























1.6 Interface-Active Block Copolymers

Figure 1.28 (a) Lamellar morphologies of a copolymers containing a hydrophobic

block copolymer consisting of hydrophobic fluorinated mesogen resist surface

and hydrophilic blocks self-assembled with reconstruction due to the formation of a
the hydrophobic block situated at the air highly stable liquid crystalline smectic phase
interface due to its lower surface energy. at the surface. Adapted from Gabor, A.H.,
Exposure of the film to water causes a surface Pruette, L.C. and Ober, C.K. (1996), Chem.
reconstruction that brings the hydrophilic Mater., 8 (9), 2282-2290.

block into contact with the water; (b) Block

BCPs provide a solution to the problem of surface reconstruction. It has been
found that the incorporation of semi-fluorinated chemical groups into micro-
phase-separated BCPs produces materials that resist surface reconstruction due
to the formation of a stable liquid crystalline smectic phase at the surface (as
shown in Figure 1.28b). Since this discovery, semi-fluorinated BCPs have become
very popular candidates as longlasting, nonbiofouling surface coatings for marine
vessels, due to the inability of aquatic organisms to stick to their surfaces [65, 213].
A recent report showed that the surface hydrophobicity of fluorinated BCPs can
be enhanced with supercritical CO, annealing due to a thickening of the smectic
layer [214]. According to Langmuir’s Principle of Independent Surface Action, the
unique hydrophobic properties of a surface depend on: (i) the nature; and (i) the
physical arrangement of the atoms populating the surface of the material [215]. In
the following examples, we will discuss how the surface energy of block copolymer
films have been manipulated by changing these two variables.

1.6.2
Patterning Surface Energies

The facility to alter the hydrophobicity of a polymer in precise patterns would be
a highly desirable trait for the formation of biologically active surfaces. This would
allow the selective adsorption of biomolecules [216] or recombinant proteins [217]
onto specific locations of a polymer film, which could then be used for biosensors
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or other “lab-on-a-chip” applications. By definition, the patterning of a photoresist
readily accomplishes this solubility switch (see Section 1.2.1). Hayakawa and cow-
orkers synthesized a hydroxylated poly(styrene-block-isoprene) BCP using poly-
mer-analogous chemistry, followed by the grafting of a semi-fluorinated side
chain onto the hydroxylated isoprene block [218]. The surface-segregated semi-
fluorinated chains were capped with an acid-labile tert-butoxycarbonyl (TBOC)
protecting group that masks a hydroxyl functionality at the end of the chain. To
tailor the surface energy of the polymer surface layer, a chemical amplification
strategy was used. A photoacid generator mixed into the polymer thin film pro-
duced a photoacid that deprotected the TBOC groups, such that the nonpolar
methyl end group from the TBOC switched to a polar hydroxyl group during
photoprocessing. This resulted in a decrease in the advancing and receding water
contact angles by 14° and 15°, respectively. Annealing the film also induced a
greater degree of surface ordering of the semi-fluorinated chain and increased the
hydrophilicity of the exposed material by a small amount.

Other similar approaches have been used to accomplish the same effect. Boker
et al. demonstrated that the highly hydrophobic perfluorinated side chains grafted
to a hydroxylated poly(styrene-b-isoprene) BCP became completely removed after
thermal annealing to dramatically alter the surface properties of the film [219].
Annealing at 340°C for 15min in a vacuum oven caused a thermal ester cleavage
that resulted in decomposition of the perfluorodecanoyl side chains, but left the
parent polymer backbone intact. This resulted in a considerable change of the
advancing contact angle of the film, from 122° to 87°. As thermal heating could
also be carried out locally on a polymer film, the author suggested that this
approach could be used to pattern hydrophobic and hydrophilic regions on the
master template of a printing press to control the dispersion of aqueous inks.

In a similar approach, Yang et al. used group transfer polymerization to synthe-
size a variety of methacrylate-based BCPs with semi-fluorinated chains functional-
ized with protecting groups, with the intent to use them as surface-active materials
as well as photoresists [220]. Due to their transparency under 193 nm wavelength
light, the semiconductor industry has shown great interest in fluorinated meth-
acrylate polymers as 193nm wavelength photoresists. Prior studies have also
shown that fluorine-containing BCPs can outperform their random copolymer
counterparts [154], and are able to develop in environmentally friendly supercriti-
cal CO, [221]. To investigate the effect of BCP microstructure on wetting behavior,
an assortment of volume ratios for these copolymers were synthesized to provide
a wide range of different microstructures and solubilities, but these did not have
any effect on the surface energy of the films. The polymers with six —~CF,— units
and a —CF; end group showed the lowest critical surface tension, at approximately
7mNewtons per meter. Rather than the commonly used tert-butyl protecting
group, the acetal-type tetrahydropyranyl (THP) protecting group was used on the
basis of its more polar and labile nature. Thermal deprotection of the THP groups
formed acid and left -OH groups on the polymer chain ends that reduced the
advancing water contact angle by 30°. After a period of annealing, it was also
reported that that the free acid caused by the THP deprotection interacted with
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the Si-OH substrate and led to the formation of highly stable, nonreconstructing
surfaces.

1.6.3
Photoswitchable Surface Energies Using Block Copolymers
Containing Azobenzene

It is well known that polymers containing azobenzene groups attached to one of
the blocks can exhibit light-responsive effects [222]. These chemical structures
undergo a reversible cis—trans isomerization upon exposure to specific wavelengths
of light (Figure 1.29), which also changes the molecular orientation of the LC
azobenzene mesogens. It has also been found that the mesogens align perpen-
dicular to the incident light polarization, which means that they will align in the
film plane and along the direction of the propagation of radiation. Therefore, if
the irradiation source is slanted at a given angle, the mesogens then align at the
same angle within the film. This field is full of exciting potential for applications
in the fields of holographic data storage, optical signal processing, and optical
switching.

Light-induced molecular reorganization can also be used to tailor surface proper-
ties. Returning to the principle of independent surface action, there are two ways
to change the wettability of a surface: (i) to change the nature of the end-group
atoms; or (ii) to change the molecular orientation of the end-group atoms. Expand-
ing on the latter point brings us to the topic of photoisomerizable fluorinated
mesogens. Thin films of BCPs containing LC fluorinated mesogens have been
shown to segregate into well-organized smectic layers on the surface, due to the
low energy of the fluorinated block (see Section 1.6.1). Recently, the details have
been reported of azobenzene BCPs with semi-fluorinated alkyl side chains that
would allow structural modification of the fluorinated mesogens at the surface,
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Figure 1.29 The chemical structure of an azobenzene
chromophore and the reversible photoisomerization between
trans and cis isomers.
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and thus selective patterning of the films’ wetting behavior [223]. It has also been
shown that the copolymers with longer fluoroalkyl chain lengths resulted in a high
degree of orientational order, but were highly resistant to molecular restructuring
with photoisomerization. The copolymers with short fluoroalkyl segments showed
a small change in advancing/receding contact angle measurements upon exposure
to UV light, corresponding to changes from a hydrophobic to a slightly less hydro-
phobic surface.

Msller and coworkers have also investigated the behavior of a BCP consisting
of a PHEMA block and a poly(methacrylate) block with 4-trifluoromethoxyazoben-
zene side groups for photoswitchable wetting applications [224]. The group found
that the photoswitchable effect depended heavily on the packing density of the
chromophores, which are higher in the trans state than in the cis state. Films that
were switched to the cis state before film formation had a lower packing density
and were more susceptible to photoinduced motions, due to the increased free
volume in the film. Another group reported an 8° difference in water contact
angles between the cis and trans states in 4-trifluoromethylazobenzene-containing
BCPs [225].

1.6.4
Light-Active Azobenzene Block Copolymer Vesicles as Drug Delivery Devices

Tong and coworkers have shown that amphiphilic, azobenzene-containing BCP
micelles are highly responsive to UV light [226]. In their ATRP synthesis, the
hydrophobic block is a methacrylate-based, azobenzene-containing LC polymer,
and the hydrophilic block is a random copolymer of poly(tert-butyl acrylate-co-
acrylic acid). The BCP forms micelles in solution. Under UV light, the azobenzene
groups in the core undergo a trans—cis photoisomerization that induces a change
in the dipole moment in the BCP vesicle. This shift in the delicate hydrophilic/
hydrophobic balance between the chains causes dissociation of the micelle. Sub-
sequent exposure to visible light irradiation switches the azo molecule back to its
trans state, restores the thermodynamic balance, and causes the micelles to reform
(Figure 1.30). Tong et al. note that other groups [227] had found little effect of
UV light irradiation on other azo-based amphiphilic BCPs, but hinted that the
success of their system might be due to the thermodynamic lever made possible
by the tunability of the hydrophilic random copolymer block. Combined with the
ability for micelles to solubilize anticancer drugs [228] and to act as carriers for
the site-specific transport of drugs [229], these UV light-responsive micelles are
very exciting.

1.6.5
Azobenzene-Containing Block Copolymers as Holographic Materials

In the effort to store data on smaller and smaller length scales, volume holographic
data storage has become an area of intense study in the scientific community.
Recently, attention has turned to BCPs as a potential holographic material. In



1.6 Interface-Active Block Copolymers

10.0 4

9.5 4

9.0 A

8.5 4

8.0 4

Transmittance (a.u.)

(@) »

751
H <-UV-on
7.0

T T T

T T T T T T T
-0 0 10 20 30 40 50 60 70 80 90 100 110 120

Time (s)
Figure 1.30 Changes in transmittance for a exposure. For comparison, also shown is the
vesicle solution of PAzo74-b-(tBA46-AA22) transmittance of the diblock copolymer
exposed to UV (360nm, 18 mWcm™) and solution in dioxane (no water added to induce

visible (440nm, 24 mW cm™) light irradiation. the aggregation) subjected to the same

The vesicles are formed by adding 16% (v/v)  conditions of UV and visible light irradiation.
of water in a dioxane solution with an initial ~ The abscissa of time is shifted to have the
polymer concentration of 1mgml™. origin correspond to the application of UV
(a—c) Typical SEM images for samples cast irradiation. Reprinted with permission from
from the solution at different times: (a) before Ref. [226]; © 2006, American Chemical

and (b) during UV light exposure, while (c) Society.

shows their reformation after visible light

order to understand where they fit in, some background into the technology will
be necessary. Holography is a revolutionary technique to store and view data in
which an optical interference pattern is produced by the intersection of two coher-
ent laser beams. At the point of intersection, the phase and amplitude of the wave
fields induce a chemical or physical change in the material, and are thus “recorded”
onto the holographic material [230].

High-capacity holographic data storage requires precise, 3-D control over the
index of refraction of the material. Among many potential candidates for holo-
graphic materials, azobenzene-containing polymers seem to be the best suited for
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holographic data storage for several reasons, including their high diffraction effi-
ciency, resolution, and sensitivity, but mainly for the nematic—isotropic phase
transition that occurs when the rod-like trans isomer is switched to the contracted
cis isomer (refer to Figure 1.29). The disruption of LC ordering in the molecule
takes place on a time scale of about 200 s, which is a reasonable period for writing
data. In 1995, in a landmark study conducted by Ikeda and coworkers [231],
this phenomenon was used to record holographic gratings inside the bulk of a
polymer film.

One drawback to the use of azobenzene-containing homopolymers and random
copolymers is the astonishing formation of surface relief gratings [232]. Here, the
polymer becomes physically displaced in the areas of the most intense illumina-
tion, due to a massive macroscopic motion of the azo-polymer chains. Despite an
increased diffraction efficiency created by these photopatterned ridges, surface
relief structures are permanent physical effects that are highly detrimental to the
angular selectivity and rewritability required for volume holograms.

BCPs containing azobenzene side chains do not form surface relief gratings due
to the confining effect of the microdomains on the azobenzene side chains [233].
This confinement effect, however, seems to have detrimental effects on the speed
and magnitude of the cis—trans photoisomerization [234]. Hickel et al. synthesized
a series of BCPs containing a polystyrene block and a polybutadiene block contain-
ing the photo-addressable azobenzene components [235]. The photo-addressable
phase consisted of a statistical distribution of azobenzene side groups and ben-
zoylbiphenyl side groups. The latter rod-type mesogen was introduced to increase
the difference in refractive index between the illuminated and nonilluminated
areas of the volume and to improve the stability of the orientation. Different
azo:mesogen ratios were used to identify the polymer with the highest degree and
stability of molecular reorientation. The polymer containing 35% of the mesogenic
side groups showed a slight increase of the refractive index modulation over the
period of a year. This strategy posted remarkable improvements over the stability
of the recorded orientations.

1.7
Summary and Outlook

In this chapter we have brought to light many interesting chemical and physical
applications possible using BCP-directed self-assembly (see Table 1.3). Unfortu-
nately, however, many other fascinating applications have been omitted in the
interest of space. An extraordinary amount of progress has been made in our
ability to manipulate and optimize BCP structural ordering in various forms,
including thin films, micelles, and monolithic bulk structures. The ordered micro-
domains may contain chemical functionality that can be used in a variety of fash-
ions, such as templates for the nucleation and growth of inorganic nanoparticles,
chemical valves inside cylindrical pores, monolithic nanoporous structures, or as
removable components to form lithographic stencils. We have also seen how BCPs
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can behave as multilevel photoresists due to their ability to combine different poly-
mers without macrophase separation. BCPs have also been used for their ability
to segregate into distinct chemical levels for the tailoring of surface properties.
Lastly, we have seen how the incorporation of LC moieties such as fluorinated
mesogens or azobenzene chromophores into BCPs widens their repertoire to low-
energy surface patterning and holographic data storage applications.

In all of these studies, novel chemical strategies have been used to generate
functional results. Chemistry is at the heart of every physical effect arising from
BCP self-assembly. Using myriad living polymerization strategies in combination
with polymer-analogous reactions, BCPs with a vast range of functionalities can
be synthesized with low polydispersity and well-defined molecular weights. Exqui-
site levels of control over the BCP can be achieved by altering the degree of polym-
erization of each of the blocks, through which the chemist can dial in any type of
morphology from spheres, cylinders, bicontinuous networks, and lamellar phases.
Even more morphologies are possible through micellization strategies, such as
spherical, cylindrical, or onion-like structures. The physical and functional like-
ness of these structures to biological vesicles and lysosomes is uncanny. Moreover,
these technologies are just starting to see the first of their applications as contain-
ers for drug delivery, and excellent reviews have been produced that highlight this
area [29, 230].

In the field of BCP lithography, we have just begun to see the first practical uses
emerge from all of the fundamental studies. The formation of cobalt magnetic dot
arrays, flash memory devices, and MOS capacitors are only the “tip of the iceberg”
of applications that can arise from this technology. Whilst industry has not over-
looked these results, several key requirements are required in order for the semi-
conductor industry to take directed self-assembly seriously. Among these
requirements are “improved long-range dimensional control ... improved resolu-
tion and linear density by at least a factor of two over that achieved by top down
lithography [~11nm by 2010] ... fabricated features with multiple sizes and pitches
in the same layer in different regions of a chip .... ” and so on [79]. If improvements
in these areas are not made in the next four years, the field of directed self-
assembly may miss its chance for widespread industrial use.

In the future, nothing stands in the way of our ability to pattern individual,
isolated lines of perpendicular lamellar morphologies. To this end, the work of
Ober and coworkers with the P(aMS-b-HOST) system, in combination with small
molecular additives that undergo phase-selective photocrosslinking chemistry,
seems very promising. One day, the rapidly growing field of organic electronics
may converge with BCP lithography, and the ability to create patterned, well-
ordered arrays of conducting nanowires may become possible [237-239]. In theory,
the chemical nanopatterning approach mastered by the Nealey group should allow
us to effectively control BCP self-assembly by forcing microdomains to organize
into any type of lattice, such as simple cubic lattices. It should also be possible
with chemical nanopatterning to pattern some of the more complicated features
in semiconductor device components, such as nested and embedded jog struc-
tures, and t-junctions. Furthermore, if we consider the immense 3-D complexity
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of protein molecules, which are formed from various combinations of the 20
amino acids, we have only begun to scratch the surface of the dimensional control
made possible by block copolymers. The incorporation of multiple blocks, hydro-
gen-bonded [240] and LC blocks [21] will be immensely rewarded by the ability to
manipulate and exert control over multiple length scales of molecular self-assem-
bly. Nor should we be constrained by the type of BCP that we use. PS-b-PMMA is
a great lithographic system, but other, better-performing BCP systems may be on
the horizon. New and improved chemistry will be vital for improvement in this
field. It will certainly be exciting to follow the field of BCP research as it reaches
its full maturity in the coming years.
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