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Diblock copolymers, BCPs, comprised of two chemically
distinct blocks covalently bonded at one end, self-assemble into
arrays of periodically ordered nanometer-sized microdomains.1

Thin films made from coil-coil or rod-coil BCPs present a
wide range of microphase-separated morphologies depending
on the volume fraction of the components. By removing one
block chemically by UV or ozone exposure, nanoporous
templates are produced where the template pattern can be
transferred to a substrate by reactive ion etching.2 The fidelity
of pattern transfer is very high since the film is in contact with
the substrate. These nanotemplates are emerging as a simple,
robust route for fabricating nanostructured materials.

Recently, amphiphilic liquid crystalline (LC) block copoly-
mers have received attention because long-range order of the
microdomains could be realized using optical or mechanical
methods.3,4 In particular, block copolymers containing azoben-
zene (Azo) units have been an active area of research.5-7 Under
irradiation, Azo polymers undergo an efficient photoisomer-
ization: transf cis or cis f trans. This photoresponsive
property makes Azo block copolymers potentially useful for
many applications, including photoswitches, photoalignment
materials, photomechanical devices, photoinduced patterning,

etc.8,9 It was demonstrated by Ringsdorf et al. that electric field
can orient Azo-containing LC copolymers.10

Iyoda et al. first synthesized an amphiphilic liquid crystalline
diblock copolymer containing PEO as the hydrophilic block and
a polymethacrylate with Azo side chains as the hydrophobic,
liquid crystalline, and photoactive block.3 Seki et al. developed
a ABA-type triblock copolymer where A and B correspond to
Azo-containing polymethacrylate and PEO, respectively.4a The
morphology of a monolayer film of the triblock copolymer (trans
form) on mica substrate showed nanoscopic dot and rod features.
After UV irradiation, the film presented striped features. Thermal
cis f trans isomerization at room temperature cause the stripes
to revert to dots. Most recently, Ikeda et al. demonstrated, using
a linearly polarized laser beam (488 nm), a parallel patterning
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Scheme 1. Synthesis Routes for Azo Monomer (1), PEO
Macroinitiator (2), and Diblock Copolymer (3)
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of PEO nanocylinders in the film of an amphiphilic diblock
copolymer consisting of polymethacrylate block with Azo side
chains.4e The PEO nanocylinders were aligned normal to the
polarization direction of the light.

Here, we report, for an Azo diblock copolymer similar to
that of Iyoda and Ikeda, the achievement of spontaneous
alignment of nanocylinders by physical confinement within
trenches on a substrate via annealing.

We synthesized an Azo-containing amphiphilic BCP by atom
transfer radical polymerization (ATRP) following the work of
Iyoda and Ikeda (see Scheme 1).3,4eSize exclusion chromatog-
raphy (SEC) for the macroinitiator and the diblock copolymer
are shown in Figure S1, and indicate successful growth of the
Azo block with narrow polydispersity. Reverse phase HPLC
analysis of the diblock copolymer showed it to be free of
unreacted macroinitiator.1H NMR spectral analysis indicated
that the PEO and Azo blocks have∼122 and∼87 repeat units,
respectively (Figure S2), in good agreement with the SEC data.
The molecular weight and polydispersity of the copolymer are
45.4K (Mn) and 1.17, respectively. Thermal gravimetric analysis
(TGA) of the PEO macroinitiator showed only one decomposi-

tion event at 394.6°C (Figure S3), while the diblock copolymer
showed two (364.3 and 424.2°C, Figure S4). The diblock
copolymer exhibited only 1% weight loss up to 316°C,
demonstrating good thermal stability. Differential scanning
calorimetry (DSC) of PEO macroinitiator indicated a melting
point of 60.5°C (Figure S5). For the diblock copolymer, the
melting point of the PEO block decreased to 39.7°C (Figure
S6), consistent with the presence of the Azo block. The glass
transition temperature (Tg) for the Azo block was measured to
be∼33.2°C. The other pair of peaks at 161.2°C (on heating)
and 155.9°C (on cooling) in the DSC of the diblock copolymer
are attributed to the smecticf isotropic and isotropicf smectic
phase transitions of the liquid-crystalline Azo block, respec-
tively.

Small-angle X-ray scattering (Figure S7) was used to
characterize annealed drop-cast films (bulk). Three scattering
peaks were observed withq ratio of the first three reflections
of 1:x3:2, suggesting a cylindrical microdomain morphology.
A scattering peak at 1.4 nm-1 is seen, which can be attributed
to the periodicity in the smectic phase (4.5 nm) of the Azo

Figure 1. AFM phase images for 38.5 nm thick copolymer film on Si substrate. Thin films: (a) without any thermal annealing; (b) annealed at
140 °C for 1 day; (c) annealed at 180°C for 1 day; (d) annealed at 180°C for 2 days.
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group. The AFM image of the sheared film showed the
appearance of the hexagonally packed PEO nanocylinders,
further supporting the cylindrical microdomain morphology of
the BCP (see Figure S8).

The phase behavior of bulk A-B diblock copolymers is
determined by three factors: the degree of polymerization, the
overall volume fraction of the components, and the Flory-
Huggins segmental interaction parameter,ø.11 However, many
other factors influence the morphology of thin films, for example
substrate, film thickness, annealing conditions, and interfacial
interactions.12

In Ikeda’s work,4e annealing a 100 nm thick film on a glass
substrate at 140°C produced PEO nanocylinders oriented
normal to the surface. Here, the alignment behavior of the LC
diblock copolymer in trenches was of interest, but we first
studied the film structure on an unpatterned substrate. Thin films,
∼38.5 nm in thickness, of the Azo BCP were prepared by spin-
coating from a toluene/THF solution (volume ratio 1:1) onto
Si substrates coated with 2500 Å wet thermal oxide. The
morphologies of the films annealed under different conditions
were studied by scanning force microscopy, as shown in Figure
1.

The dried copolymer film without any thermal annealing
presented a disordered microstructure without a well-defined
microphase-separated morphology, since the self-assembly of
the BCP could not reach an equilibrium morphology during the
rapid spin-coating process (see Figure 1a). Parts b and c of
Figure 1 show the morphologies of the copolymer films annealed
in vacuo at 140 and 180°C for 1 day, respectively. It should
be noted that all AFM images presented here are phase images
obtained by using tapping mode. The dark parts in the images
are PEO domains. Increasing the annealing temperature, the
alignment of the cylindrical microdomains improved, and the
lateral ordering increased. Factors influencing the evolution of
the morphology include the microphase separation between the
PEO block and the Azo block, the isotropicf smectic phase
transition of Azo block, and PEO crystallization. Being annealed
at temperatures above the glass transition temperature of the
Azo block, the self-assembly and microphase separation led to
a strong alignment of the microdomains. When annealed at 180
°C, since the temperature exceeds the smecticf isotropic phase
transition temperature (161.2°C), both blocks of the copolymer
are liquidlike. The PEO block and the Azo block have sufficient
mobility to self-assemble. By gradually decreasing the temper-
ature, the Azo block first undergoes the isotropicf smectic
phase transition, and then microphase separation with the PEO
block occurs. The rigid-rod-like Azo units easily pack uniformly
and can propagate this order over large distances (Figure 1c).
When temperature goes below the PEO melting point (39.7°C),
the PEO block crystallizes between the hard Azo microdomain.
The self-assembly and microphase separation lead to a long-
range ordering of the PEO nanocylinders (Figure S9). 2D FFT
analysis of Figure S9 indicates that the periodicity of the
microdomain is∼23.3 nm (Figure S10), and the calculated
d-spacing (20.2 nm) is fully consistent with the SAXS results
(20.0 nm) (see Figure S7). Figure 1d shows the morphology of
the copolymer film that was annealed at 180°C for 2 days.
There is no long-range order, which may result from a thermal
cross-linking and degradation.

Nealey, Sibener, Ross, and Kramer et al.2c,13-16 have spin-
coated lamellae-, cylinder-, and sphere-forming BCPs on
topographically patterned substrates and investigated the effects
of confinement on the thin film morphology. They used grooves
(gratings or channels) to direct the alignment of the nanodomains

and promote lateral ordering in BCP thin films. In this work,
to improve the lateral ordering of the cylindrical nanodomains
oriented parallel to the substrate, the BCP films were placed
on surfaces having trenches with different sizes. The trench
bottom width varied from 105 to 461 nm while the top width
varied from 207 to 582 nm, and the depth was 55-60 nm
(Figures S11 and S12). It is obvious that, instead of the wavy
orientation shown in Figure 1c, the nanodomains aligned due
to the confinement in the trenches, as shown in Figure 2a,b.
Significantly improved alignment was seen in the narrower
trenches. During the annealing, the polymer might flow into
the trenches, leaving a very thin layer on the surface of the
substrate between the trenches.

In summary, liquid crystalline cylinder-forming BCPs were
synthesized. In thin films the cylindrical microdomains oriented
parallel to the substrate. The alignment of the PEO micro-
domains was significantly improved by increasing the annealing
temperature. When deposited on patterned surfaces followed
by annealing, alignment of the nanocylinders along the grooves
occurred, induced by physical confinement. Different technical
approaches aiming to improve the alignment of nanocylinders

Figure 2. AFM images of the annealed diblock copolymer films inside
the trenches: (a) 207 nm wide trench; (b) 582 nm wide trench.
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and to realize long-range order in diblock copolymer films are
underway.
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