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ABSTRACT: The self-assembly of well-defined organic—organo-
metallic polystyrene-b-poly(ferrocenylmethyl(dimethylaminopro-
pynylsilane)) (PS-b-PFAMS) diblock copolymers has been sys-
tematically investigated by varying the volume fraction of the
organometallic block (PFAMS). Quaternization of the PFAMS
block yielded PS-b-qPFAMS, which was ionically complexed to the
anionic surfactants sodium bis(2-ethylhexyl) sulfosuccinate (AOT)
and sodium bis(2,2,3,3,4,4,5,5,5-nonafluoropentyl) sulfosuccinate
(AOTg). The self-assembly of the block copolymer-surfactant
complexes was also studied in bulk and thin films and produced
materials with structural hierarchy over multiple length scales as

shown by AFM, TEM, and SAXS studies.

B INTRODUCTION

The bulk state self-assembly of block copolymers forms
periodic, phase-separated arrays of nanostructures with morpho-
logical characteristics that depend on the relative lengths of the
blocks, the molecular weight, and the Flory—Huggins interaction
parameter y." As a result of the periodic length scales (typically
10—100 nm), self-assembled block copolymers are promising
candidates for applications in nanoscience. For example, ordered
thin films of block copolymers can be used to fabricate high-
density arrays for microfiltration, data storage, and photonics
applications.” For example, films consisting of domains of perpen-
dicularly oriented cylinders have been extensively investigated.®
The combination of block copolymer self-assembly with supra-
molecular interactions can yield complex structures including
aperiodic patterns. Selective addition of low molecular weight
amphiphiles (of different nature and size) to one of the blocks
using noncovalent interactions can add structural hierarchy and
result in ordering over different length scales. Pioneered and dev-
eloped by Ikkala and ten Brinke,* these systems have been exten-
sively studied as a route to functional nanomaterials,> especially
as this route shows promise for use in applications with switch-
able functionality.®

High molecular weight metal-containing polymers with well-
defined and controlled architectures offer the prospect of addi-
tional functionality. Such materials have become of growing
interest as a result of their interesting physical and chemical pro-
perties that offer a variety of potential applications.” For example,
polyferrocenylsilanes (PFSs) (Chart 1), a class of metallo-
polymers,® have been shown to exhibit controlled responses to
redox-stimuli,” etch resistance to plasmas,10 and high refractive
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Chart 1. Structures of PFS and the Sila[1]ferrocenophane
Monomer, fcSiMe(C=CCH,NMe,)

PFS 1

indices'' and to function as precursors to nanostructured mag-
netic ceramics'” and carbon nanotube growth catalysts.'” Recent
work has also focused on their ability to form crystalline, self-
assembled materials."* Much research has been directed toward
these metal-containing polymers as the iron moiety within the
main chain offers access to a number of interesting properties.®
As a result, several groups have studied the solid-state self-
assembly of PFS block copolymers resulting in phase-separated
iron-rich nanodomains."®

The most studied route to PFS block copolymers involves the
use of sequential living anionic polymerization protocols with
highly basic alkyl or aryl lithium reagents as initiators.'® This
process proceeds via cleavage of the Si-Cp (Cp = cyclopenta-
dienyl) bond in the sila[1]ferrocenophane monomer. However,
because of the highly basic nature of the anionic initiator and
propagating center, many functional sila[1]ferrocenophane

Received:  July 4, 2011
Revised: September 27, 2011
Published: November 15, 2011

dx.doi.org/10.1021/ma201526w | Macromolecules 2011, 44, 9324-9334



Macromolecules

Chart 2. Structures of the PS-b-qPFAMS Diblock Copolymer after Quaternization by Me,SO,, AOT (2), and AOTg (3)
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monomers such as fcSiMe(C=CCH,NMe,) (1) (Chart 1) can-
not be used due to side reactions at the acetylene group.'”

Recently, an alternative photocontrolled living anionic poly-
merization method has been developed that involves photoacti-
vation and subsequent cleavage of the iron—cyclopentadienyl
(Fe—Cp) bond in the monomer in the presence of mild
nucleophiles such as Na[CsHs] (NaCp)."® This milder photolytic
ring-opening polymerization (ROP) route therefore provides an
attractive alternative for the synthesis of acetylene-functionalized
PFS-containing diblock copolymers (which are readily further func-
tionalized'”) as well as czclic polymers'® and block copolymers con-
taining different metals, O which are inaccessible via other routes.

To date, the only supramolecular approach employed to
construct organized liquid-crystalline PFS nanomaterials (PFS
polymers with pendant mesogenic side chains) has been achieved
via the complexation of PES polyelectrolytes to oppositely charged
surfactants using the so-called ionic self-assembly (ISA) method.*!
However, the complexation of charged PFS diblock copoly-
mers to oppositely charged surfactants (to yield hierarchically
self-assembled nanostructures) has been left virtually unexplored.
In this paper, we report the first example of hierarchical organic—
organometallic materials prepared from charged PFS diblock
copolymers using this powerful ISA method.>” This was achieved
by complexation of quaternized polystyrene-b-poly(ferrocenyl-
methyl(dimethylaminopropynylsilane) ) (PS-b-qPFAMS) (Chart 2)
with the anionic surfactants sodium bis(2-ethylhexyl) sulfosucci-
nate (AOT), 2, or sodium bis(2,2,3,3,4,4,5,5,5-nonafluoropentyl)
sulfosuccinate (AOTE), 3.

A potential advantage of having an organic block in conjunction
with PFS within the structural hierarchy is the ability to use the
organic block as a sacrificial template element. This strategy offers
the possibility for post self-assembly modifications, such as selec-
tive etching and lithography, to yield organized inorganic nano-
structures as a result of the higher etch resistance of the PFS block.'***

B RESULTS AND DISCUSSION

Synthesis and Characterization of the PS-b-PFAMS Di-
block Copolymers 4—6. First, the desired PS-b-PFAMS block
copolymers 4—6 were prepared using a recently reported stra-
tegy that combines the living anionic polymerization of styrene
and the photocontrolled living polymerization of sila[1]ferro-
cenophanes.”* sec-BuLi was used to initiate anionic polymerization
of styrene using cyclohexane as the solvent. The living poly-
styrene was then quenched with excess dichlorodimethylsi-
lane and the subsequent reaction with MgCp, yielded the
Cp-end-capped polystyrene (PS-Cp). The PS-Cp was then used
to macroinitiate amino-functionalized sila[ 1 Jferrocenophane (1)

Scheme 1. Synthesis of the PS-b-PFAMS Diblock
Copolymers 4—6
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through photolytic ROP, after the deprotonation of the end-capped
Cp using sodium bis(trimethylsilyl)amide as shown in Scheme 1.

This milder photocontrolled anionic polymerization using the
moderately basic Cp anion-based macroinitiator yielded the
desired PS-b-PFAMS diblock copolymers with controlled molec-
ular weight and narrow polydispersities. Three different PS-b-
PFAMS diblock copolymers were synthesized in this study with
the aim of obtaining specific morphologies (spheres, cylinders,
and lamellar; vide infra) within the phase diagram25 of linear AB
block coPolymers (Table 1).

Both "H NMR and gel permeation chromatography (GPC)
studies (using a triple detector GPC equipped with refract-
ometer, viscometer, and light scattering detectors; see Experi-
mental Section) allowed us to determine the overall molecular
weight of the block copolymers. Figure 1 shows the GPC
chromatogram of 6 and the corresponding polystyrene homo-
polymer. In addition, the "H NMR spectrum of 6 showed the
relevant peaks corresponding to both of the blocks (Figure S1 in
Supporting Information). GPC analysis (triple-detection) of an
aliquot of the PS homopolymer obtained before the addition of
the ferrocenophane monomer provided the absolute molecular
weight of the first block. Using 'H NMR integration, the over-
all polymer molecular weight was estimated by comparing the
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Table 1. Characterization Data for PS-b-PFAMS Diblock Copolymers

polymers® DI M, (g/mol)°
PS,75-b-PFAMS, 4 (4) 0.11 33240
PS,,5-b-PFAMSs;, (5) 0.33 46 525
PS,75-b-PEAMS, 0, (6) 047 60120

pDI yield (%) predicted morphology
1.09 84 spheres

1.11 89 cylinders

1.07 85 lamellar

“ Subscripts denote degrees of polymerization with respect to each block; the block ratio was calculated usmg "H NMR integration. ¥ Volume fractions of
PFAMS were calculated considering the following density values (p) from the two blocks: PS = 1.0 kg/m”, PPAMS26 = 1 24kg/ m>.“ Molecular weight of
the block copolymer, determined by combining the M,, of the PS block and the block ratio (obtained from H NMR). ¢ Determined from conventional
salt-based GPC (using polystyrene standards, M,,/M,,), and THF containing 0.1 wt % "Bu,NBr.
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= = «PS-b-PFS block copolymer

>
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Figure 1. GPC chromatogram of the PS homopolymer (triple detec-
tion GPC using THF as eluent) and PS-b-PFAMS diblock copolymer 6
(GPC relative to polystyrene standards, using 0.1 wt % "BuN,Br in THF
as eluent).

integration of the NMe, protons (from PFAMS) in relation to
the CH, protons (from PS). Furthermore, conventional calibra-
tion GPC (eluent: THF contammg 0.1 wt % [Bu,N]Br) relative
to polystyrene standards” was used to determine the PDI of the
PS-b-PFAMS diblock copolymers.

Synthesis of PS-b-qPFAMS Block Polyelectrolytes 7—9
and Their Surfactant Complexes. The diblock copolymers
4—6 were quaternized using dimethyl sulfate'” to yield block
polyelectrolytes 7—9, as shown in Scheme 2. These polyelec-
trolytes were characterized readily using "H NMR spectroscopy,
which clearly indicated the successful conversion of the dimethyl
amine groups into the trimethylammonium moieties (see Figure
S1 for 'H NMR). For example, the methyl protons of the ammo-
nium group in 9 exhibited a signal at 0 = 2.59 ppm, which was
shifted significantly downfield from the dimethylamino protons
in the block copolymer 6 (0 = 2.34 ppm) as a result of the
quaternization. Furthermore, the methylene protons (adjacent to
the nitrogen atom) exhibited a downfield shift from 3.38 ppm in
block copolymer 6 to 3.50 ppm in the block polyelectrolyte 9.
In addition, the absence of residual dimethylamino proton signals
in the "H NMR spectrum of 9 confirmed that the quaternization
had proceeded to ca. 100% completion.

Next, these block polyelectrolytes were complexed with
oppositely charged surfactants 2 and 3 in a 1:1 charge stoichio-
metry. Complexations were performed by dissolving both
building blocks separately in deionized water (1 wt %, 70 °C).
After complete dissolution, the surfactant solution was added
dropwise to the block polyelectrolyte solution. Once isolated, the

charge-neutralized complexes were readily soluble in common
organic solvents such as chloroform, THF, and toluene.

Self-Assembly of PS-b-PFAMS Diblock Copolymers 4—6 in
the Bulk and Thin Films. Prior to studying the self-organization
of the block polyelectrolyte—surfactant complexes, the self-
assembly of the diblock copolymers was investigated to gain
insight into their morphologies both in bulk and in thin films. For
self-assembly in the bulk, films of PS-b-PFAMS (4—6) were
prepared by allowing the solvent (toluene) to evaporate slowly
from a concentrated solution of the copolymer (50 mg/mL) cast
on a glass slide. The films were then dried at 50 °C overnight in a
vacuum oven and further annealed at ca. 130 °C under vacuum
(1 x 107> mmHg) for S days. To study the morphology of the
thermally annealed films by transmission electron microscopy
(TEM), ultrathin sections were prepared by room temperature
microtoming of samples mounted on an epoxy resin using
cyanoacrylate glue. The bright-field TEM images of the un-
stained sections of 4—6 are shown in Figure 2d—f. The high
electron density of the Fe-containing PFAMS block provides
sufficient contrast for TEM imaging without staining, and we
assign the dark domains to be PFS and the lighter to be PS. As
predicted, the diblock copolymers 4—6 with volume fractions of
PFAMS (@ppams) of 0.11, 0.33, 0.47 (see Table 1) formed
spherical, cylindrical, and lamellar morphologies, respectively.
Some small cylinders were present among the spheres in
Figure 2d, indicating that 4 (®ppams = 0.11) may be close to
the phase boundary. The bulk thermally annealed self-assembled
diblock copolymers were further analyzed using small-angle
X-ray scattering (SAXS) (Figure 2a—c). The corresponding
reflections for 4—6 obtained by SAXS provided complementary
support for the morphologies observed by TEM. Furthermore,
the average d-spacing observed from the SAXS reflections
correspond to the periodicities observed from TEM studies.
The g ratios detected for 4, 5, and 6 were consistent with spheres,
hexagonal ordered arrays of cylinders, and a lamellar morphology,
respectively. The thin-film self-assembly of the diblock copolymers
4—6 was investigated using atomic force microscopy (AFM).
Solutions of the diblock copolymers in toluene (10 mg/mL) were
spin-coated onto silicon substrates and further annealed in
saturated toluene vapor overnight. The organic PS block was
then selectively removed using an oxygen plasma leaving behind
an etch res1stant iron/silicon oxide layer, which preserved the
PFS domains." Tappmg mode AFM of the thin films showed
the corresponding morphologies of spheres, cylinders, and
lamellae respectively (Figure 2g—i).

Hierarchical Structures upon Complexation with Anionic
Surfactants. Self-assembly of block copolymers takes place on a
length scale of 10—100 nm, whereas self-assembly between the
polymer—ampbhiphile (as a result of ISA) takes place between 2
and 3 nm. Therefore, a combination of these two processes,
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Scheme 2. Quaternization of Diblock Copolymers 4—6 to Obtain the Respective Block Polyelectrolytes 7—9 and the Consequent

Complexations with Anionic Surfactants
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which involve competing interactions at different length scales,
should lead to hierarchical architectures, as shown in Scheme 3.

Self-Assembled Structures from 7-AOT, 8-AOT, and 9-AOT.
Figure 3 shows the morphology obtained from the ISA material
7-AOT. The thin film morphology of the complex was investi-
gated using tapping mode AFM. These films were prepared by
spin-coating the material from solution (toluene, 10 mg/mL)
followed by annealing in saturated toluene atmosphere over-
night. The observed cylindrical morphology (Figure 3a) was
expected for 7-AOT as a result of the surfactant’s mass increasing
the overall volume fraction of the PEAMS block from ®ppapms =
0.11. According to the classical phase diagram for block
copolymers,™ this would move the expected morphology into
the area of cylinders. SAXS studies of the bulk annealed complex
(Figure 3b) supported the formation of a hexagonal phase at the
block copolymer length scale (reflections in the ratio of 1:4/3),
which complemented the morphology information from AFM
and TEM. Furthermore, a broad reflection at higher g values was
observed (q = 2.7 nm ') corresponding to an average d-spacing
of 2.3 nm, which can be attributed to a periodic structure
originating from the phase-separated PFAMS—AOT block as a
result of ISA. SAXS analyses, in conjunction with AFM and TEM

investigations, provided evidence for the hierarchical organiza-
tion of 7-AOT at different length scales.

High-temperature annealing (ca. 130 °C) of the bulk material
7-AOT above its T, (ca. 101 °C, obtained from differential scan-
ning calorimetry, DSC), followed by microtoming thin sections
(ca. 60 nm) for TEM analysis, yielded images of cylindrical
domains distorted in certain regions, as shown in the TEM micro-
graph (Figure 3e). These distortions can result from microtom-
ing effects whereby cutting thin slices of the annealed material
with a diamond tip can lead to deformations. In addition, mixing
between the alkyl tails of the surfactant and the polystyrene can
take place at elevated temperatures. This phenomenon has
been investigated previously by Ikkala and Faul et al.,,*® where
shear alignment of ordered perylene-based ISA nanomaterials
was enabled through compatibilization of the perylene phase
with the bulk PS through the ionically attached branched
surfactant tails. In our complexes it is postulated that a certain
degree of mixing can take place between the polystyrene block
and the AOT surfactants at elevated temperatures, resulting
in a distorted hexagonal packing. DSC (Figure 4) provided
further insight into the mixing behavior of the PS block
with the alkyl tails. Instead of two separate signals for the glass
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Figure 2. SAXS reflections of the bulk self-assembled diblock copolymers: (a) 4 (P pgans 0.11); (b) 5 (Pprans 0.33); () 6 (Pppams 0.47). Bright-
field TEM images of (d) 4, (e) S, and (f) 6 (scale bar = 200 nm). Tapping mode AFM phase images of the diblock copolymer thin films after oxygen
plasma etching (substrate = silicon, tip = Si;Ny): (g) 4, (h) 5, and (i) 6 (scale bar = 200 nm).

Scheme 3. Schematic Representation of the Formation of Hierarchically Self-Assembled Architectures, Illustrating the Concept

of Structure-within-Structure Formation
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transition temperatures (T,) corresponding to the two blocks in
the complex, only one T, was observed, thus indicating the
miscibility of the two blocks. The first heating cycle (solid line)

showed a T, at 101 °C, corresponding to the PS block. Above this
temperature, it is expected that the alkyl tails start to mix with the
PS segment. This can be clearly seen in the second heating cycle
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as a result of plast1c1zat10n >

Complexation of 8 and 9 with AOT showed similar results to
7-AOT. Figure Sa illustrates the corresponding AFM phase
image of 9-AOT, showing a cylindrical morphology. Once again,
this morphology was expected, as the calculated volume fraction
(with respect the PFAMS block) increases from ®ppans
0.47 upon complexation with the amphiphile. Analogous to the
results observed for 7-AOT, high-temperature annealing (ca. 130 °C,
S days) of 9-AOT resulted in distorted lamellar morphologies, as

observed from the TEM micrograph (Figure Sd). It is proposed
that the presence of additional AOT units along the PFAMS
backbone provides a higher degree of mixing with the PS at
elevated temperatures, resulting in a distorted lamellar morphol-
ogy. SAXS analysis (at low q values) of the bulk annealed
complex resulted in a broad first-order reflection observed at
g=022nm" ', corresponding to a d-spacing of 29 nm. Additional
weak reflections were also observed, however, the ratios could not
be indexed to a particular morphology. This was consistent with
observations seen for TEM analysis whereby no definitive mor-
phology was observed. SAXS at higher g values yielded a broad
reflection with average d-spacing of 2.5 nm, indicative of organiza-
tion at the polymer—surfactant length scale as a result of ISA.

It should also be noted that using this supramolecular
approach, we were able to obtain hierarchical morphologies
which would otherwise be extremely difficult to obtain with
diblock copolymers. However, from an applications perspective,
this mixing behavior between the alkyl tails and the PS is not
ideal. The distorted morphologies observed for 7-AOT and 9-
AOT would be of no benefit in terms of templating and/or
material fabrication where organized architectures over large
length scales are essential. In order to test our hypothesis (and at
the same time to circumvent these problems), we decided to
introduce fluorocarbon units within the surfactant tails and
complex the quaternized block copolymers with AOTg. This
strategy would prevent any mixing between the surfactant tails
and the PS at high temperatures, owing to the highly hydro-
phobic nature of fluorocarbons.*® Furthermore, the presence of
fluorine in the PFAMS block will also facilitate greater segrega-
tion behavior between the two blocks in such systems by
increasing the Flory—Huggins parameter ()) between the two
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Figure 6. DSC thermogram for 9-AOT}y (heating rate: 10 °C/min)
showing two distinct T, ’s.

different blocks (as a result of a larger difference in the correspond-
ing solubility parameters "). Numerous articles have been published
by Thiinemann et al.>* on the preparation of thin films with ultralow
surface energies as a result of the complexation of polyelectrolytes
with a range of oppositely charged fluorinated surfactants.
Self-Assembly of 7-AOTg, 8-AOTE, and 9-AOTE. Unlike 7-
AOT, 8-AOT, and 9-AOT, DSC measurements of 7-AOTy, 8-
AOTYg, and 9-AOTy showed two distinctive endothermic transi-
tions. For example, the DSC thermogram for 9-AOTg showed a
T, centered at 106 °C (for the PS block) and 76 °C (for the
PFAMS-AOT}: block), as shown in Figure 6. The glass transition
temperatures obtained were consistent with those of the corre-
sponding homopolymers (see Figure S2). The presence of two
distinct glass transition temperatures (which are close in value to

9330

the individual homopolymers) indicated the immiscibility be-
tween the blocks.

The bulk and thin film self-assembly of both 7-AOTf and 8-
AOT¢ displayed spherical and lamellar morphologies, respec-
tively (see Figures S3 and S4). Figure 7 shows the morpho-
logical characterizations of the complex 9-AOTg. TEM analysis
(Figure 7b) of the thermally annealed complex (ca. 130 °C, S
days) presented well-defined polystyrene cylinders within a
PFAMS —surfactant matrix with average periodicities of 35 nm.
The highly hydrophobic fluorocarbon groups clearly introduce a
much stronger segregation between the PS and the fluorocarbon-
containing PFAMS blocks, resulting in an increase in j and thus
sharper phase boundaries at the interface between the blocks.
Furthermore, thermal annealing has resulted in relatively well-
aligned cylinders spanning over several micrometres in length.
SAXS was also performed on the thermally annealed self-as-
sembled complex (Figure 7c). The reflections observed at the
block copolymer length scale were consistent with that of a hexa-
gonal phase.*® In addition, scattering at larger g values depicted a
broad reflection at g = 2.6 nm~ ' (d = 2.4 nm), indicative of
ordering at the polymer—surfactant length scale as a result of
ISA. However, the nature of the poor scattering prevented full
structural assignment of materials at the surfactant length scale.
Nevertheless, SAXS data along with the TEM/AFM character-
ization clearly illustrated hierarchical organization at two differ-
ent length scales. Thin films of the complex were investigated
using tapping mode AFM (Figure 7d) (obtained by spin-coating
9-AOTg (toluene, 10 mg/mL) and annealing in a saturated
toluene atmosphere overnight). These films (ca. S0 nm thick)
were then etched under an oxygen plasma to selectively remove
the organic components, thus leaving behind a ceramic residue
derived from the etch-resistant PEAMS block. The AFM phase
images were reminiscent of a hexagonal close packed array of

dx.doi.org/10.1021/ma201526w |Macromolecules 2011, 44, 9324-9334
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Figure 7. (a) Structure of the complex 9-AOTg. (b) TEM micrograph of microtomed sections at 60 nm. (c) SAXS patterns at small and large length
scales. (d) AFM phase profile portraying the cylinders after etching the organic block with an oxygen plasma (tapping mode using a Si3N, tip).

holes (as a result of the removal of the PS segments) with average
periodicities of 34 nm.

B CONCLUSIONS

We have demonstrated the first example of an organic—
organometallic hierarchically organized nanostructure from the
ionic complexation of PS-b-PFAMS diblock copolymer with low
molecular weight amphiphilic molecules. Furthermore, we have
shown that this method can provide a simple route to achieving
multiple goals within one system, including hierarchical organi-
zation at different length scales, the generation of nanostructured
materials, and inducing certain functionality by careful selection
of starting materials. We have also demonstrated that fine
structural tuning can be achieved by careful selection of the
amphiphile for complexation. For example, in 9-AOTF, the
presence of fluorocarbon segments resulted in material that
phase separated into well-defined structures with sharp bound-
aries even at elevated temperature.

B EXPERIMENTAL SECTION

Materials and Equipment. All chemicals were purchased from
Aldrich unless otherwise noted. Trimethylchlorosilane (Me3SiCl) and
dichlorodimethylsilane (Me,SiCl,) were distilled prior to use. Solvents
were dried using Anhydrous Engineering double alumina and alumina/
copper catalyst drying columns or by conventional methods. Methanol,
used for quenching the polymerization, was deoxygenated using the

freeze and thaw method. Cyclohexane and THF were distilled under
reduced pressure from nBuLi and Na/benzophenone, respectively, prior
to each photolytic polymerization reaction. Styrene monomer was dried
over CaH, for 24 h and subsequently distilled twice under reduced
pressure prior to polymerization. All reactions and manipulations were
carried out under an atmosphere of prepurified N, by using standard
Schlenk techniques or an inert atmosphere glovebox (M-Braun) purged
with prepurified Ar. The photoirradiation experiments were carried out
using Pyrex-glass-filtered emission (4 > 310 nm) from a 125 W high-
pressure Hg arc lamp (Photochemical Reactors Ltd.).

Monomer 1 [fcSiMe(C=CCH,NMe,)] was prepared following
previous literature'” and was purified by repetitive crystallizations and
sublimations to obtain spectroscopically pure material suitable for photo-
lytic ring-opening polymerization (PROP). Magnesocene (MgCp,) was
prepared according to a literature-known procedure,®* and it was sub-
limed twice before use. AOTR was synthesized following a previously re-
ported literature procedure.*® 'H (300 MHz), "*C {'H} (75.4 MHz), and
F {'H} (282.6 MHz) NMR spectra were obtained from Jeol Lambda
300 spectrometer. Solid-state FT-IR spectra (Bruker) were recorded in
transmission mode on a quartz surface using a pressure-sensitive arm.
Molecular weights of polymers and polydispersity indices (PDI = M,,/M,,)
of all the PS homopolymers were obtained by gel permeation chro-
matography (GPC) using a Viscotek VE 2001 triple-detector gel per-
meation chromatograph equipped with automatic sampler, pump, in-
jector, inline degasser, column oven (30 °C), styrene/divinylbenzene
columns with pore sizes of 500 and 100 000 A, VE 3580 refractometer,
four-capillary differential viscometer, and 90° angle laser and low angle
laser (7°) light scattering detector (VE 3210 and VE270). THF stabi-
lized with 0.025% butylated hydroxytoluene (Fisher) was used as the
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chromatography eluent, at a flow rate of 1.0 mL/min. Samples were
dissolved in the eluent (2 mg/mL) and filtered (Acrodisc, PTFE
membrane, 0.45 mm) before analysis. Calibration of all three detectors
(refractive index, laser light scattering, and viscometry) was performed
using polystyrene standards purchased from Viscotek. This equipment
allows the exact measure of homopolymer molecular weights and PDIs.
When conventional calibration was employed, molecular weights were
determined relative to polystyrene standards purchased from Aldrich.
For conventional calibration, the eluent contained 0.1 wt % [Bu,N]Br.
Differential scanning calorimetry (DSC) was performed on a TA
Instruments DSC Q100 apparatus coupled to a refrigerated cooling
system (RCS90). Both heating and cooling scans were performed at
10 °C/min under an N, atmosphere with the samples between S and 8
mg contained in standard aluminum pans. The samples were heated to
200 °C from 20 °C, cooled to 20 °C, and heated to 200 °C again. The
cycle was repeated twice. Bulk samples were microtomed at room
temperature using a RMC MTXL ultramicrotome and a diamond knife.
Copper grids from Agar Scientific (mesh 400) were coated with carbon
film. Transmission electron microscopy (TEM) was performed on a Jeol
1200EX TEM MKk2, which operates with a tungsten filament operated at
120 kV. It is fitted with a MegaViewlI digital camera, using Soft Imaging
Systems GmbH analySIS 3.0 image analysis software. A Laurell WS-
400B-6NPP/lite spin coater was used to prepare thin films which were
subsequently plasma etched using a Harrick Plasma Cleaner. Thin film
surface morphology of samples was assessed by scanning force micro-
scopy (SEM) in both the height and phase modes using a Digital
Instruments Nanoscope 3D AFM. SAXS was performed at the European
Synchotron Research Facility (Grenoble, France).

Synthesis of Cp-Capped Polystyrene. Cp-capped polystyrene
was synthesized as developed recently by our group.”* Styrene (10.0 g,
96.15 mmol) was dissolved in cyclohexane (20 mL) and initiated with
255 uL of sec-Buli (1.4 M solution in cyclohexane) at ambient tempera-
ture in an inert atmosphere glovebox. The colorless solution turned
orange instantaneously, indicative of formation of living polystyrene
anions. The polymerization was terminated with a large excess of
dichlorodimethylsilane (10 mL) and left stirring overnight. Solvent and
the excess silanes were removed and dried under vacuum overnight. The
product was dissolved in THF (10 mL), MgCp, (0.10 g, 0.65 mmol) was
added, and the solution was stirred for 10 h. 1 mL of Me;SiCl was then
added to the mixture, and the solution was left stirring for 1 h. All the
volatile materials were removed under vacuum. The polymer was
redissolved in THF, precipitated into hexane, and filtered. It was then
further purified by precipitating twice from THEF into methanol. Finally,
the pure Cp-capped PS was dried in a vacuum oven (60 °C, for 24 h) and
stored in a glovebox. Yield (9.0 g, 90%). "H NMR (400 MHz, C¢Dyg): 0 =
1.90—1.35 (br, CH,), 1.90—2.70 (br, CH), 6.33—7.26 ppm (m, Ph).
BC{'H} NMR (400 MHz, C¢Dy): 6 = 41.0 (CH), 44.0 (CH,), 125.7,
127—128.5 ppm (Ph). GPC analysis (THF, triple detection): M,, = 2.89 x
10" Da, PDI = 1.01

Synthesis of PS-b-PFAMS Copolymers 4—6. A representative
polymerization is described for the synthesis of PS,,s-b-PEAMS, ¢, (6).
Cp-capped polystyrene (0.50 g, 0.017 mmol) was dissolved in THF
(1 mL), and sodium bis(trimethylsilyl)amide (4.76 mg, 0.026 mmol)
was added. The solution was left to stir for 1 h. To that solution, 1 (0.32
g, 1.041 mmol) was added. The reaction mixture was irradiated for 3 h at
S °C. Irradiation was then stopped, and the living polymer chain ends
were quenched using dry degassed methanol. The diblock copolymer 6
was then isolated by selective precipitation from THF in methanol and
was in the form of an orange gum. Block copolymer 6 was then dried in
vacuum (40 °C, 1 x 10~ > mmHg); yield 0.69 g (85%). Conventional
GPC analysis indicated a PDI of 1.07. (Integration ratio from NMR
studies gave an overall molecular weight of 6.0 x 10* Da). '"H NMR
(400 MHz, Dg THF): 0 = 0.64 (s, SiCH3), 1.52 (m, aliphatic PS), 1.92
(m, aliphatic PS), 2.34 (s, NMe,), 3.38 (s, CH,N), 4.14—4.40 (m, Cp),

7.33—7.79 (m, Ph). *C{'H} NMR (400 MHz, C¢Dg): 0 = —4.7
(Si—CH3;), 44.1 (N—CH3), 48.9 (N—CH,), 69.1 (ipso-C), 70.6, 70.8,
714, 719, 72.1, 725, 72.6, 73.5, 73.6, 73.8, 742 (Cp), 87.9
(SiC=CCH,), 103.2 (SIC=CCH,), 122.3, 126.6, 128.3, 128.4, 128.6,
128.9 (PS). GPC: homopolymer aliquot (PS) M,, = 2.89 X 10* Da and
"H NMR integration ratio of 1:1 (corresponding to NMe, and PS-CH,)
gave final average M,, = 6.0 x 10* Da, PDI = 1.07. DSC (10 °C/min):
T, = 104 °C (PS) and 38 °C (PFAMS).

Synthesis and Characterization of Quaternized PS-b-
gPFAMS Block Polyelectrolytes 7—9. A general procedure was
followed for all quaternization reactions. Diisopropylethylamine (a base
used to neutralize any acid residues present with the Me,SO,4) (0.24 mL,
2.50 mmol) were added to a solution of 6 (413 mg, 6.87 mmol) in a
mixture of THF (2 mL) and methanol (1 mL) at 25 °C. The reaction
mixture was left stirring for S days. After removal of the solvent, the
residue was dissolved in small amounts of THF and precipitated in
hexane. Suction filtration followed by drying under high vacuum afforded
the respective block polyelectrolyte 9 as amber-colored gum. Yield (230
mg, 46%). "H NMR (400 MHz, Dg THF): 6 = 0.10 (s, Si—CH;), 1.44
(br, PS), 1.91 (s, PS), 2.59 (s, NMes), 2.94 (s, 0SO;—CHj), 3.47 (s,
NCH,), 3.69—4.09 (m, Cp), 6.04—7.08 (m, Ph).

Preparation of Block Copolymer—Surfactant Complexes.
A general procedure was followed to synthesize polymer—surfactant
complexes. PS-b-qgPFAMS, 9 (100 mg, 1.37 mmol), and AOTE (77 mg,
0.11 mmol) were separately dissolved in deionized water (1 wt %) at
70 °C. Dropwise addition of the AOT5 solution to a rapidly stirring
solution of the charged block copolymer at 70 °C resulted in charge
neutralized material, which was further left stirring overnight. The
amount of AOTy added to block copolymer solution was strictly at 1:1
stoichiometry based on the expectation that AOTy would be selectively
complexed with quaternized amino-functionalized PES blocks through
ionic interactions. The charge-neutralized complex was then washed
several times in hot deionized water (to remove any NaMeSO, salts and
unreacted surfactant) and dried under vacuum (40 °C, 1 x 10> mmHg)
for 30 min. These amber-colored gummy materials were then readily
soluble in common organic solvents such as chloroform, THF, and toluene.
Yield: 111 mg (63%). 'H NMR (300 MHz, Dg THEF): 0 = 0.57
(s, SiCH;), 1.30—2.05 (m, PS), 2.35 (t, CH,), 2.53 (m, CH, CH,,
NMes), 4.00—4.85 (m, Cp), 6.56 (m, Ph), 7.04 ppm (m, Ph). *°F {1H}
(282.78 MHz, Dy THF): —81.5 (t, CF3), —119.7 (dq, CF,), —124.4
(dt, CF,, —126.6 (t, CF,). IR (see Figure S5: A characteristic change was
observed in the vibrational frequency of the sulfonate group within the
surfactant from 1077 cm ™' (AOTg) to 1038 cm™ ' (9-AOTy)).

Sample Preparation of Bulk Samples and Thin Films. The
preparation of bulk samples of the diblock copolymers and block
copolymer—surfactant complexes was conducted by drop-casting several
layers of concentrated solution of the material (50 mg/mL) from toluene
to form a thick film on a glass slide. Annealing in a solvent chamber at
room temperature was used as a preannealing step. Thermal annealing
was performed by heating at 130 °C in vacuum for 5 days. Thermally
annealed polymer samples were then analyzed using SAXS or micro-
tomed at a thickness of ca. 60 nm and placed on a carbon-coated copper
grid for TEM analysis. Thin films were deposited on a silicon wafer by
spin-coating toluene solutions (10 mg/mL) for AFM analysis. The film
thickness was set to between ca. 40 and ca. 200 nm by controlling the
spinning rate and/or solution concentration, but all the results in this
work were found to be independent of the film thickness. Spin-coated
films were placed in saturated toluene vapor for 12 h for annealing.

B ASSOCIATED CONTENT

© Supporting Information. Figures S1—S5. This material
is available free of charge via the Internet at http://pubs.acs.org.
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