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The internal structure of polystyrene(PS)-shell micelles having core-forming blocks consisting of polydimethylsiloxane
(PDMYS) or poly[5-(N,N-diethylamino)isoprene| (PAI) was determined in detail by accessing the multilevel structural
organization using static and dynamic light scattering and small-angle X-ray scattering techniques. Well-defined PS-
b-PDMS and PS-b-PAI diblock copolymers with molar masses in the range of 12.0k—18.2k g/mol were dispersed in
cyclohexane, dimethylacetamide, or dimethylformamide. Colloidal nanoparticles exhibiting either swollen core with a
large surface area per corona chain that enables the PS chains to assume a random coil conformation with Gaussian
statistics, or compact core and slightly stretched PS chains in the corona were obtained. Therefore, the results of this
study provide an interesting alternative allowing for precise control of the core and corona properties of PS->-PDMS
and PS-b-PAI micelles in selective solvents. Admittedly, such differences in terms of micellar properties can dictate the
potential of block copolymer micelles for generating thin films from preformed nano-objects, as well as the capability to

function as nanoreactors in organic medium.

Introduction

The production of complex multifunctional soft-matter nanos-
tructures with tunable stability and behavior is certainly among
the next major challenges in the rapidly expanding field of macro-
molecular sefl-assembly.' Asa bottom-up process, molecular level
characteristics of elementary building blocks (chemical nature of
blocks, composition, length, and architecture) are obviously key
design parameters, which can be tailored through clever applica-
tion of recent advances in controlled/living polymerization
techniques.> ' Such a versatility may also be advantageously
extended by manipulating the interactions between polymer—
polymer chains and polymer—solvent during the process of
preparation of association colloids. The formation of block
copolymer micelles is a result of the complex balance of two main
opposing forces.” The first driving force corresponds to the
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attraction between the insoluble blocks and is related to the high
interfacial energy between solvent and insoluble chains that
induces the aggregation and, consequently, the reduction in the
free energy of the polymer chains. The second one refers to the
repulsion between the soluble blocks that limits the size of the
aggregates and provokes the extension of polymer chains hence
increasing the elastic free energy of the system.>!? Experimentally,
this thermodynamic balance may be altered by changing the
Flory—Huggins interaction parameter (y) between the solvent
and core-forming block by wisely choosing the selective solvent as
well as by modifying the size and/or nature of the block-forming
chains.>>®712 As a result, the structural characteristics of the
micelles such as number of aggregation, critical micellar concen-
tration, hydrodynamic radius, core and shell dimensions, and the
conformation of polymer chains will certainly change as well. In
highly solvent-sensitive systems, morphological transitions from
spherical to cylindrical micelles to vesicles can be attained by
controlling the Flory—Huggins interaction parameter between
polymer chains and solvents."?

The polystyrene-block-polydimethylsiloxane (PS-b-PDMS)'
copolymer belongs to the class of polymer systems exhibiting
an intrinsic high y-value (i.e., highly incompatible segments—y
is estimated to be four times higher than for polystyrene-
b-polyisoprene)'>'® that usually helps in achieving long-range order
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Table 1. Macromolecular Characteristics of the Diblock Copolymers
Used in This Study

entry copolymer” M, (g/mol)” MM, wps®
1 PS,71-b-PDMS; 18200 1.04 0.97
2 PS;17-b-PDMSy, 15400 1.09 0.79
3 PSgy-6-PDMSg, 13200 1.09 0.65
4 PS47-b-PAl, 13600 1.20 0.95
5 PSi3,-6-PAIg 14000 1.06 0.93
6 PS26-6-PAL g 12000 1.20 0.90

“Subscripts refer to the mean degree of polymerization determined
using M,, and the weight fraction of PAI or PDMS. ® Determined by
SEC measurements. “Weight fraction of PS in the block copolymer.

during the production of thin films for soft nanolithography.'”
This diblock is also attractive for applications relying on nano-
pattern transfer due to the presence of a Si-rich etch-resistant
segment.'” Comparatively, polystyrene-block-poly[5-(N,N-diethy-
lamino)isoprene] (PS-b-PAI)'®!" should also follow the same
trend in terms of compatibility, despite the lack of precise infor-
mation available at this stage. Regarding the systems mentioned
above, it was verified previously that both PDMS and PAT homo-
polymers are not soluble in dimethylacetamide (DMAc) and dim-
ethylformamide (DMF) which are, on the other hand, selective
solvents for the PS block. On the contrary, all the blocks that
constitute the copolymers (PDMS, PAI and PS) are soluble in
cyclohexane (CH). Therefore, micellar nano-objects having PDMS
or PAI cores stabilized by a solvent-philic PS-shell originate upon
self-assembly of PS-b-PDMS and PS-b-PAI diblocks in DMAc
and DMF. The internal structure of micelles prepared from the
former has not yet been probed by techniques allowing direct
measurements at such a scale, as indeed accessible by small-angle
X-ray scattering (SAXS). Similar association colloids were in-
vestigated by Aliferis and Tatrou®® who determined the influence
of the polymer architecture (linear vs miktoarm stars) on the
aggregation phenomena by means of static and dynamic light
scattering techniques. Micelles having comparable core—shell
architecture and composition may also be obtained in 1,2-
dichlorobenzene/benzyl alcohol,®! whereas reverse aggregates
may be prepared in n-heptane or n-dodecane.”> Exploring such
possibilities in an effort to fabricate surfaces with ultrahydropho-
bicity, Ning et al.>> described a method for controlling the surface
chemical composition and topography of films obtained from PS-
b-PDMS diblock copolymer by casting copolymer solutions from
solvents with different selectivity.

In the present study, we determined the structure of poly-
styrene-shell micelles having different core-forming blocks for
two polymer systems—PS-b-PDMS' and PS-b-PAI'*—in
solvents of different selectivity, using small-angle X-ray scat-
tering (SAXS) and static and dynamic light scattering (SLS and
DLS) techniques. Insights into the relationship between the
macromolecular characteristics and the conformation of the
chains in the micellar structure (core and shell) are provided by
accessing multilevel structural organization and by associating
such data with polymer—polymer and polymer—solvent inter-
action parameters.
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Experimental Section

Samples and Solutions. The synthesis and characterization of
polystyrene-block-polydimethylsiloxane (PS,-b-PDMS,) and
polystyrene-block-poly[5-(N,N-diethylamino)isoprene] (PS,-5-
PAI,) diblock copolymers (here and throughout the text sub-
scripts x and y refer to the mean degree of polymerization) used in
this study have been recently described.'***?* The respective
macromolecular characteristics are summarized in Table 1. Mic-
ellar solutions were prepared by applying the direct dissolution
method, which consists in dissolving the polymers in pure DMF,
DMAc, or cyclohexane. The resulting solutions were stirred gently
at room temperature overnight before increasing the temperature
to 50 °C for about 12 h. In selected cases, the formation of micelles
could be identified by visual inspection due to the typical bluish
aspect (Tyndall effect). Finally, the samples were filtered using
0.45 um pore-size membrane filters in order to remove dust and
any large, nonmicellar aggregates. The solvents employed for
solutions preparation (DMF, n = 1.430, n = 0.92 cP; DMAc,
n = 1.438,n = 1.93 cP; and cyclohexane,n = 1.426,n = 0.89 cP;
with  being the refractive index and # being the viscosity at 293 K)*
were of analytical grade (Aldrich) and used as received.

Measurements and Data Analysis. Static and Dynamic
Light Scattering (SDLS). SDLS measurements were per-
formed using an ALV CGE laser goniometer, which consists of
a22mW HeNe linear polarized laser operating at a wavelength of
632.8 nm, an ALV 6010 correlator, and a pair of avalanche
photodiodes operating in the pseudo-cross-correlation mode.
The copolymer solutions were placed in 10 mm diameter glass
cells and maintained at a constant temperature of 20 + 1 °Cin all
experiments. The minimum sample volume required for DLS
experiments was 1 mL. Data were collected using ALV Correlator
Control software and the counting time varied for each sample
from 300 to 900 s.

Static light scattering (SLS) measurements were carried out
varying the scattering angle (6) from 30 to 150° with a 15° stepwise
increase. Decalin was used as a calibration standard. The mass-
average molar mass (M,,), z-average radius of gyration (R,), and
second virial coefficient (A4,) values were estimated using the
formalism of Zimm as described in detail elsewhere.'” In the
dynamic light scattering (DLS) mode, the measured intensity
correlation functions g,(z) were analyzed using the algorithm
REPES (incorporated in the GENDIST program) which employs
the inverse Laplace transformation according to g(r) — 1 =
B[ A(z) exp(—t/7) dt], where ¢ is the delay time of the correlation
function and 8 is an instrumental parameter.?® The resulting 4(7)
function is a distribution of relaxation times consisting generally
of several peaks representing individual dynamic processes. Here-
in, the distributions of relaxation times are shown in the equal
area representation as 7 A(7) vs log 7.2’ The relaxation frequency,
[ (I = v ') depends generally on the scattering angle, and in the
case of a diffusive particle, this frequency is ¢°-dependent.?®
Consequently, the apparent diffusion coefficient (D,pp) at a given
copolymer concentration (¢) was calculated from F/qz\q_,o =
D,,p, Where ¢ is the wavevector defined as ¢ = 4an/Asin(6/2),
with 1 being the wavelength of the incident laser beam and 6
being the scattering angle. The hydrodynamic radius (Ry) (or
diameter, 2 Ryy) was calculated from the Stokes—Einstein rela-
tion Ry = kgT/(671D,ypp), Where ky is the Boltzmann constant,
T is the temperature of the sample, and 7 is the viscosity of the
solvent.
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Figure 1. Autocorrelation functions g2(7) measured at a scattering angle 90° (symbols) and distributions of the relaxation times TA(t) at 90°
as revealed by REPES algorithm (solid lines) for solutions containing PS;;7-b-PDMS44 (left) and PS;,4-b-PAl, (right) dissolved in DMF

(top) and DMACc (bottom) at ¢ = 5 mg/mL.

Small Angle X-ray Scattering (SAXS). SAXS experiments
were performed at the D11A-SAXS beamline of the Brazilian
Synchrotron Light Laboratory (LNLS—Campinas, SP, Brazil).
Block copolymer solutions were loaded in a temperature con-
trolled vacuum flow-through cell composed of two mica windows
separated by 2 mm, normal to the beam.?’ The collimated beam
crossed the sample through an evacuated flight tube and was
scattered to a 2D CCD marCCD detector with active area of 16 cm™.
The 2D scattering patterns were collected after an exposure
time of 600 s. To cover the desired ¢ range (from 0.07 to 1.70
nm ') where n &~ 1 for X-rays, the sample-to-detector distance
was set to 2019.4 mm (silver behenate was used for sample-to-
detector distance calibration). In all cases, the 2D-images were
found to be isotropic, and they were corrected by taking into
account the detector dark noise and normalized by the sample
transmission considering the 360° azimuthal scan. The above
procedure was undertaken using the FIT2D software developed
by A. Hammersley.*® Furthermore, the resulting /(¢) vs ¢ scatter-
ing curves were corrected by the subtraction of the scattering of
the pure solvent and further placed on an absolute scale using
water as standard. The sample and solvent scattering can be
measured at the same conditions allowing a very reliable back-
ground subtraction. The I(¢) vs ¢ scattering profile of the block
copolymer micelles could be fitted using the spherical copol%/mer
micelle model developed by Pedersen and Gerstenberg.’! A
summary of the model can be found in the following section.
The fitting procedures and other analyses were performed using
the SASfit software, which makes use of the least-squares fitting
approach for minimizing the squared chi (y°) parameter. The
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SASfit software package was developed by J. Kohlbrecher, and it
is available free of charge.

Results and Discussion

The macromolecular characteristics of the PS-»-PDMS and
PS-b-PAI diblock copolymers used in this study are summarized
in Table 1. The polymer chains were found to have a low disper-
sity in terms of size (My,/M,, < 1.20), in agreement with conven-
tional living anionic polymerization protocols. These polymers
are, therefore, very convenient model systems for self-assembling
studies as long as the well-known dispersity effects of the build-
ing blocks are minimized. The micellar solutions investigated
hereinafter were prepared by the direct dissolution method.®®
The formation of so-called hairy or starlike micelles (radius of
the nucleus R. < corona width W) is anticipated in the present
case due to the high weight fraction of solvent-philic PS block
(wps = 0.65).%°

SDLS experiments were carried out prior to SAXS measure-
ments in order to first determine the dimensional properties of
scattering nano-objects found in solutions containing PS-b-
PDMS and PS-b-PAI chains dissolved in three different solvents.
Then, the detailed internal structure of the nano-objects was
evaluated by SAXS.

Light Scattering Measurements. Figure 1 shows typical
autocorrelation functions and distributions of the relaxation
times for solutions containing PS;;7-6-PDMS,; and PS;.6-b-
PAI,, diblock copolymers in DMF and DMAc. In all the cases,
reasonably narrow distributions of relaxation times were ob-
tained with a dominant mode corresponding to the diffusive
motion of the particles in solution, as characterized by the ¢*-
dependence of the relaxation frequency.”® Such particles are very

(33) Daoud, M.; Cotton, J. P. J. Phys.-Paris 1982, 43, 531.
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Table 2. Physical—Chemical Properties of Scattering Nano-objects Determined by SDLS Measurements”

entry copolymer (r) (nm) Ry (nm) U T2 M yymicetiey (X 10° g/mol) Nage scattering object
Solvent = Cyclohexane
1-CH PS,;,-b-PDMS¢ 8.9 3.1 unimer
2-CH PS,7-b-PDMS,, 8.5 2.9 unimer
3-CH PSg,-6-PDMS¢, 8.0 2.8 unimer
4-CH PS,47-b-PAlg 8.3 2.8 unimer
5-CH PS,3,-b-PAlg 7.9 2.6 unimer
6-CH PS]zs-b-PAllo 7.8 2.6 unimer
Solvent = DMAc
1-Ac PS,7,-b-PDMS¢ 8.9 10.0 11 1.7 09 micelle
2-Ac PS;,7-6-PDMS,4 8.5 9.8 0.12 2.6 17 micelle
3-Ac PSg,-b-PDMS¢, 8.0 8.9 0.13 3.2 25 micelle
4-Ac PS,47-b-PAlg 8.3 2.3 unimer
5-Ac PSi3,-6-PAlg 7.9 2.0 unimer
6-Ac PS|»6-b-PAl;q 7.8 1.9 unimer
Solvent = DMF
I-F PS,71-b-PDMS¢ 8.9 16.2 0.13 2.5 14 micelle
2-F PS;17-b-PDMSy4 8.5 15.5 0.14 4.5 29 micelle
3-F PSg,-b-PDMS¢, 8.0 14.9 12 5.6 43 micelle
4-F PS]47-b-PAI() 8.3 2.3 unimer
5-F PS;3,-b-PAlg 7.9 14.2 0.12 2.9 19 micelle
6-F PS26-6-PAL g 7.8 13.6 0.11 32 22 micelle

“Dispersity estimated by cumulant analysis of the autocorrelation functions recorded at 90° scattering angle.

uniform in terms of size as judged from the low dispersity values
calculated using the cumulant analysis (u»/T> < 0.15). Therefore,
nano-objects having well-defined dimensions exist in solution in
any case. This is a very important feature which indeed validates
the SLS technique for accessing unambiguously the mass-average
molar mass of micelles (M mic)-

The physical-chemical properties of organic solutions contain-
ing PS-b-PDMS and PS-h-PAI diblock copolymers, as deter-
mined by SDLS measurements, are summarized in Table 2. The
data obtained in cyclohexane revealed that none of the samples
formed micellar aggregates. In fact, the experimental Dy values
(Dy = 2Ry) were found to be in agreement with the theoretical
average unperturbed end-to-end distance (r) of a polymer chain.
The value of {r) is given by {r) = h/N, where b is the statistical
segment length (bps = 0.67 nm)** and N is the number of repea-
ting units.*> Noting that the amount of polymer in solution is well-
below the theoretical critical overlap polymer concentration
(¢*),%® the observation above suggests that molecularly dissolved
chains (unimers) are present in solution in those cases. As such,
they produce very low scattered light intensity in SLS measure-
ments (data not shown), and originate SAXS profiles that can be
reasonably described by the Debye function (see below). There-
fore, these experimental results confirm that the PS-6-PDMS and
PS-b-PAI samples investigated in this work do not generate
association colloids in cyclohexane, which can thus be considered
a good solvent for all polymer segments. It is worth noting that
cyclohexane at 34.5 °C is a theta solvent for PS (main component
of the diblocks), thus implying that PS—cyclohexane interactions
are virtually absent (or at least very weak) under the experimental
conditions of this study.37 Hence, the conformation of PS chains
should be almost ideal with Gaussian statistics.

(34) Zhao, W.; Zhao, X.; Rafailovich, M. H.; Sokolov, J.; Composto, R. J.;
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In DMAc medium, the PS-b-PAI copolymers still dissolved
molecularly (Dy (=2Ry) ~ (), Table 2) in spite of the signifi-
cantly different solubility parameter in such a case as compared
to the hydrocarbon environment (see Supporting Information
Table S2 for solubility parameters of solvents and homopolymers).
The relatively short PAI segment may be either soluble in the
medium or stabilized by the much longer solvent-philic PS block.
Interestingly, the Ry values of unimers in cyclohexane were slightly
larger than in the other solvents, most likely because in the latter
case PS chains are forced to contract because of unfavorable
polymer—solvent interactions.

In contrast, the size of the scattering objects made from PS-
b-PDMS diblocks in DMAc is out of the range acceptable for
single chains, clearly suggesting that such a system self-orga-
nizes to originate micellar aggregates. Nonetheless, it is worth
noting that REPES analysis revealed the presence of a relaxa-
tion mode faster than that associated with micellar aggregates
in this case, although with very small amplitudes (Figure 1A,C).
This fast mode can be attributed to the diffusion of free co-
polymer chains in equilibrium with aggregates. Indeed, a
small number of free chains is detectable in light scattering
measurements depending on the criteria for data analysis, even if
they produce low scattered light intensity owing to their much
lower mass as compared to the micelles. In addition, small contri-
butions sometimes revealed by the REPES analysis in the very fast
region are related to motions of the solvent molecules, as deeply
discussed elsewhere.*®

The comparison of results for PS;7,-b-PDMS4 and PS47-b-
PAI4 in DMAC (entries 1-Ac and 4-Ac in Table 2, respectively),
highlights substantial differences between the two block copoly-
mer systems. For the same degree of polymerization of the core-
forming block, the PDMS-containing diblock exhibited self-
assembly ability, while the PAT counterpart did not. We believe
that this is explained in a qualitative sense on the basis of
the Flory—Huggins polymer—solvent interaction parameter
(Xpolymer—solvent)> Which depends on the solubility parameter (0) of

(38) Stepanek, P.; Tuzar, Z.; Kadlec, P.; Kriz, J. Macromolecules 2007, 40,2165.
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Figure 2. Partial Zimm plots for 5 mg/mL PS;;7-6-PDMS,, di-
block copolymer solutions in DMF, DMAc, and cyclohexane, as
indicated.

the interacting pair according to (Opolymer — 5so1vem)2- While the
value of 0 for PAI is unfortunately not available in the literature
to the best of our knowledge, we note that ¢ for unmodified PI
(Opry = 15.8) is higher than for PDMS (d(ppms) = 15.1) (Supporting
Information, Table S2). Taking into account the molecular
structure of PAI, we speculate that dpar) > Oppms) and conse-
quently ypar-pmac < XpDMs-DMAc- Lhe higher degree of incom-
patibility between PDMS segment and DMAc solvent is,
consequently, at the origin of its ability to self-assemble into
micelles in DMAc. In doing this analysis, it should be noted that
in most polymer—solvent systems there is a large (even dominant)
entropy contribution that is impossible to predict a priori. The
estimates of solubility parameters can be used only in a most
qualitative sense as above.

The results in Table 2 also reveal that, regardless of the block
copolymer composition, molar mass and soluble block weight
fraction, the size of the self-assembled nano-objects is practically
the same (Ry = 8.9—10.0 nm). In fact, this is only possible if
the thermodynamics associated with the formation of micellar
aggregates changes since the number and conformation of unimers
having different lengths must obviously be different in order to
generate particles of the same size, as effectively corroborated by
SAXS. While essentially the same comments also apply for PS-b-
PDMS micelles in DMF, the micellar size measured in such a
solvent (Ry ~ 15 nm) was found to be approximately 50% larger
than in DMAc (Ry =~ 10 nm). Curiously, PS-b-PAI micelles were
barely smaller than PS-b-PDMS analogues, although their core-
forming blocks are much shorter (see for instance entries 2-F and
5-F, Table 2).

The above-mentioned particles were found to be isotropic
according depolarized light scattering measurements. Experi-
ments performed after positioning a Glann—Thompson prism
with extinction ratio better than 10~ before the entrance of the
light scattered detector (the correct position of the prism was
verified using the well-known depolarization ratio of benzene
(Iva/lyv = 0.26) as standard) did not detect depolarized light
scattering contributions from micellar solutions. This result
suggests the absence of anisotropic scattering objects such as
cylinders and ellipsoids. Details on the internal structure of above-
mentioned nanoparticles will be discussed hereafter using com-
plementary SLS and SAXS experiments.

The mass-average molar mass (M, ;) and aggregation num-
ber (N,g,) of micelles was determined by SLS using the Zimm
formalism. Figure 2 shows typical partial Zimm plots for 5.0 mg/mL
PS;17-b-PDMS 44 diblock copolymer solutions prepared using
different solvents, as indicated. We note that in these experiments
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the scattered light intensity is proportional to (dn/dc)*, and
nppms = 1.41 which means that PDMS is nearly isorefractive
with DMF and DMAc. Accordingly, the M, extracted from data
shown in Figure 2 should refer exclusively to the PS component of
either unimers or micelles. On the other hand, PAI is isorefractive
with toluene as observed experimentally, hence suggesting that
npar ~ 1.50. Taking into account such information, the accurate
M y(miceitey for PS-b-PDMS micellar aggregates in DMF and
DMACc can be calculated according to eq 1,

My ps)

Mw(micelle) = ( 1 )

wps

where M, ps) is the experimental value obtained from the SLS.
The molar mass of micelles (M miceii) and the molar mass of the
respective individual diblock copolymer chains (M nimer) are
related according to eq 2, from which the micelle aggregation
number (Nyg,) is accessible.*” The values thus calculated (Table 2)
revealed that the absolute number of chains per PS-»-PDMS
micelle is higher in DMF than in DMAc due to the fact that
XPDMS-DMF > JPDMS-DMAcs While in both solvents N,,, generally
increases with the increase in the solvophobic block length (or
weight fraction of thereof). Essentially the same comments can
also be extended to the PS-h-PAI system in DMF.

M, w(micelle)
Npgg = ——— 2
i Mw(unimers) ( )

While it is well-known that the aggregation number is defined
by a set of multifaceted contributions that possibly includes the
strongest influence coming from the length of the insoluble
polymer segment, it should also scale with the degree of poly-
merization (DP) of the soluble block as given by eq 3 in the case
of starlike micelles (i.e., V,4, is expected to decrease as the length
of the corona-forming block increases). In the present study,
therefore, N, 4, is also dictated by the length of the core-forming
block.

1 6/5
Npge & [ ——— 3
g8 (ln(DPps)) (3)

SAXS Measurements. The internal structure of the block
copolymer micelles already identified above was investigated by
SAXS. The scattering intensity /(¢) of an isotropic solution of
monodisperse particles embedded in a matrix with a constant
electron density, after normalization with the background scatter-
ing of the solvent, is given by

I(q) = NP(q) S(q) 4)

wherein N is the number of scattering particles per unit volume,
P(g) is the form factor of an individual particle, and S(g) is the
structure factor arising from long-range correlations between
scattering centers. For widely separated systems as is the case of
solutions with low copolymer content, S(¢) ~ 1, and I(¢g) conse-
quently represents the form factor P(¢) that reflects size and shape
of the scattering objects.

Figure 3 shows representative SAXS patterns for PS;;-b-
PDMS,, and PS;»¢-b-PAl,, diblock copolymers in DMF and
DMAc at ¢ = 20 mg/mL. At a glance, the high X-ray scattering
intensity in the low-¢ range of panels A—C in Figure 3 suggested
the existence of association colloids, whereas in the case of panel

(39) Mountrichas, G.; Mpiri, M.; Pispas, S. Macromolecules 2005, 38, 940.
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Figure 3. Experimental SAXS data (symbols) and respective curve fittings for spherical copolymer micelle or free chains model (lines) for

solutions containing PS;7-6-PDMS,, (left) and PS,,¢-b-PAl, (right) dissolved in DMF (top) and DMAc (bottom) at ¢ =

D in Figure 3 there basically appeared a plateau at the small angle
region, followed by a reduction in scattering intensity in the high-¢
range, which is indicative of molecularly dissolved chains (free
chains or unimers). As expected, SAXS patterns, typical of free
chains, were also found for all the diblock copolymer samples that
did not form self-organized structures, as previously pointed out
in Table 2. In such cases, the ¢ “ slope in the high-¢ range (Porod
regime) reveals important information about the chains

statistics,”” namely, ¢ = —2 for Gaussian chains (polymers in a
theta solvent), ¢ ~ —1.67 for chains with excluded volume
(polymer in a good solvent), and a = —1 for rigid rodlike chains.

In general, the Porod slope values («) determined for copolymer
chains in cyclohexane were found to decrease progressively from
—1.54 toward —1.85 as the relative amount of PS in the copolymer
increased (data not shown). Such a tendency of @ to approach —2
confirmed that cyclohexane is a relatively better solvent for PAI
and PDMS than for PS. In fact, this is reasonable since cyclo-
hexane is a theta solvent for PS at 34.5 °C.>” one should expect
a = —2 for such a conformation.

The high-g range profile for self-assembled nanoparticles is
dominated by the “blob” scattering from PS chains anchored to
the micellar cores of PDMS or PAI This is so because the
scattering contrast between PDMS or PAI and DMF is much
lower than that between PS and DMF. Indeed, the SAXS profiles
could be satisfactorily fitted only using the so-called spherical
copolymer micelle model formerly developed by Pedersen and
Gerstenberg,®! and revisited recently.** Such a model describes
the scattering for micelles consisting of a homogeneous spherical
core having corona chains that follow Gaussian statistics attached
to the surface of the core, as depicted in Figure 4. The model does

(40) Pedersen, J. S. Small-Angle Scattering from Surfactants and Block Copo-
lymer Micelles. In Soft-Matter Characterization; Borsali, R.; Pecora, R., Eds.;
Springer: New York, 2008.

Langmuir 2010, 26(18), 14494-14501

20 mg/mL.

R

.—Q

Figure 4. Schematic representation for the micellar form factor
analysis according to the spherical copolymer micelle model, which
consists of a spherical core of radius R, surrounded by Gaussian
chains with radius of gyration Rg attached to it.

not prevent the chains from penetrating into the core region, but
this can be limited by displacing the starting point of the Gaussian
chains. The fact that this model adequately fit the experimental
data is already remarkable since the micellar structures herein
investigated consist of weakly scattering cores.

The micellar form factor Pp;(¢) is the sum of four different
terms comprising the self-correlation of the core, F.o.(¢,R,); the
self-correlation term of the polymer chain inside the corona,
Fenain(9,R); the cross term between core and chains, Seore-chain(9);
and the cross term between different chains inside the corona,
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Table 3. Physical —Chemical Properties of Scattering Nano-Objects Determined by SAXS Measurements

entry copolymer R.(nm) Rg (nm) Ry (nm)  N,e, Porodslope  fBeore (1072 em)  Benain (1071 cm) Ry (nm) A (nm?) oN'?
Solvent = DMAc

1-Ac  PS,;;-b-PDMS; 3.7 3.6 10.9 10 —1.60 1.3 17.2 1.7

2-Ac  PS;;7-b-PDMS,, 5.4 2.6 10.6 16 —1.60 2.9 22.9 0.8

3-Ac  PSg,-b-PDMSg, 5.6 2.5 10.6 25 —1.62 3.6 15.7 0.8
Solvent = DMF

I-F  PS,;;-b-PDMS; 2.1 4.9 12 —1.40 0.76 2.26 1.4 4.6 4.2

2-F  PS;;7-b-PDMSyy 49 3.4 39 —1.45 5.58 1.54 3.7 7.7 2.5

3-F  PSgy-b-PDMS¢, 5.9 2.6 54 —1.65 7.87 1.08 4.8 8.0 1.5

4-F PS 1 47-b-PAI()

5-F  PS;3-b-PAlg 1.9 4.0 9.9 11 —2.01 —4.14 1.68 1.8 4.1 5.3

6-F  PS|-b-PAl 4.5 2.8 10.1 18 -1.99 —=5.18 1.60 2.3 11.7 1.7

Schainfchain(q)' Pmic(q) can thus be expressed as

Pric (q) = Naggzﬁcorechore (‘]7 Rc) + Naggzﬁchainchhain(% RG)
+ N'dgg (Nagg - 1)ﬁchainzschain — chain (Q)
+2N, aggzﬂchainﬁcore Score — chain (q ) (5)

where N, is the aggregation number of the micelles, and Beore
and fpain account for the excess scattering length density of the
core-forming (PAI or PDMS) and corona-forming block (PS),
respectively. The expressions of cross terms, core—chain and
chain—chain in eq 5 depend on the geometry of the core, and
they are given in ref 40 and literature cited therein.

This model has a large number of fitting parameters, namely,
RG, d, Re, Ny, and the excess scattering length density of the core
and corona forming blocks (Beore and Pepain). Therefore, it is
usually not possible to get a single set of fitting parameters if Sore
and Sepain are not preset, and generally the fittings provide
ambiguous results. Hence, during the fitting procedures the para-
meters Beore and Bepnain Were held fixed. The values of 8 (Beore and
Penain) for different block copolymers were calculated in the
following way:

Beore = NxVx(0x = Osolvent) (6)

where N, is the degree of polymerization of the polymer segment,
V. is the volume of one monomer unit, o, is the scattering length
density of the polymer segment, and oy, is the scattering length
density of the solvent. The volume occupied by a single monomer
unit V', was determined taking into account the homopolymer
density d, according to the relation:

V*Mx
Y dN

(7

Then, the value of scattering length density of the solvents and
monomer units was calculated using the average chemical com-
position of each component and its mass density (d,) as

bed Na
Oy = c]\:[x Zn,-z,-

where N4 is the Avogadro’s number, #; accounts for the number
of atoms 7 in each component, and z; is the atomic number of the
atom i (n;z; is the number of electrons in each unit). Finally, b, is
the Thomson scattering length (the scattering length of an
electron, b, = 2.817 x 10~ cm). All the parameters thus calcu-
lated are given in Table S3 (Supporting Information).

®)
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The experimental curve fitting parameters were, therefore,
Nage, d, R, and R The parameter associated with the dispersity
of the particles was not included in the analysis of SAXS patterns
because the DLS data already confirmed the narrow size dis-
tribution of the nano-objects. In Figure 3, the solid red lines
correspond to the best fittings using the spherical copolymer
micelle model. The high quality of the fittings can be straightfor-
wardly noticed, and indeed attested by 5>~ values which remained
below 1.65, thus corroborating that such a model can properly
reproduce the whole experimental curves. Still, we have observed
that in some cases the high-g region was not fitted to the same
degree of accuracy, which is understandable since the model
predicts a ¢~ scattering dependence at the high-¢ region for des-
cribing noninteracting Gaussian chains attached to the core.

In all the cases, it can be seen that the experimental points lie
above the theoretical solid red curve, which means thata > —2,
thus implying that PS chains at the micellar corona are in a
slightly different conformation as compared to a random coil
with Gaussian statistics. In fact, the PS chains must assume a
relatively more stretched conformation in order to give a < —2.
The parameters extracted from the SAXS curve fittings and the
actual Porod slopes of the curves in the high-¢ region are given
in Table 3.

The core radius (R.) was found to increase with the increase in
the solvophobic block length for all copolymer and solvent
systems studied in this work. Such a behavior mirrors the
variation of N,,, determined by partial Zimm plots, hence
suggesting that the size of the micellar core is not only due to a
longer core-forming segment, but also due to a larger number of
chains in the core.

At this stage, it is meaningful to compare the experimental R,
values with the theoretical ones R, that would be observed for
completely dry cores (in the absence of solvent). R can be
estimated from the volume occupied by the amount of material
forming the core according to the relation:

R _ 3NagngWtcorc—block 173
olth) 4-7[NAdcore — block

©)

This calculation revealed that the nuclei of PS-6-PDMS and PS-b-
PAI micelles may not be conceptually compact, and are most
likely a bit swollen by residual solvent molecules, as attested by
the fact that in general Ryqy < R, Indeed, the difference becomes
more accentuated when using DMAc as solvent which is more
likely to remain entrapped within cores since it is a better
dispersion medium for the core-forming block than DMF. The
difference is however fully acceptable, and so is the use of the
spherical block copolymer micelles model justified in the analysis
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of SAXS curves. Importantly, it is practically impossible to
estimate the degree of swelling by the change in the core scattering
contrast considering that .y, 18 roughly 2 orders of magnitude
higher than S, (data not shown), and oppys ~ Opmac, and that
is the reason for the fact that even though .o and Pepain Were
fixed during the fitting procedures, we could achieve very good
agreement between the experimental and theoretical curves.

Since R, and N,,, were found to be a function of the macro-
molecular characteristics and solvent system, the core surface area
available per chain in micellar corona (A4.) and the chain con-
formation itself should also depend on such physical chemical
variables. Unless other mechanisms that define the conformation
of polymer chains are present, the smaller the area available on the
core surface is, the more stretched configuration the chains will
assume. This feature can be accessed, at least qualitatively, through
the factor oN'* formerly adopted by Eisenberg et al.,*'** where
o'is a dimensionless parameter defined as o = /4., with [ being
the length of a repeat unit (/ps) = 0.25 nm*?). In such an app-
roach, macromolecular chains adopting stretched conformations
should result in oN'? > 1. Indeed, this is observed in Table 3. In
DMEF, PS-h-PDMS micelles are formed by a PS corona in which
the chains are extended. According to the high-¢ range Porod
slopes, the degree of stretching of the PS chains follow the
order PS]7]-b-PDM36 > PS]|7-b-PDMS44 > Png-b-PDMS@, and
PSi35-b-PAlg > PS;56-b-PAl;. On the other hand, in DMACc the
corona chains are more relaxed owing the smaller Flory—Huggins
interaction parameter of PS with DMAcas compared to DMF. In
addition, the higher compatibility between PDMS and DMAc in
relation to DMF leads to micellar nanoparticles with rather
swollen cores (already discussed above), therefore increasing the
accessible core surface area per chain.

Conclusions

The self-assembly behavior of PS-h-PDMS and PS-h-PAI diblock
copolymer systems was investigated in three different dispersion
media (cyclohexane, DMAc, and DMF), in which self-organized
structures consisting of PDMS or PAI solvophobic cores sur-
rounded by a stabilizing interface of PS chains can be obtained in
same cases. The characteristics of the thermodynamically stable

(41) Zhang, L.; Eisenberg, A. J. Am. Chem. Soc. 1996, 118, 3168.
(42) Zhang, L. F.; Barlow, R. J.; Eisenberg, A. Macromolecules 1995, 28, 6055.
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micellar aggregates are strictly related to the Flory—Huggins
interaction parameter () between the core-forming block and the
solvent, as well as to the core-forming block length. While in
cyclohexane slight modifications in terms of chain statistics
are observed, none of the diblock undergoes association due to
the limited degree of incompatibility between the components
(10W XPDMS-cyclohexane and XPAl-cyclohexane Values). However, this
scenario evolves considerably when DMACc is chosen as solvent.
The high solubility parameter of the latter resulted in an increase
in the yppMms.Dmac t0 an extent that was sufficient to induce the
formation of self-assembled nanoparticles. Such particles, how-
ever, possess a swollen core and consequently a larger core surface
area per corona chain, which allows the PS chains to assume a
random coil conformation with Gaussian statistics. Owing to the
low volume fraction of the core-forming segment, the PS-5-PAI
samples used in this study remain as single chains in DMAc. In
contrast, whenever PS-h-PAI samples were dissolved in DMF
which has a higher solubility parameter than DMAc, just two
monomer units are enough to change the self-assembly properties
of the system. Specifically, while the PS;47-b-PAlg copolymer is
molecularly dissolved in DMAc, the two-aminoisoprene-unit
longer PS;3,-b-PAlg formed well-defined spherical micelles in
DMF. In such a solvent, PS-h-PDMS micelles having a compact
core and slightly stretched PS chains in the corona were obtained.
Our results above provide interesting alternatives to precisely
control the core properties of PS->-PDMS and PS-b-PAl micelles.
This is admittedly an important step forward, mainly in the case
of PS-b-PAI micelles, which have been used as nanoreactors
to synthesize sterically stabilized gold nanoparticles in organic
medium in one-pot single-step processes. In these applications,
the characteristics of the nanoreactor (micelle core) may define
several properties of the particles.
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