSPI-g-Pl) samples are symbol-
ized as PSPI', where the superscript | shows that the PI block of
the PS-PI copolymer is grafted with Pl branches. The subscript
denotes the number of the branches. The symbelS, is used

for the sample P®-[PI-g-(PI-b-PS)], indicating that the Pl chains
are grafted with two chains of diblock copolymers B®4. The

eliminate THF by evaporation. The characteristic blue tint color,
indicating micelle formation, gradually developed. After the
complete removal of THF the solutions were stable, and no polymer
precipitation was observed.

SEC analysis in both selective solvents revealed that no degrada-
tion or cross-linking took place after the thermal treatment, for all
samples.

molecular characteristics of these copolymers are provided in Table Methods of Micellar Characterization. Static light scattering

2.

The double-graft block copolyméfswere synthesized by
sequential copolymerization of PS macromonomers with styrene
followed by Pl macromonomers with isoprene. The copolymeri-
zation was carried out usirggBuLi as initiator in the presence of

2,3-dimethyl-3-pentoxide as randomizer. The samples are symbol-

ized as P§—PI,, showing that the PS block is grafted wigtPS
chains and the PI block is grafted witPl chains. The molecular
characteristics are presented in Table 2.

Preparation of the Micellar Solutions. n-Decane (analytical
grade, Aldrich), the selective solvent for the polydiene blocks, was
dried in CaH by refluxing for at least 24 h and was fractionally
distilled just before use. For each sample a stock solution was
prepared by dissolving a weighed amount of polymer in the desired
amount of selective solvent. In order to facilitate the dissolution
and to destroy the thermal history of the samples, the solutions
were heated at 6€C for 4—8 h. No precipitation or other visible

measurements were performed with a Chromatix KMX-6 low angle
laser light scattering, LALLS, photometer at 26 equipped with

a 2 mW He-Ne laser operating at = 633 nm. Equation 1
describing the concentration dependence of the reduced intensity
is as follows:

Kc

AR &y

=é+2Azc+...
M

w

where K is a combination of optical and physical constants,
including the refractive index incrementn/dc, and the excess
Rayleigh ratio of the solution over that of the solveAR.
Refractive index incrementsndic, at 25°C were measured with
a Chromatix KMX-16 refractometer operating at 633 nm and
calibrated with aqueous NaCl solutions.
Dynamic light scattering, DLS, measurements were conducted

change was observed after leaving the solutions at room temperaturavith a series 4700 Malvern system composed of a PCS5101

for several weeks. Solutions of lower concentrations were obtained
by dilution of the stock solution. Before conducting the measure-
ments, the solutions were filtered through 0 4% nylon filters.
DMA, the selective solvent for the PS blocks, was also dried
over CaH and distilled prior its use. The samples were not directly
soluble in DMA due to the low PS content of the copolymer. A
small amount of tetrahydrofuran, THF, a common good solvent
for all components, was added to the DMA solution (15% v/v).
After dissolution, the solutions were heated at°Ofor 24 h to

goniometer with a PCS stepper motor controller, a Cyonics variable
power Art laser, operating at 488 nm, a PCS8 temperature control
unit, a RR98 pump/filtering unit, and a 192 channel correlator for
the accumulation of the data. The correlation functions were
analyzed by the cumulant method and the CONTIN software.
Measurements were carried out af 480°, and 138. The angular
dependence of the ratib/c?, whereT is the decay rate of the
correlation function andj is the scattering vector, was negligible
for the micellar solutions. Therefore, the measurements conducted
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Figure 2. Dynamic light scattering plots for bloekbrush copolymers in-decane at 28C: PS-PMMB (B), PS-PMMB—PB ([d), PS-PMMB—
PS @).
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Figure 3. Hydrodynamic radiusR) vs temperature for bloekbrush copolymers im-decane: PSPMMB, ¢ = 9.69 x 107 g/mL (m), PS-
PMMB—PB, ¢ = 9.04 x 107* g/mL (), PS-PMMB—PS,c = 6.22 x 107* g/mL (a).

at 90 were used. Measurements were conducted starting frém 25 multimolecular micelles exist in solution. Th&/ARy vs ¢ plots
and heating gradually with a step of &ip to 55°C. After each  were linear for all samples for concentrations higher than 2.0
heating step the solution was allowed to equilibrate for 15 min. » 104 g/mL (stable micelles), showing that the critical micelle
The apparent translational diffusion coefficients at zero concentra- ~gncentration. cme. is much lower than this value and is outside
tion Do app Were measured using eq 2: the experimentally accessible concentration range of light
Dapp= Do apfL + ko) @) scattering measurements. The second virial cogfﬁments were
low, even negative in some cases, due to the higher apparent

wherekp is the coefficient of the concentration dependence of the Molecular weight of the micelles and the lack of interactions
diffusion coefficient. Apparent hydrodynamic radii at infinite between the selective solvent and the PS block, the core-forming

dilutions, R,, were calculated by aid of the StokeRinstein component.
equation: The aggregation numbersl,, defined as the ratio of the
R, = kTl6mnD, ®) molecular weight of the sample in the selective solvent over
s—0,app

that measured in the common good solvent, depend on both
wherek is Boltzmann’s constani the absolute temperature, and the composition and the topology of the copolymers. Examining

17s the viscosity of the solvent. From the repeated measurementsthe series of samples containing the PI branches, it is obvious
that were conducted the relative error of the light scattering that the sample PSPMMI—PS with the highest PS content

measurements was estimated to range from 10% to 15%. possesses the highest aggregation numberFR8MI—PI has
. . a higher overall molecular weight of the PS block compared to
Results and Discussion PS-PMMI and, according to the theoretical predictidfs,
A. Micellization Behavior in n-Decane. A.1. Block-Brush should also adopt a highé, value. However, the opposite

Copolymers. Static Light Scattering (LALLS). The LALLS behavior was observed, sindgy)ps-pmmi ~ 2(Nw)ps-pMMI—PI-
data of the brush containing copolymersidecane are reported  This is direct evidence for the influence of the architecture on
in Table 3, and a few plots are given in Figure 1. It is clear that defining the micellar properties of the copolymers. The long
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Figure 4. Light scattering intensity vs temperature,rirdecane, for samples P®PMMI, ¢ = 1.26 x 1072 g/mL (@), PS-PMMI—PI, c = 1.08
x 1073 g/mL (@), PS-PMMI—PS,c = 1.46 x 1073 g/mL (a).

Scheme 2. Representation of Micelles Formed from the Scheme 3. Representation of Micelles Formed from the
PS—PMMI Block —Brush Copolymers in n-Decané PS—PMMI —PI Block—Brush Copolymers in n-Decané
O

”
BN
-:'\‘ :’
‘l’w "‘;

aps chains in red, Pl chains in blue, the styryl end groups of the PI 2 PS chains in red, Pl chains in blue, the styryl end groups of the PI
macromonomers are depicted as red spheres at the core-corona interfacglacromonomers are depicted as red spheres at the core-corona interface.

Pl end-block of sample PSPMMI—PI offers a better solubi-  branches leads to a better solubilization of the core and
lization of the micellar structures, leading to the stabilization consequently to lower aggregation numbers. The same trend
of lower aggregation numbers. was observed in the case of micelles formed from graft

This behavior was also confirmed with the samples containing Copolymers in solvents selective for the brancHeghe higher
the PB branches. The PPMMB—PS sample has the highest the number of branches, the lower is the aggregation number.
overall PS molecular weight and therefore higNgrvalue. On A comparison of the aggregation numbers between the
the other hand, PSPMMB—PB has a lower aggregation samples studied and the linear diblock copolymers of styrene
number than PSPMMB, despite the higher molecular weight and isoprene (or butadien&having similar composition and
for the PS component. This result can be attributed to the molecular weights in aliphatic solvents, reveals that the btock
presence of the end PB block, which facilitates the solubilization brushes possess lownl, values. This result can be attributed
as in the previous case. to the differences in topology. This influence can be regarded

Comparing the copolymers with Pl branches to those contain- through the increase of steric hindrance of both the soluble and
ing PB branches, it is apparent that lower degrees of aggregatiorinsoluble components since the complexity of the architecture
are obtained in the last case. This behavior can be attributed toincreases and through the solubilization effect of the multiple
the higher number of PB branches and, in the case of PS soluble blocks surrounding the micellar cores.
PMMB—PS, to the lower PS molecular weight as well. The  Similar conclusions can be drawn from the comparison of
PB-containing samples have a higher number of branchesthe results of this study with those obtained from other nonlinear
compared to the corresponding PI-containing samples (24 block copolymer architectures. Simpler structures, such as the
instead of 15.7). Therefore, the increased number of soluble miktoarm stars of the type PS(BRB2PS(PI1},%2 and PI(P$);3t
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Table 4. Micellization Properties of the Block—Graft Copolymers in n-Decane

wt % (My)THe? (Mw)ped AP (mL mol/ Do,aps (C?/ kp® Ri¢ Rd L corona AL
sample PS (x1079) (x1079) 9d (x10P) Ny s) (x10°) (mL/g) (nm) (nm) (Ri—Re) (nm?)
PS-Pl's 19.1 73.0 3.81 0.99 52 8.05 27.9 31.5 5 6. 25.0 10,
PS-Pl'yo 23.0 72.6 3.33 2.0 46 8.60 33.5 29.5 6 6. 22.9 114
PSPl 22.4 70.0 3.85 0.64 55 8.80 36.7 28.8 g 6. 22.0 10s
PS-PIS}, 27.0 158 6.73 26 42 8.35 —112 30.4 & 21.6 22.8

aBy SEC-TALLS in THF at 35°C. P By LALLS in n-decane at 28C. ¢By DLS in n-decane at 28C. 9 Calculated from eq 5 Calculated from eq 7.

3,80E-07

Ko/ARy 3,00E-07 a

2,60E-07
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Figure 5. Kc/ARy vs concentration plots in-decane at 25C for samples PSPI's (B), PS-Pl';o (O), and PS-Pl'y (4).

have aggregation numbers lower than the corresponding linearin solution. The polydispersity factars/T'2, wherel is the decay

diblock copolymer but higher than that of the bledkrush rate of the correlation function and the second moment of
copolymer reported in this work. More complicated structures, the cumulant analysis, was always lower than 0.1, indicating
such as the super-H copolymers of the typefP5P1}3%2and the presence of monodisperse micelles.

the Vergina star copolymetsof the type (PS(Pl)s, have Despite the differences in composition, micellar molecular

degrees of aggregation similar to those found for the btock  weights, and degrees of association, Byevalues are similar
brush copolymers. Therefore, the more complicated the structurefor all the samples. This is a direct consequence of the topology
regarding the steric hindrance of the copolymer components andof the polymers. The incompatibility between the PS blocks
the hlgher the number of the soluble blOCkS, the less favored is andn-decane leads to the formation of Compact cores, which
the formation of large micellar structures. in almost all cases have similar sizes because all PS blocks have
Dynamic Light Scattering. The LALLS results were further  similar molecular weights. Only the sample-PSMMI—PS has
confirmed by DLS measurements. Characteristic plots are givenconsiderably higher molecular weight of the PS blocks, obvi-
in Figure 2, whereas the results are included in Table 3. The gysly leading to a more extended micellar core. Consequently,
plots are linear in the whole concentration range, showing that the factor determining the hydrodynamic radius of the micelle
stable micellar structures exist. Measurements were conducteds the soluble component located at the corona, i.e., either the
at three different angles (459C°, and 133). However, the  pj or PB chains. The various architectures have the same number
angular dependence was negligible. This result in associationof p| or PB branches, and therefore, the corona size is expected
with the Sma"Rh values of the micelles indicates that the to be more or less the same. Minor diﬁerenceﬁiﬂcan be
supramolecular structures are more or less spherical. In addition gttriputed to the presence and the nature of a third block.
the ko values are very small and in some cases negative, asconsequently, it is reasonable to attribute the relatively higher
expected from the smal; values (LALLS) and in agreement R, value of PS-PMMI—PI to the long PI end-block with much
with the equation higher molecular weight than the other low molecular weight
Pl branches. The same can be also reported ferFNEMB—
kp=2AM + k—u (4) PB. Despite the fact that this sample has the lowest aggregation
number, the high molecular weight PB end-block contributes
whereM is the micellar molecular weighk; the coefficient of appreciably to the corona size, leading to a miceRavalue
the concentration dependence of the friction coefficient,and comparable to that of the other samples. A PI or PB block is
the partial specific volume of the polymeky is a dynamic expected to slightly increase the size of the micellar corona.
interaction parameter incorporating both thermodynamic interac- Among the series of samples with PI or PB chains, the different
tions, manifested i, and hydrodynamic interactions, mani- number of branches contained dramatically influenced the
fested ink;.*° The combination of the lowh, values along with aggregation numbers but did not significantly affect the micellar
the rather low degrees of associatiddy, in n-decane is size. The same behavior was also observed in star polymers,
responsible for the loviy values. where the incorporation of a few arms having the same
CONTIN analysis revealed the existence of only one popula- molecular weight with the preexisting arms did not appreciably
tion, further confirming the presence of stable micellar structures change the hydrodynamic volume of the structtire.
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Figure 6. Concentration dependence of apparent diffusion coefficient for bigckft samples im-decane at 25C: PS-Pl's (W), PS-Pl'y, (O),
P&Pllzo (A)
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Figure 7. Hydrodynamic radiusRy) vs temperature for the bloelgraft series im-decane: PSPI's, ¢ = 9.36 x 107 g/mL (M), PS-Pl'jo, ¢ =
1.51x 1072 g/mL (@), PS-Pl'y, ¢ = 2.16 x 1072 g/mL (a).

DLS measurements were also conducted at different temper-whereMy, mic is the micellar molecular weight, ygthe weight
atures from 25 up to 55C. Characteristic plots of the variation  fraction of the core forming blocldpsthe density of PSdps=
of the hydrodynamic radii and the scattered light intensity with 1.05 g/mL), andppsthe volume fraction of PS in the core. Two
temperature are given in Figures 3 and 4. CONTIN analysis limiting cases can be considered: the dry capes(= 1) and
showed that at all temperatures only one population exists, with the swollen core¢ps = 0.5). It is evident that the case of the
the polydispersity factan,/T'? being always lower than 0.1. In  dry core is much closer to reality, taking into account the
addition, the intensity of the scattered light did not change incompatibility between PS and-decane and the results of
appreciably with temperature for the same sample concentration.previous studies as well. The results consideripg = 1 are
The R, values were found to slightly increase upon increasing reported in Table 3. Equation 5 does not take into account
the temperature, and this behavior was reversible. All these directly the macromolecular architecture. However, this infor-
results indicate that the micellar structures are thermally stable mation is indirectly incorporated through the micellar molecular
up to 55°C, without any evidence of decomposition to unimers weight, which is influenced by the structure of the copolymer.
or further aggregation to clusters. The small increase oRthe  Therefore, this equation is expected to provide reasonable results
values can be attributed to the gradual swelling of the corona for the determination of the coreshell structure of the micelles.
chains due to the increased interactions with the solvent by This is why it has been widely used in the past for the study of
raising the temperature. A similar behavior has been observedthe micellar properties of nonlinear block copolymerg7.36-33

for other micellar systems having PS chains at their édre. The corona thickness,, is defined as
Further insight into the micellar structure can be obtained L= 6
from the values of the core radius, calculated by eq 5: =R—R (6)

The area of the corecorona interface,A;, occupied per
_ 3
R. = My micWtpd47NADpppg) ®) copolymer chain is given by eq 7:



5842 Zamurovic et al. Macromolecules, Vol. 40, No. 16, 2007

40
39 | A
38 [
37 [
Ry(nm) -
A A
36 [ a
A
35 L
|
34 | u
33 -
20 25 30 35 40 45 50 55 60
TCO)

Figure 8. Hydrodynamic radiusR,) vs temperature for two different concentratiorts= 1.43 x 10-% g/mL (M) andc = 1.96 x 1073 g/mL (a),
for sample PSPIS; in n-decane.

Scheme 4. Representation of Micelles Formed from the PPI',

The higher the number of chains, the lower is the aggregation
Block—Graft Copolymers in n-Decané

number. The same effect is caused by the presence of long PI
or PB end-blocks (Scheme 3).

A.2. Block—Graft Copolymers. Static Light Scattering.

The LALLS measurements of the bloelgraft copolymers are
displayed in Table 4, and characteristic/ARy vs c plots are
given in Figure 5. The plots were linear for all samples and for
concentrations higher than 2:010* g/mL, indicating that in

this case the cmc is also much lower. Therefore, stable micellar
structures were observed for the concentration range studied in
these experiments.

The samples of the type PPy are characterized by similar
compositions and total molecular weights but different numbers
of branches. It was observed thatrirdecane the blockgraft
copolymers had similar aggregation numbers, regardless of the
number of Pl branches emanating from the Pl block. This
behavior differs from that obtained by the bledirush co-
polymers, where the number of branches was found to play a
crucial role in determining the aggregation number of the
micelles. The structural characteristics of the samples are
responsible for this difference. The graft components of the
polymers were prepared using Pl macromonomers bearing styryl
end groups. For the bloekbrush copolymers, the second block
is a Pl polymacromonomer with a PS backbone as a continuation
of the PS first block. Im-decane (selective solvent for PI/PB)
the styryl end groups of the macromonomers should be located
at the core-corona interface, since the soluble Pl chains emanate
from these groups. For this reason each PI branch is directly
connected at the corecorona interface. Consequently, by
increasing the number of branches, it is reasonable to expect
o lower aggregation numbers. On the other hand, the IS

It can be observed that tiie values are quite high compared  samples have the PI branches grafted onto a Pl backbone. The
to the corresponding?, values or, in other words, that the  styryl end groups of the corresponding macromonomers are just
volume occupied by the core makes up a very large part of the 3 few units randomly distributed along the PI backbone and
block copolymer micelles. This is another manifestation of the Consequently, the Pl branches are placed at the micellar shell
effect of the macromolecular architecture on the micellar \ithout affecting the degree of aggregation to the extent
structure, since the corona is composed of many low molecular gpserved in the case of the bloekrush copolymers.
weight Pl or PB chains. These short Pl or PB blocks thus cannot e block-graft copolymer of the type PSPIS, has a similar
be extended in the selective solvent, resulting in a smaller coronaps content but almost double the molecular weight compared
thickness than expected. This conclusion is also confirmed by g the PS-PI' samples. Therefore, it should be expected to have

aPS chains in red, Pl chains in blue, the styryl end groups of the PI
macromonomers are depicted as red spheres at the corona.

A, = 47R7IN,, 7)

TheL andA; values for the dry core case are also incorporated
in Table 3.

the highA¢ values obtained for all the samples.
In conclusion, the micellization behavior of the bledikrush

a considerably higher aggregation number. However, the
opposite behavior was observed since a lower degree of

copolymers is governed by the number of the soluble Pl or PB association was measured. This effect can be also attributed to

chains emanating from the cereorona interface (Scheme 2).

the topology of the sample, as both the PS components of
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Figure 10. Concentration dependence of diffusion coefficient for sampless++9's (W), PSs—Pl';, (O) in n-decane at 25C.

Table 5. Micellization Properties of the Double-Graft Copolymers inn-Decane

(Mw)THF? (Mw)ped Az (mL mol/g®) Do,aps (CnP/s) kp1® Rn1® kp2® Rn*
sample % PS (x1073) (x107%) (x10P) Nw (x108) (mL/g) (nm) (mL/g) (nm)
PSs—Pl's 20.5 77.3 1.90 —4.1 25 5.68 —66.7 44.7 —85.8 102.4
PSs—Plo 21.4 80.0 2.86 -1.0 36 6.40 95.3 38.2 —19.8 125.2
PS%—Pl'y 24.8 97.9 3.91 —20 40 7.81 —21.2 32.3 -7.2 126.4

2By SEC-TALLS in THF at 35°C. P By LALLS in n-decane at 25C. ¢ By DLS in n-decane at 25C.

the backbone and the branches must be located at the micellaresults are provided in Table 4. By increasing the number of PI
core. In order to adopt this structure, the increased steric branches, the contribution of the core to the overall size of the
requirements have to be met. micelle becomes progressively more important, i.e., the corona
Dynamic Light Scattering. The DLS results of the block thickness gradually decreases. The area of the—ammna
graft copolymers are reported in Table 4, and characteristic plotsinterface,A., occupied per copolymer chain is lower for the
of the diffusion coefficientD vs concentration are given in  block—graft copolymers compared to the bledirush copoly-
Figure 6. According to eq 4, the small or even negditiygalues mers. This can be attributed to the fact that in the first case the
reflect the prevalence of the hydrodynamic over the thermo- Pl branches of the graft component are located inside the
dynamic contributions to the micellization behavior. For the micellar corona and not at the cereorona interface, as obtained
PS-PI'y samples it is clear that th, values decrease upon for the block-brush copolymers.
increasing the number of the Pl branches. Taking into account The block-graft copolymer PSPIS,, has anR, value
the similar compositions and aggregation numbers of thesecomparable with the other bloelgraft copolymers. However,
copolymers, this result reveals that by increasing the numberthe core is considerably more extended judging from the
of PI branches the corona gradually shrinks in an effort to keep increasedR. value. This result can be attributed to the slightly
the same total molecular weight of the soluble component.  higher PS content of this sample, also indicating that the corona
This assumption is further confirmed by the calculation of did not expand greatly in the selective solvent due to the steric
the structural parameters of the micelles using eg3.5The constraints imposed by the macromolecular architecture.
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Table 6. Micellization Properties of the Block—Brush Copolymers in DMA

Do.apf
wt % (Mw)tHe®  (Mw)oma® Az (mL mol/ (cm?é/s) kpd R4 R Lcorona  Ad
sample PI(PB) fa (x1079) (x107°6) 9 (x10°) Nw (x18) (mL/g) (nm) (hm) (R—R) (nmd)
PS-PMMI 61.6 15.7 105 3.07 —1.09 29.2 9.61 7.21 26.4 . 17.0 38
PS-PMMI-PI 68.8 15.7 142 9.69 0.68 68.3 5.61 6.58 453 414. 30.9 38
PS-PMMI-PS 39.1 15.7 140 2.89 1.05 20.6 8.27 9.81 30.7 o 7. 228 359
PS-PMMB—-PB 74.0 24.0 195 16.6 —29.9 85.1 4.82 —8.46 52.7 1% 35.1 45;
PS-PMMB—-PS 60.2 24.0 159 4.74 —1.47 29.8 6.43 27.6 39.8 10. 29.0 49,

aNumber of PI or PB macromonomer branch&By SEC-TALLS in THF at 35°C. °By LALLS in DMA at 25 °C. 9By DLS in DMA at 25 °C.
e Calculated from eq 5.Calculated from eq 7.
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Figure 11. LALLS plots for block—brush copolymers in DMA at 28C: PS-PMMI (W), PS-PMMI—PI @), PS-PMMI—PS (@).

CONTIN analysis for the PSPI'y and the PSPIS!, samples
revealed only one population at temperatures up to°@p
corresponding to micelles (Figures 7 and 8). Consequently, theoccurs. This behavior can be attributed to a better organization
micellar structures are thermally stable, and the formation of of the PS chains in the micellar core, which becomes more
clusters or decomposition to unimers was not observed. compact by increasing the temperature. SubsequentlyRthe
However, the polydispersity factan/T'? is always higher than
0.2, indicating that the micelles are polydisperse. Up t6@p

Scheme 5. Representation of Micelles Formed from the
PS3,—PI'y Double-Graft Block Copolymers in n-Decané

S
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the R, values slightly decreased and then increased. The initial
decrease is negligible considering that decomposition to unimers

slightly increased due to the improvement of the solvent quality

for the PI corona chains. This behavior was reversible, since

cooling led to an initial decrease of tig values, followed by

a slight increase. The micelles for these samples were also found
to be polydisperseup/T? > 0.2).

Summarizing, the PSPI'y samples accommodate the Pl graft
component exclusively at the micellar corona, as shown in
Scheme 4. Therefore, the aggregation number is not affected
by the number of Pl branches. Only the-ASS!, sample adopts
a more complex micellar structure due to the need to incorporate
the PS blocks of the grafted chains into the core of the micelles.

A.3. Double-Graft—Block Copolymers. Static Light Scat-
tering. The LALLS measurements on the double-grdftock
copolymers are provided in Table 5, and the corresponding plots
are illustrated in Figure 9. The plots for samples$P%I's and
PSs—Pl'ygare linear, whereas that of sampleSRP1 g initially
shows a steep decrease of the&/AR, values at lower
concentrations followed by a linear dependence with a negative
slope, as a consequence of the shift of micellization equilibrium
in favor of the micelles with increasing concentration. However,
even in these cases no indication of cmc was provided by the
LALLS data. Nevertheless, the characteristic concentration
dependence of the LALLS plot and the lowest value of
sample P§—Pl'y indicate that the cmc should be higher for
the specific sample.

The aggregation numbers increase with increasing PS content,

apS chains in red, PI chains in blue, the styryl end groups of the PI as predicted, and are not sensitive to the number of Pl branches.
macromonomers are depicted as red spheres at the core and the coron&ompared with the previous series of samples and taking into
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Figure 13. Hydrodynamic radiusR,) vs temperature for bloekbrush copolymers in DMA: PSPMMB—PB, ¢ = 8.23 x 10~* g/mL (d), PS-
PMMB—PS,c = 8.11 x 107* g/mL (a).

account the differences in molecular weights and compositions, of the clusters increases with the increase of the number of the
it can be concluded that they have higher aggregation numbersPI branches. The higher the number of Pl branches, the less
than the block-brush copolymers but lower numbers than the extended is the micellar corona and therefore the stronger the
block—graft copolymers. The higheM,, values than those of  micellar interactions for the formation of clusters. A gradual
the block-brush copolymers is attributed to the same factors shift of the equilibrium toward the formation of clusters was
described in the case of the blocgraft copolymers, i.e., the  observed by raising the temperature up to°g5
incorporation of the PI branches exclusively inside the micellar ~ The key factor affecting the micellar behavior of the double-
corona and not at the coreorona interface. However, the lower  graft copolymers is the steric constraint, which renders the close
degrees of aggregation compared to the biagiaft copolymers packing of the grafted PS chains at the core therefore, leading
are attributed to the topology of the PS component. In the to lower aggregation numbers than those of the biaplaft
double-graft copolymers, the PS component has a graft structurecopolymers (Scheme 5).
and therefore, the packing of the chains at the core does not B. Micellization Behavior in DMA . The preparation of the
occur as readily as in the case of the blegkaft copolymers, micellar solutions in DMA was very difficult, since the solvent
where the core material is a linear PS chain. is selective for PS and most of the samples have a low PS
Dynamic Light Scattering. The DLS data im-decane are  content. The method followed for the dissolution of the samples
given in Table 5, and characteristic plots are shown in Figure involved: (a) the dissolution in a mixture of DMA and THF
10. CONTIN analysis indicated that a bimodal distribution with  (15% v/v) and (b) the evaporation of the volatile THF by heating
50% composition was present in solution. Judging fromRhe  the solutions at 70C for 24 h. This procedure resulted in stable
values of each population, it can be concluded that the micellesmicellar solutions, and the results were reproducible.
and clusters are in equilibrium. Upon increasing the number of  B.1. Block—Brush Copolymers. Static Light Scattering
the PI branches, the micellar corona becomes less extended andhe LALLS data of the blockbrush copolymers in DMA are
therefore the hydrodynamic radii are reduced, despite the factgiven in Table 6, and characterist€éc/ARy vs ¢ plots are
that the aggregation numbers increase. On the contrary, the sizgprovided in Figure 11. The plots were curved at higker
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Table 7. Micellization Properties of the Block—Graft and Double-Graft Copolymers in DMA

Do aps
(M) THE? (Mw)oma® A (mL mol/g?) (cmé/s) kp® R:C R4 L corona AE
sample wt% Pl (x1079) (x1079) (x10°) Ny (x109) (mL/g) (nm) (nm) (Ri—Ry) (nmd)
PS-PI's 80.9 73.0 16.7 23.0 229 4.81 17.2 52.8 118. 34.7 174
PSPl 77.0 72.6 44.3 —2.05 610 414 —-8.7 61.3 24 36.6 126
PS-PIS}, 73.0 158 86.2 0.23 545 6.64 6.1 38.2 30. 8.0 21g
PSs—Ply 75.2 97.9 27.3 —3.69 279 3.12 —70.0 81.4 20 60.5 19

aBy SEC-TALLS in THF at 35°C. PBy LALLS in DMA at 25 °C. By DLS in DMA at 25°C. 9 Calculated from eq 5: Calculated from eq 7.

ARy values at lower concentrations except samples8MI— CONTIN analysis. Unimers or micellar aggregates were not
PS and PSPMMI—PI, where straight lines were observed. In present in solution. The micelles were near monodisperse, since
any case, no indication of cmc was obtained. Despite the factthe u/T'? values were lower than 0.1 for all samples and
that the PI or PB content is very high for all samples, the concentrations, further confirming a spherical structure of the
aggregation numbers are not as high as was expected. Thisnicelles.

behavior can be attributed to the steric constraints imposed by The hydrodynamic radii generally increase with increasing
the need to place the end styryl groups of the PI macromonomersaggregation numbers. However, the-HSVIMI—-PS and PS

at the core-corona interface of the micelles. Among the samples PMMB—PS samples have considerably higRgvalues judging

with Pl branches, the PSPMMI—PS sample has the lowest from their lower aggregation numbers compared to the other
degree of association, resulting from the lowest PI content of samples. This is attributed to the additional linear PS block,
the other samples and from the presence of the end PS blockswhich contributes to the further expansion of the micellar
which facilitate the stabilization of smaller micellar structures. corona. Measurements were also conducted at different tem-

The higher aggregation number of the sample-PSIMI—PI peratures from 25 up to 5%. Considerable changes of tRg
compared to sample PFMMI is mainly attributed to the values were not obtained (Figure 13), indicating that the micelles
presence of the extra Pl block. Compared to linear PEblock are thermally stable up to 5%&. In the case of the micelles in

copolymers studied in DMA2 the branched samples have much n-decane, th&, values increased slightly with temperature, in
lower aggregation numbers (up to 85.1 for the branched relation to the higher flexibility of the corona chains (PI)
structures compared to more than 684 for similar compositions) compared to PS chains.

due to the constraints imposed by their architectural character- Using egs 57, the structural parametelRg, L, andA. were

istics. calculated, and the results are given in Table 6. The micellar
Dynamic Light Scattering. Additional data were obtained corona is very extended compared to the structures obtained
by DLS measurements, given in Table 6. Thevs c plots from the same samples mdecane. This can be attributed to

(Figure 12) were linear for all samples, and #aevalues were the different topology of the soluble component.rhulecane,
very low, even negative in some cases, in agreement with thethe corona consists of branched PI chains of low molecular
low A; values measured by LALLS. No angular dependence weight, whereas in DMA of linear PS chains, which can be
was observed, and in association with the relatively IRy more readily, expanded. For the calculation of tRevalues
values, it can be concluded that the micelles should be sphericalthe following equation was employed:

The existence of stable micellar structures was revealed by

_ 1/3
Scheme 6. Representation of Micelles Formed from the R.= (3Mw,mithPI/4”NAdPI¢PI) (8)

PS—-PMMI —PI Block—Brush Copolymers in DMA?

whereMy, mic is the micellar molecular weight, wtthe weight
fraction of the core forming blocldp, the density of Pldp =

0.90 g/mL), andpp the volume fraction of PI in the core. The
A values are considerably high, as observed-oecane, due

to the presence of the styryl end groups of the PI macromono-
mers at the corecorona interface.

The micellar structures can be depicted in Scheme 6, showing
that the end styryl groups of the Pl macromonomers are located
at the core-corona interface.

B.2. Block—Graft and Double-Graft —Block Copolymers.
Static Light Scattering. LALLS measurements were conducted
for the PS-PI's, PS-Pl';,, and PS-PIS; block—graft copoly-
mers as well as for the PS-Pl',o double-graft copolymer. The
results are given in Table 7. The aggregation numbers were
still lower than the corresponding linear copolymers but
considerably higher than those of the bleditush copolymers.
For the block-graft and double-graftblock copolymers, the
styryl end groups of the Pl macromonomers are randomly
distributed along the PI branch and therefore are not located at
the core-corona interface. Consequently, there are no steric
requirements for the formation of the micelles, leading to the
formation of much larger structures. Among the blegkaft

aPS chains in red, Pl chains in blue, the styryl end groups of the PI and double-graft copolymers, the differences in topology play

macromonomers are depicted as red spheres at the-corena a crucial role in the determination of the degrees of aggregation.
interface. The PS-PlI's and PS-PI';g samples have similar molecular
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Figure 14. Dynamic light scattering plots for bloekgraft copolymers in DMA at 23C: PS-Pl's (W), PS-Pl';, (O).
65
60 [ A
A
ss |
[ A
Ry (nm) i A A
50 [
I [ ]
I ]
45 L ]
a [ |
40 L L ) 1 1 ) L
20 25 30 35 40 45 50 55 60
TCO)

Figure 15. Hydrodynamic radiusR) vs temperature for blockgraft copolymers in DMA: PSPI's, c = 3.31x 1072 g/mL (@), PS-Pl'jo, c =
1.78 x 1073 g/mL (a).

weights and compositions. However, the sample with the higher micelles were found in solution, since the polydispersity factor
number of Pl branches at the core leads to a much hiyper  valuesu,/T'? values were lower than 0.1. Only for the double-
value, in agreement with the results for the bletkush graft copolymer polydisperse micelles were revealed. Measure-
copolymers. The PSPIS; sample has an even higher aggrega- ments were also conducted at different temperatures from 25
tion number due to the higher total molecular weight of the up to 55°C. For the PSPI's and PS-PI';o copolymers theR,
insoluble PI component. On the other hand, the double-graft vs temperature plots are given in Figure 15, whereas for sample
copolymer adopts a lower aggregation number compared to thePS—PIS}; in Figure 16. TheR, values slightly decreased with
block—graft samples due to the graft structure of the soluble increasing temperature. CONTIN analysis revealed that a single
PS component. Therefore, steric repulsions in the corona aremonodisperse population existed at all temperatures. Conse-
more pronounced in this case compared to the micelles with quently, unimers were not formed by heating the sample.
linear chain coronas leading to smaller supramolecular struc- Therefore, this behavior can be attributed to a reorganization
tures. of the micellar structure as imposed by the confinements of the
Dynamic Light Scattering. The DLS measurements are macromolecular architecture. The temperature dependence of
given in Table 7, and the characterisficvs ¢ plots are shown the R, values for the P§—PI';o double-graft copolymer is given
in Figure 14. Among the PSPI's and PS-Pl'1o copolymers, in Figure 17. A slightly different behavior was observed
the second sample with the highéy, value is characterized by  compared to the other samples. A gradual decrease of the
a higher hydrodynamic value. The bloegraft copolymer PS hydrodynamic radius is obtained with temperature followed by
PISl, has a considerably loweR, value, adopting a more a steeper decrease at higher temperatures. The first decrease
compact structure. On the contrary, the double-graft copolymer may be attributed to a reorganization of the micelles or to a
has a relatively higlR, value, indicating the presence of a very change in shape. However, the steeper change may indicate a
swollen corona as a result of the branched structure of the partial degradation of the micellar structures to smaller particles.
soluble component. The angular dependence was negligible, andCONTIN analysis showed that the initial population was
the measurements at 9Were thus used. Near-monodisperse polydisperse, and therefore the possible partial degradation to
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Figure 16. Hydrodynamic radiusR;) vs temperature for two different concentratiorts= 3.39 x 104 g/mL (M) andc = 1.43 x 1072 g/mL (a),
for sample PSPIS; in DMA
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Figure 17. Hydrodynamic radiusR;) vs temperature for two different concentratiorts= 1.71 x 1074 g/mL (M) andc = 3.00 x 1074 g/mL (a),
for sample P§—Pl'5 in DMA.

smaller structures can only be evidenced by the broadening oftion numbers, high core radii, and increased values of the area

the polydispersity of the supramolecular structures. of the core-corona interface. In most cases at both solvents,
. stable, spherical, and monodisperse micellar structures were
Conclusions obtained.
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