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ABSTRACT: The synthesis and self-assembly of a high interaction
parameter silicon-containing liquid crystalline block copolymer (Si-
LCBCP) are reported, containing thermally and photo-responsive
azobenzene mesogens in the side chains which undergo molecular
structural transitions, influencing phase transitions and orientation
in the block copolymer. A series of the azobenzene-containing Si-
LCBCPs, poly{dimethylsiloxane-b-11-[4-(4-cyanophenylazo)-
phenoxy]undecane methacrylate}, were synthesized through atom
transfer radical polymerization, and the bulk self-assembly as well as
the influence of the liquid-crystalline (LC) phase transition of the
LC block on the microphase-separated nanostructure of the BCPs
is described. As the volume fraction of the PMAAzo block
(fpmanzo) changes from 41 to 71%, lamellar, double gyroid (GYR),
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orthorhombic Fddd network, hexagonally packed cylindrical (HEX), and body centered cubic nanostructures were obtained. When
frmaaze = 55—57%, a thermally reversible HEX-GYR-Fddd phase transition induced by the temperature change and LC phase
transition was observed. Bulk morphologies are compared with thin-film self-assembly, and pattern transfer into silica nanostructures

is demonstrated.

1. INTRODUCTION

Block copolymers (BCPs) have garnered much attention in
applications including nanoporous membranes,' > mesopo-
rous templates,” and nanolithography™° due to their capability
of yielding various well-defined ordered nanostructures with
tunable sizes on the few nm—100 nm length scale. The self-
assembly and properties of BCPs depend on the Flory—
Huggins interaction parameter (y), the overall degree of
polymerization (N), and the volume fraction f of each block.”
High-y low-N BCPs enable the formation of small-size periodic
features which are useful for advanced nanotechnology such as
nanopatterning and the fabrication of small pore-size filtration
membranes.® ™"

High-y BCPs consist of two polymer blocks with quite
different physical and chemical properties, which is often
accomplished by pairing a block incorporating fluorine,
carbonate, or silicon with a block such as polystyrene (PS),
poly(methyl methacrylate), polyhydroxystyrene, and so
forth."'~'* A silicon-containing block, for instance PDMS
(polydimethylsiloxane), polyferrocenylsilane, or polyoctahedral
silsesquioxanes, combined with an organic block such as PS
yields a BCP possessing not only high-y values for strong
microphase separation but also native etch contrast for facile
pattern transfer.">~'® The thin-film self-assembly of silicon-
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containing BCPs has been investigated extensively for
nanopatterning applications.6’11’14_16'19

Incorporating liquid-crystalline (LC) mesogens into BCPs
produces LCBCPs which can form “structure-in-structure”
hierarchical morphologies, that is, ordered LC phases within
the microphase-separated domains.””*' The LC behavior not
only enhances the immiscibility or chemical incompatibility
between two blocks to increase the tendency for microphase-
separation but also offers an effective way to switch the
morphologies and orientation of the microphase-separated
nanostructures by modulating the alignment of the LC
mesogens via changes in temperature, solvents, magnetic
field, and light illumination.””~*® As an example, LCBCPs can
experience diverse order-to-order transitions (OOTs) triggered
by the LC phase transition in addition to the temperature-
induced OOTs typical for BCPs that are attributed to the
temperature-dependent y.°°"*° In particular, azobenzene LC
mesogens present a photoswitchable configuration change
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between cis and trans, that is, forming the low-energy trans
configuration under visible light or heat treatment but the cis
isomer upon irradiation with UV light.*’' Thus, light of
different wavelengths can be utilized to manipulate the
orientation of azobenzene-containing LCBCPs.”*** For
example, the cylindrical morphology of azobenzene photo-
responsive LCBCPs can be transformed from random or in-
plane orientation to out-of-plane vertical alignment under light
irradiation.”>** ™’

In this work, we report the synthesis and morphology of a
silicon-containing side-chain azobenzene LCBCP, poly-
{dimethylsiloxane-b-11-[4-(4-cyanophenylazo)phenoxy]-
undecane methacrylate}, which combines the advantages of a
high-y value for producing sub-22 nm periodic features,
thermal and light-responsive characteristics for morphology
control, and good etch contrast for pattern transfer. Although
the synthesis method and the phase separation morphologies
of similar materials have been studied,”’ >’ the complete phase
diagram remains to be elucidated. For example, Aoki and co-
workers demonstrated the photoreorientation of one compo-
sition of PDMS-b-PMAAzo.”® Wei et al. prepared a series of
PDMS-b-PMAAzo with PDMS wt % from 23.3 to 57.8 to
investigate the morphologies after thermal annealing,*
obtaining only lamellar (LAM), spherical, and cylindrical
microdomain structures. These BCPs had six methylene
spacers between the mesogen and the backbone,” which is
much shorter than the length in our materials (11 spacers).
The length of spacers has considerable influence on the
properties of azobenzene-containing polymers, including their
absorption spectra,"*™* melting temperature,*>** photo-
isomerization,”** and especially morphology.*"***>** LC
structures consisting of a combination of host and guest LC
molecules are promoted in azobenzene-containing BCPs with a
longer spacer length.*

Here, a series of PDMS-b-PMAAzo with different molecular
weights and volume fractions of the LC block were synthesized
through atom transfer radical polymerization (ATRP). The
bulk phase behavior of the LCBCPs and the influence of
temperature and phase transitions of the PMAAzo blocks on
the microphase-separated structures were investigated by
small-angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM) experiments. LAM, gyroid (GYR),
hexagonally packed cylindrical (HEX), and body centered
cubic (BCC) nanostructures as well as a network with Fddd
(orthorhombic space group number 70) symmetry"’ were
obtained. When the volume fractions of the PMAAzo
(fomanz) = S5—57%, a thermally reversible HEX-GYR-Fddd
transition was found. Finally, the thin-film self-assembly of
HEX morphologies under thermal annealing was studied and
the nanostructures were transformed into silicon oxide patterns
by plasma etching. This work illustrates the strategy of
incorporating thermally and photoresponsive azobenzene LC
mesogens into silicon-containing BCPs for morphology control
with promise for applications in nanofabrication.

2. EXPERIMENTAL SECTION

2.1. Synthesis of PDMS-b-PMAAzo by ATRP. A series of
PDMS-b-PMAAzo BCPs were synthesized by ATRP (Scheme 1)
using PDMS-Br as macroinitiators prepared from the hydroxyl-
terminated PDMS. The preparation and characterization of the
PDMS-Br macroinitiator and MAAzo azobenzene LC monomer are
described in the Supporting Information (Scheme S1 and Figure S1)
and Figure la. Three PDMS-Br macroinitiators with degrees of

Scheme 1. Synthesis of PDMS-b-PMAAzo Block
Copolymers
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polymerization of ~63, 101, and 180 were used and the
corresponding three series of PDMS-b-PMAAzo diblock copolymers
(noted as Dg;M,, D;o;M,, and D oM,) with different lengths of the
PMAAzo block were synthesized by changing the ratio of the
macroinitiator to monomer. Figure 1a shows typical '"H NMR spectra
of the MAAzo, PDMS-Br, and the PDMS-b-PMAAzo.

Taking the synthesis of Dg;M,; as a typical example, the monomer
{11-[4-(4-cyanophenylazo)phenoxy]undecane methacrylate}
(MAAzo) (0.52 g 1.12 mmol), PDMS-Br (0.15 g, 2.24 X 1072
mmol), CuBr (0.0032 g, 2.24 X 1072 mmol), PMDETA (4.6 uL, 2.24
X 107> mmol), and chlorobenzene (4 mL) were charged into a
Schleck tube. After being stirred and degassed by three freeze—
pump—thaw cycles, the tube was sealed under vacuum and
subsequently immersed into an oil bath held at 80 °C for 8 h. After
the reaction was over, the tube was brought to ambient conditions
and in contact with air. The solution was passed through a neutral
alumina column to remove copper salts. Finally, the copolymer was
precipitated in a large volume of methanol, and then, the precipitates
were collected and dried in vacuum overnight. Figure la(iii) shows
representative '"H NMR spectra of the PDMS-b-PMAAzo BCPs.

2.2. Annealing Method for Bulk and Thin-Film Samples. The
BCP was dissolved in tetrahydrofuran (THF) to prepare a solution of
40 mg/mlL, stirred overnight to ensure that the solution was
completely mixed, and then, the polymer was dried by evaporating
the THF at an ambient temperature. Afterward, the evaporated
polymer sample was thermally annealed at 150 °C in a vacuum
environment for 2 days.

Solutions of the PDMS-b-PMAAzo BCP were made in toluene with
concentration 1.5 wt %. Films with a thickness of 40 nm were
obtained by spin-coating on as-received Si substrates and on PDMS-
brush functionalized Si substrates.** The films were thermally
annealed at 140—180 °C under vacuum (20 Torr) for 48—72 h.

2.3. Characterization Methods. The chemical structures and
molecular weights of PDMS-b-PMAAzo BCPs were characterized by
"H NMR and gel permeation chromatography (GPC), Figure 1b,c.
'"H NMR spectra were recorded with a Bruker 400 MHz
spectrometer. GPC was conducted on a Waters 1515 instrument
with pure THF as eluent (1.0 mL/min). The calibration curve was
obtained with linear PSs as standards. GPC provides relative
molecular weights, whereas the NMR result is quantitative.

The thermal behavior and LC phase transitions were studied using
differential scanning calorimetry (DSC) and polarized optical
microscopy (POM, Nikon, ECLIPSE LV100 POL) equipped with a
hot stage. The DSC experiment was carried out on a TA Q200 (USA
calorimeter) in a nitrogen atmosphere. The heating and cooling rate
was 10 °C/min, and the glass transition temperature (Tg) and LC-
isotropic phase transition temperature (T|c,) of the BCPs were
recorded from the second heating curve.
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Figure 1. (a) "H NMR spectra of (i) MAAzo monomer; (ii) PDMS-Br macroinitiator; and (iii) Dg;M,. Insets show the molecular structures. (b,c)

GPC curves of (b) Dg;M,; (c) Dyo;M,; and DygM, BCPs.

Table 1. Molecular Weights M,,, Dispersity M,,/M,,, fpman.or Morphology, and g and d Values of the BCPs

sample” M," (g/mol) M,  (g/mol) M,/M,°
De;Ms 11,300 8300 115
DMy, 12,000 9700 1.18
DMy, 12,200 11,100 113
DM, 13,000 12,500 117
DMy, 17,200 17,100 118
Dy My, 14,800 17,600 115
Do My 14,900 18,500 L11
Do Mg 18,200 23,600 115
DysoMio 25,700 35,900 135
D5oMs 28,200 44,200 145

fomanze (%) nanostructure g* (nm™) d (nm)
41 LAM 0.370 17.0
49 GYR 0.347 18.2
5§ GYR 0.334 18.8
60 HEX 0.331 19.0
71 BCC 0.310 20.3
5SS Fddd 0.306 20.5
57 HEX 0.295 21.3
66 BCC 0.289 21.7
60 HEX 0.244 25.7
67 BCC 0.230 27.3

“PDMS-b-PMAAzo is denoted as D,,M,, where m and n are the degrees of polymerization of PDMS blocks and PMAAzo blocks, respectively.
Determined by GPC. “Determined by '"H NMR and the PDMS block, which is also determined from 'H NMR.

The microphase-separated nanostructures and the LC phase
structures as well as the phase transitions were characterized by
SAXS and wide-angle X-ray scattering (WAXS) experiments. SAXS
experiments were carried out on a Xeuss2.0 (Xenocs) instrument and
Bruker Nanostar SAXS instrument using Cu Ka radiation at a
wavelength of 0.154 nm. The working voltage and current were 50 kV
and 0.60 mA, respectively. The scattering vector q is defined as g =
47/A sin 0, where the scattering angle is 26, and the d-spacing (d) is
given by 27/q. The WAXS experiments were performed on a Bruker
D8 Discover X-ray diffractometer. The X-ray wavelength 0.154 nm
from a generator operated at 45 kV and 0.90 mA.

The morphologies of the BCP films were characterized by TEM.
BCP films of S0—100 nm thickness were cast on carbon-coated 400-
mesh copper grids from a 1.0 wt % solution of BCP in toluene and
thermally annealed and then TEM bright field images were obtained
with a Talos F200i transmission electron microscope using an
accelerating voltage of 120 kV. Due to the higher electron density of
PDMS than that of the PMAAzo, the BCP samples were directly
observed without staining treatment,””*’ and in the TEM micro-
graphs, the dark part is the PDMS microdomain and the bright part is
the PMAAzo microdomain.

The annealed BCP thin films on substrates were subjected to a
two-step reactive ion etching (Plasma-Therm 790) consisting of a
SOW CF, plasma at 15 mTorr for § s to remove the PDMS wetting

layer on the surface and a 90W O, plasma at 6 mTorr for 10—20 s to
selectively etch the PMAAzo matrix, leaving oxidized PDMS
microdomains on the substrates. The morphologies of the etched
BCP thin films were characterized using a Zeiss Merlin high
resolution scanning electron microscopy (SEM) at 3 kV, and with
atomic force microscopy (AFM) in both height and phase-contrast
modes using a Veeco Metrology Nanoscope V scanned probe
microscope controller with a Dimension 3100 AFM in the tapping
mode.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of PDMS-b-
PMAAzo BCPs. The chemical structure and the molecular
weights of the three series of PDMS-b-PMAAzo diblock
copolymers (Dg;M,, D;o;M,, and DygM,) are given in Table
1. From the GPC results (Figure 1b,c), the molecular weight
distribution of the Dg;M,, and D,y;M,, BCPs was narrower than
that of the DM, Based on the "H NMR results and densities
of 0.97 g/cm® for PDMS and 1.10 g/cm® for PMAAzo,™ the
total molecular weight of these BCPs ranged from 8300 to
44,200 g/mol, and the calculated volume fractions of the
PMAAzo ranged from 41 to 71%. The fpyaa,, values for
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Figure 2. LC behavior of the PMAAzo block. (a,b) DSC curves of DgzM,,, D1g;M,,, and Dy gM,e BCPs during the second heating and the first
cooling cycle; (c) the SAXS profiles in the wide angle region and (d) 1D WAXS profiles of Dg;M;, DgsM;57, D1g; My, and Djg;M,; (e) schematic
illustration of the bilayer packing of LC mesogens in a SmA LC phase; and the POM images of Dg;M,, at (f) 150 and (g) 110 °C.
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Figure 3. SAXS profiles of (a) DM, and (b) D;y;M, and DM, series BCPs after thermal annealing above T ¢, and then cooling to room
temperature, and TEM images of (c) DgMy5 (d) Dg;M,;, (e) Dyg;M,,, and (f) DygoMy BCPs. In (a), the vertical dashed line represents the
primary scattering peak (q*) of Dg;M; and in (b) of Dy M,, and DygMy,.

D¢;M,, DyoM,, and DygM, cover a similar range, but the increase in molecular weight of the PMAAzo block.”" In the
molecular weights in each series are different, and thus, these heating curve, two distinct endothermic transitions or one
BCPs produce nanostructures with different periods. broad endothermic transition can be observed in the range of

3.2. Thermal Properties and LC Phase Behavior of 117—13S$ °C, which are attributed to LC phase transitions, that

PDMS-b-PMAAzo BCPs. The thermal behavior and mesogen is, the smectic C to smectic A phase (SmC—SmA) and the
ordering of the PDMS-b-PMAAzo BCPs were investigated smectic A to the isotropic phase (SmA-I or LC-iso).>* For
using DSC, 1D WAXS, and POM. The DSC curves of all BCPs example, in the enlarged DSC curve of Dg;M,, (Figure 2a),

(Figure S2) indicate both a glass transition and LC phase two LC phase transition peaks can be clearly distinguished, and
transition of the PMAAzo block. The glass transition the SmC—SmA and SmA-I occurred at 118 and 129 °C,
temperature (T,), LC transition temperatures, and enthalpy respectively. The corresponding exothermic peaks can also be
values during the second heating and the first cooling cycles observed in the cooling curves corresponding to I-SmA and
are listed in Table S1. The glass transition was observed in the SmA—SmC transitions (Figures 2b and S2d,h), respectively,
range of 23—37 °C, and the T, values increased with the and the transition temperatures shift to slightly lower values
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due to supercooling. The enthalpy increases with the increase
in fpyanse and the Ty, increases slightly with an increase of
the molecular weight of the PMAAzo.”

The LC phase and mesogen arrangements of the PMAAzo
block of Dg;M,; and Dy M,, were further characterized by
SAXS and 1D WAXS (Figure 2¢,d). In the wide angle region of
the SAXS profiles, a scattering peak at q = 1.31 nm~!
corresponding to a d-spacing of 4.79 nm was observed (Figure
2¢). In the small angle region of the 1D WAXS profiles (Figure
2d), two scattering peaks at g = 2.62 and 3.89 nm™' were
observed. These scattering peaks yield a scattering vector ratio
of 1:2:3, which indicates that the PMAAzo forms a smectic LC
phase. From molecular modeling, the length of the fully
extended side group of PMAAzo (Figure S3) was about 2.80
nm and the length of the azobenzene LC mesogen was 1.12
nm (Figure S4). Considering that the methylene group
—(CH,),;— spacers were not in an extended chain
conformation, the observed 4.79 nm smectic d-spacing
indicates bilayer packing of the LC mesogens (Figure 2e).
Two other broad scattering peaks were also observed in the 1D
WAXS profiles, in which peak A at q = 8.59 nm™’, indicating a
d-spacing of 0.74 nm, is attributed to the amorphous PDMS
block, and peak B at g = 14.43 nm™", indicating a d-spacing of
0.44 nm, is attributed to 7—x interactions between azobenzene
LC mesogens in the PMAAzo blocks. Moreover, the LC
mesogenic texture of the Dg;M,, BCP was explored by POM.
When the Dg;M,, was heated to 150 °C (above the Ty,
Figure 2f), the LC block was in an isotropic phase and no
texture was observed; when the sample was cooled to 110 °C
(Figure 2g), a weak birefringent texture appeared indicating
the LC phase formation of the PMAAzo.”*

3.3. Microphase-Separated Nanostructures of PDMS-
b-PMAAzo BCPs in Bulk. We examined the bulk
morphologies of all PDMS-b-PMAAzo BCPs by SAXS after
thermal annealing above the T, of the PMAAzo block and
cooling to room temperature. The SAXS profiles of Dg;M,,
D,y M,, and DM, BCPs are shown in Figure 3ab. TEM
observation of bulk samples was limited because the low-
molecular-weight BCPs formed sticky solids, which impedes
microtome slicing. Instead, we observed the morphologies of
solution-cast films by TEM (Figures 3c—f and S6).

We first describe the morphologies of the DgM, series
BCPs after annealing at 150 °C. The SAXS profile of Dys;Mg
with fpyvane ~ 41% presents two scattering peaks with a
scattering vector ratio of 1:2 in which the primary scattering
peak (q*) appears at ¢ = 0.370 nm™' corresponding to a
periodicity of 17.0 nm. The cast thin films of Dg;Mg show a
featureless morphology in TEM images (Figure S6a)
suggesting a LAM structure parallel to the sample plane.

The SAXS profile of Dg;M,; with fpyanse ~ 49% presents
peaks with a scattering vector ratio of 1:1.83:2.23 (Figures 3a
and SS in which the peak at 2.23g* is more obvious). GYR
nanostructures produce peaks with ratios
V/6:1/8:1/14:1/16:1/20:1/22:1/24:1/26:1/30:/32... with
the first two peaks corr_esgonding to the (211) and (220)
reflections, respectively.”>® The scattering vector ratio from
Dg3M,, is consistent with \/6:\/20:\/30 with g* = 0.347
nm™' corresponding to a GYR d-spacing of 18.2 nm. The ratio
is inconsistent with that expected from LAM (q ratios 1:2:3...)
or HEX (1:\/3:\/4:\/7:\/9:\/12...), thus a GYR is most
likely. However, the TEM image of the cast film showed both
featureless regions suggesting parallel LAM and line features
suggesting cylinders (e.g., Figure S6b). We conclude that the

cast Dg;M,; film forms a different morphology than that of the
SAXS bulk sample as a result of the different confinement
conditions.

The SAXS profile of the Dg;M,, sample with fpyang, ~ S5%
also shows a series of peaks with the strongest having scattering
vector ratios of 1:1.15:1.63:1.91:2.23 consistent with the ratio
\/6:\/8:\/16:\/22:\/30 for GYR observed in ref.”® The peak
at 1.15q* is clearer in the data shown in Figure SS. The
primary reflection peak at g = 0.334 nm™" corresponds to a d-
spacing of 18.8 nm. In contrast, the TEM image of the as-cast
film presents HEX-dominated nanostructures with a cylinder-
to-cylinder distance of 19.3 nm (Figure S6¢). The observation
of HEX is ascribed to the limited film thickness which
promotes the formation of HEX instead of GYR, as seen for
Dg3My;.

The SAXS profile of Dg;M;; with fpyanse ~ 60% presents
peaks with scattering vector ratio 1:2:2.65, and the primary
scattering peak at ¢ = 0.331 nm ™" corresponds to a d-spacing of
19.0 nm in a HEX structure. The formation of HEX was
confirmed by the TEM result (Figure 3c) in which the
cylinder-to-cylinder distance is 21.2 nm. This is close to the
calculated cylinder-to-cylinder distance from the SAXS results
of ~21.9 nm (2d/ \/ 3). The radius of the PDMS cylinders is
expected to be d(2fpppms/ \/371’)1/2 = 7.3 nm.

Dg;M,; only shows a primary scattering peak in the SAXS
profile at ¢ = 0.310 nm™', and TEM showed poorly ordered
spherical microdomains, corresponding to a BCC structure
with a d-spacing value (d;;,) of ~20.3 nm (Figure 3d).
Therefore, we conclude that the Dg;M, BCPs produce LAM,
GYR, HEX, and BCC nanostructures as the fpyaa,, increased
from 41 to 71%, though the GYR structures are inhibited in
cast films. The periodicity was less than 22 nm, making them
potential candidates for nanolithography applications.”>’

The SAXS profile of the D;y;M,, presents peaks with a
scattering vector ratio of 1:1.22:1.72:1.95, and ¢* = 0.306
nm™' corresponding to a d-spacing of 20.5 nm. The scattering
peak at 1.22¢* was confirmed by another SAXS instrument
(Figure S7) and the peaks at 1.22q* became more clear during
in situ heating experiments. The scattering peak at 1.22g%*
strongly suggests an Fddd morphology.”” The Fddd structure,
an orthorhombic bicontinuous network morphology has been
theoretically predicted and experimentally observed as a stable
phase in diblock copolymer melts within a narrow region at
relatively weak segregation [e.g, for PS-b-polyisoprene (PI)
BCPs with 0.629 < fp; < 0.649 and 25 < ¥N < 30].”* Here, the
PDMS-b-PMAAzo has a relatively high interaction parameter
and low molecular weight, but at the annealing temperature, y
is reduced and this is assumed to promote the Fddd
morphology. However, we only observed in-plane cylindrical
structures from the TEM image (Figure S6d) indicating that,
similar to GYR, the Fddd does not form when the film
thickness is smaller than a few times the period of the
structure.

D,y M,, presents peaks with a scattering vector ratio of
1:1.73:2:2.65, characteristic of HEX, with a primary reflection
peak at g = 0.295 nm™', corresponding to a d-spacing of 21.3
nm. TEM confirmed the HEX structure with images along and
perpendicular to the hexagonal column axis shown in Figure
3e. The SAXS profile of D;;;M;; which had a relatively high
dispersity only shows one peak at g = 0.289 nm/,
corresponding to a d-spacing of 21.7 nm, and the TEM
image demonstrates a poorly ordered spherical morphology
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(Figure S6e). Thus, we obtained Fddd, HEX, and BCC
structures from the D,;;M,, BCPs.

For D,gM, BCPs, TEM of the D 3,M,, showed cylindrical
morphology (Figure 3f) and the SAXS was consistent with this,
having a scattering vector ratio of 1:2 of the major peaks and a
possible third peak at 2.65. The HEX structure with g* at
0.244 nm™' corresponds to a d-spacing of 25.7 nm. The
cylinder-to-cylinder distance is about 29.7 nm, and the radius
of the PDMS cylinders is about 9.8 nm. D 3,My, only shows
one wide primary scattering peak at ¢ = 0.230 nm™'
corresponding to a d-spacing value of 27.3 nm, and a poorly
ordered spherical morphology was indicated by TEM (Figure
S6f). The poor ordering nanostructure of the D 4My; should
be ascribed to the high dispersity (>1.4) and the higher
molecular weight which contributed the lower self-assembly
kinetics.

These DM BCPs therefore produce a series of nanostruc-
tures with different periodicities. As the fpyaa,, varied from 41
to 71%, LAM, Fddd, GYR, HEX, and BCC structures with
different periods were obtained. For approximately constant
frMaazor the period increased with total molecular weight, while
the morphologies were similar. Summarizing the observed
morphologies of PDMS-b-PMAAzo BCPs, a schematic phase
diagram is illustrated in Figure 4 (¥N vs fpyanzo), in which the
vertical coordinate yN is proportional to N. The phase
boundaries are drawn to correspond to the topology of the
phase diagram of ref 59.

N Increasing

N

44 49 55 57 60 66 71
40 50 60 70
fPMAAZO (0/0)

Figure 4. Schematic illustration of the phase diagram, ¥N vs fpyaaser
of the PDMS-b-PMAAzo BCPs with different total molecular weights.

3.4. Influence of Temperature and LC Phase
Transition on Morphology. In Figure S8, we compare the
SAXS profiles of the Dg;M,;;, Do My, and D oM,y samples
after drying from solution and after thermal annealing, plotting
the data from the thermally annealed samples of Figure 3 with
that of as-cast samples. The thermally annealed samples
presented sharper scattering peaks, and in some cases, the
primary scattering peak g* value was shifted, indicating that
the thermal annealing not only highly improved the ordering
but also changed the nanostructures.

For LCBCPs, both the LC phase transition of the PMAAzo
block and the temperature dependence of y can influence the
microphase separation and order—order transformations of the
BCPs. We examined the morphology variation of the Dg;M,
and D;y;M,, BCPs as a function of temperature using in situ
SAXS. In the DMy, (fomase = 55.0%), the PMAAzo

exhibited a glass transition at 27 °C and a LC-to-isotropic
phase transition at 129 °C. Thermal annealing of Dg;M,, at
150 °C initially produced a GYR structure that was stable at
room temperature, and its subsequent evolution with temper-
ature is shown in Figure Sa. At 100 and 130 °C the first
primary scattering peak shifted to a lower g value (0.326 nm™/,
d-spacing 19.3 nm), but the second scattering peak shifted to a
higher g value and its intensity increased. The scattering vector
ratio of the peaks changed to 1:1.22:1.67:2, agreeing with that
of an Fddd structure.””**°° Within this temperature range,
above the T, but below T, the PMAAzo block forms a
smectic C then a smectic A LC structure. Chain extension
maximizes the chain conformational entropy which contributes
to the distortion of the GYR structure. When the temperature
was increased to 150 and 180 °C, the first primary scattering
peak shifted back to higher g values, and the scattering vector
ratio changed to 1:1.15:1.73:2, indicating coexistence of the
GYR and HEX structures. During the cooling process, the
reverse structural transition GYR/HEX-Fddd-GYR was ob-
served from the in situ SAXS results (Figure Sb). The
formation of the GYR structure on cooling is attributed to the
increase of y. Therefore, the Fddd correlates with the presence
of smectic order in the LC block. It is worth noting that
incomplete transformation of the structure is likely due to the
short annealing time (S min) at each temperature during the in
situ SAXS experiment. However, the structural transitions can
clearly be distinguished. We further characterized the
nanostructures of the Dg;M, after annealing at 120 °C for
48 h and 180 °C for 12 h by room temperature SAXS (Figure
S9a,b). The sample annealed at 120 °C presented the
characteristic scattering vector ratio of the Fddd structure,
and that of the almost GYR structure after being annealed at
180 °C. The results are consistent with the morphology
transitions observed in the in situ heating SAXS experiments.

We also observed the phase transitions of D,y;M,, with
Sfraaze of 57%, Figure Sc,d. The Dy, M,, exhibited HEX with
d-spacing ~21.5 nm at room temperature after thermal
annealing at 150 °C. At 100 °C, additional diffraction peaks
appeared with the scattering vector ratio
1:1.16:1.22:1.63:1.83:2.24, indicating GYR + Fddd, and the
primary peak was at g = 0.272 nm™", corresponding to a period
of ~23.1 nm. At 130 °C, the Fddd peak is dominant. At 100
and 130 °C, the PMAAzo block adopts a smectic C and
smectic A configuration, respectively. When the temperature
increased to 150 °C, the primary scattering peak shifted back
to a higher g value, and the secondary scattering peaks at 1.16,
1.73, and 2 suggest a HEX + GYR morphology. During the
cooling process, the reverse transitions from HEX/GYR to
Fddd was observed. We further annealed D,;;M,, at 130 °C for
2 days and rapidly quenched it to room temperature. The
SAXS profile in Figure S9c shows an improved order, with a
larger number of reflection peaks and scattering vector ratios of
1:1.22:1.73:2:2.56:2.74:3.14 which demonstrated a well
ordered Fddd structure.*’” Furthermore, D,y,M,, annealed at
180 °C for 12 h presented scattering vector ratios of 1:1.73:2:3
in SAXS profiles, indicating a well-defined HEX structure
(Figure S9d). The in situ WAXS profiles of the Do M,,
demonstrated the existence of the second order reflection
peaks of the smectic phase at 100 and 110 °C, and their
absence above 130 °C (Figure S10). According to the DSC
and WAXS results, the phase transition and the LC phase
transition are correlated.
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Figure 5. SAXS profiles of (ab) Dg;My, and (c,d) Dy, M,, during in situ heating and cooling processes at indicated temperatures. The samples
were initially thermally annealed in vacuum at 150 °C for 48 h, measured at RT [curves indicated as RT in (a,c)], then heated to 180 °C with 5 min
measurement at each temperature (a,c) and then cooled back to RT (b,d). The vertical dashed lines indicate the position of the primary and second
order peaks of the GYR structure and serve as a reference; in the Fddd regimes, the peak spacing increases compared to the GYR. (e) The
morphologies of DgsM,, and D, M,, formed at different temperatures. (f) Schematic illustration of the HEX-to-GYR-to-Fddd transition as well as

the LC phase transition of the PMAAzo blocks.

The morphologies of the Dg;M,, and DM, formed at
different temperature are summarized in Figure Se. The
thermally reversible HEX-GYR-Fddd transitions occur as a
result of changes in y and the mesophase-transition of the LC
block, schematically illustrated in Figure Sf. The effective y
parameter of the LCBCPs can be expressed as y.¢ = yic + 1
where y ~ 1/T. The y,c contributes to y. when the
temperature falls in the range of Ty—Tyc - Above Ty o ¥ is
lower (y ~ 1/T) and y; disappears, so . is smaller. The
GYR structures of Dg;M;, and Dy My, with fpyane ~55—
57% and the PMAAzo in its isotropic phase transform to HEX
at a higher temperature induced by the decrease in y value.
However, in the intermediate temperature regime, when the
LC block is ordered and y.4 increased, the Fddd structure
forms instead (the temperatures used in this experiment are
below the ODT of the BCPs, and even up to 250 °C a
disordered structure was not observed).

Prior work has shown that the Fddd (orthorhombic O”°
network) appears in diblock melts within a narrow region of
composition and yN that overlaps the weak segregation end of
the GYR region’”®" and thus the Fddd is not easily obtained.
However, in our PDMS-b-PMAAzo BCPs, SAXS data
indicated the Fddd phase in three different BCPs, in particular
when the majority LC block is in a smectic phase. The LC-
isotropic phase transition can induce a decrease in the y value
and a possible increase in the apparent volume fraction of the
PMAAzo block (the density of the PMAAzo block decreases
accompanying the LC-isotropic phase transition), which
together contribute to the appearance of Fddd phase and

phase transitions of the PDMS-b-PMAAzo BCP with fppaase
~55—57%. The LC ordering in PDMS-b-PMAAzo not only
promotes microphase separation at low molecular weights but
also induces order—order transitions.

3.5. Thin-Film Self-Assembly and Pattern Transfer.
The PDMS-b-PMAAzo possesses the advantage of a native
etch contrast: the PMAAzo block can be removed by oxygen
plasma etching leaving ordered silicon oxide (SiO,) patterns
derived from oxidized PDMS. We studied the thin-film self-
assembly and pattern transfer of the cylindrical Dg;M;, and
D, 1M, structures by two-step plasma etching, as illustrated in
Figure 6a. The Dg;M;, and D, M,, thin films with thickness
~40 nm were prepared on bare silicon substrates and annealed
at 180 °C for 48 h in vacuum. The annealing temperature is
above Tjc,, and the DM, and Dy M,, form cylindrical
nanostructures.

Images of a Dg;M,; thin film on bare Si reveal fingerprint
patterns from in-plane cylinders (Figure 6b from SEM, Figure
6d from AFM), and the measured cylinder-to-cylinder distance
(Lo) is about 20.4 nm which is slightly smaller than that (21.5
nm) of the bulk sample. The D,y;M,, thin film annealed at 180
°C also presented in-plane cylindrical patterns in both SEM
and AFM images (Figure 6¢,e) and the ordering can be further
improved by utilizing a silicon substrate functionalized by a
PDMS brush (Figure 6f). The correlation length of the films
on the PDMS-functionalized silicon substrate is about 20L,,
which is much larger than that on the bare silicon substrate
~SL,. The distance between the silicon oxide cylinders in
D,y;M,, is about 23.8 nm. The preferential in-plane
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Figure 6. Thin-film morphologies of D¢;M;; and D,5;M,, BCPs after
thermal annealing at 180 °C. (a) Schematic illustration of the two-
step etching method for pattern transfer; (b,c) SEM images and (d,e)
AFM images of the etched thin films on bare silicon substrate; (f)
SEM images of D, M,, on PDMS brush functionalized silicon
substrate.

orientation of the nanostructure is attributed to the wetting
behavior of the low-surface energy PDMS block at the
interfaces of the BCP films."> However, the orientation can
be tuned by applying an external field or by taking advantage of
the photo-responsive properties of the PMAAzo LC block.”*”

4. CONCLUSIONS

In summary, we synthesized a series of silicon-containing
PDMS-b-PMAAzo azobenzene LC BCPs, and investigated the
thermally induced “structure-in-structure” phase transitions as
well as the thin-film assembly. The PDMS-b-PMAAzo BCPs
with fpyaae values ranging from 41 to 71% produced bulk
nanostructures of LAM, GYR, Fddd, HEX, and BCC with
different periods after annealing at 150 °C. The LC phase
behavior of the PMAAzo block correlates with order—order
phase transitions of the BCP, and in particular, it appears to
favor formation of the Fddd orthorhombic network structure.
Thin-film self-assembly of HEX morphology BCPs generated
SiO, nanopatterns by plasma etching in oxygen, which
removes the LC block and oxidizes the PDMS block. These
azobenzene LC BCPs possess the advantages of native etching
contrast and morphology tunability by multiple factors
including formation of both Fddd and GYR networks, as well
as the potential for orientation switchability by photo-
illumination demonstrated elsewhere.””®> These results

suggest that silicon-containing azobenzene LC BCPs offer
useful characteristics for nanopatterning and nanofabrication.
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