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ABSTRACT: We demonstrate the successful synthesis of a series of
poly(3-hydroxystyrene)-block-poly(dimethylsiloxane)-block-poly(3-hy-
droxystyrene) (P3HS-b-PDMS-b-P3HS) triblock copolymers by atom
transfer radical polymerization (ATRP). This system is a promising
candidate for pattern transfer of single-digit nanometer features, due to
its intrinsic high etch contrast, etch versatility, and the triblock
architecture. Hydroxy-terminated PDMS polymers were directly
functionalized to initiate the ATRP of an acetal-protected 3-
hydroxystyrene monomer. The resulting triblocks have dispersity
ranging from 1.10 to 1.26, and the synthesis provides robust control
over molecular weights and volume fractions. The large chemical
incompatibility between the blocks enabled the formation of ordered
structures at low molecular weights, which yielded lamellar periodicities
as small as 9.3 nm. This triblock hence permits access to sub-S nm
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feature sizes. The phase diagram is asymmetric, with lamellar morphologies observed at lower volume fractions of the P3HS block,
relative to the diblocks. This asymmetry is ascribed to the dispersity of the middle block relative to the end blocks.

Bl INTRODUCTION

Block copolymer (BCP) self-assembly has been widely used in
the past two decades to generate nanoscale periodic patterns
over large areas.' ™ Phase separation of a BCP is dictated by
the degree of polymerization (IN), the volume fraction of each
block (fy = 1 — fg), and the Flory—Huggins interaction
parameter ().*”” The product of yN gives a measure of the
segregation strength of a BCP. For symmetrical BCPs, the
value of yN must be above 10.5 in order to self-assemble.” In
principle, the resultant lamellar periodicity (L) scales as L, ~
7"/ N* where @ = 2/3 and @ = 1/2 for strong and weakly
segregated systems, respectively.”'’ Many recent studies of
BCPs''~'® have been motivated by their potential use in
microelectronics. Specifically, directed self-assembly (DSA) of
BCPs is one of the many potential solutions for the limitations
of the current lithography techniques, as sub-10 nm feature
sizes over large areas can be achieved in a scalable and cost-
effective manner to meet the needs of microelectronic
industry."* ™

Thus far, polystyrene-b-poly(methyl methacrylate) (PS-b-
PMMA) has been the material of choice for BCP thin-film self-
assembly.””** Due to its relatively small interaction parameter
(0.03 at 150 °C), PS-b-PMMA is limited to high-fidelity
patterning of features larger than 11 nm.”*™*° To achieve
single-digit pattern transfer by BCP self-assembly, BCPs that
exhibit high y are needed because they allow reduction of the
feature sizes while maintaining the segregation strength above
the self-assembly threshold. One guideline in designing high-y
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BCPs is to increase the incompatibility between the two blocks
by increasing the polarity mismatch. This has typically been
demonstrated by incorporating highly polar blocks such as
poly(hydroxystyrene),"*” ">’ poly(dihydroxystyrene),'® or
poly(glycerol monomethacrylate),'” with PS as the second
block in a diblock architecture. As a result, sub-5 nm features
have been demonstrated in these studies.

However, one of the major roadblocks is achieving
successful pattern transfer from these high-y BCPs due to
insufficient etch contrast between the blocks. The required
etch contrast at small length scales becomes even more critical
for achieving high aspect ratio features. Key studies have
focused on poly(dimethylsiloxane) (PDMS) as a highly
hydrophobic inorganic block in the BCP, which provides
higher etch contrast to achieve sub-10 nm pattern transfer.’””'
Alternatively, etch contrast between the blocks at these small
length scales can be increased by sequential infiltration of
inorganic elements selectively into one block. For example,
sequential infiltration of organometallic precursors selectively
into PMMA block has been demonstrated by Elam et al.****
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The interaction between the organometallic precursors and
carbonyl groups in the PMMA domain converts PMMA to
oxides such as Al,O; or TiO, without disturbing the BCP
morphology. Hence, BCP lamellae or cylinder features can be
transformed into oxide nanowires or nanopillars to provide
sufficient etch contrast for pattern transfer with high fidelity.**
Similarly, successful pattern transfer down to a 10 nm length
scale has been demonstrated using cylinder-forming poly(4-
tert-butylstyrene)-b-poly(2-vinylpyridine) coupled with se-
quential infiltration of alumina precursors into the poly(2-
vinylpyridine) block followed by reactive ion etching.”

We recently expanded the library of high-y BCPs by
introducing polyhydroxystyrene (PHS)-based BCPs including
poly(3-hydroxystyrene)-b-poly(dimethylsiloxane) (P3HS-b-
PDMS).'"*>?77?% Protected monomer 3-(2-
tetrahydropyranyloxy)styrene (30THPSt) was effectively
polymerized by living anionic polymerization to synthesize
phenol-containing BCPs. Acetal deprotection requires mild
acidic conditions, hence allowing for the incorporation of acid-
sensitive blocks such as PDMS. PDMS as an inorganic segment
possesses high hydrophobicity and it can be converted to
robust oxides if treated with oxygen plasma to enhance the
etch contrast. The interaction parameter of the P3HS-b-PDMS
was estimated to be 0.39 at 150 °C, with a smallest lamellar
periodicity of 7.4 nm observed.”” This new BCP not only
exhibits a high etch contrast of 1:15 between PDMS and P3HS
under oxygen plasma but also offers etch versatility, as P3HS
provides possibilities for further transformations by post-
functionalization reactions.”>*°

Compared to diblock copolymers, ABA triblock copolymers
offer advantages in thin-film assembly. Both theoretical and
experimental studies indicate that linear ABA triblock
copolymers have a higher tendency toward forming perpen-
dicular nanostructures.”” > When the midblock B has lower
surface energy and forms a wetting layer at the air interface, the
higher surface energy A end blocks are likely to migrate to the
air interface due to the greatly increased end-segment
entropy.**™" Triblocks have been reported to have a larger
processing window in a thin film compared to their analogous
diblocks.”**® They are known to form smaller features than
that of diblocks with similar molecular weights and to
potentially self-assemble into even smaller critical dimensions
as they exhibit a lower (yN)qpr value at roughly 9.9.4*~*
The unique bridging conformation in an ordered phase also
enhances the ABA triblock mechanical properties signifi-
cantly.*”*°

Here, we report the synthesis of a series of triblock materials,
poly(3-hydroxystyrene)-b-poly(dimethylsiloxane )-b-poly(3-hy-
droxystyrene) (P3HS-b-PDMS-b-P3HS) by atom transfer
radical polymerization (ATRP). Brominated PDMS function-
alized from hydroxy-terminated PDMS was used as a
macroinitiator, and chain extension was achieved by polymer-
izing the tetrahydropyran-protected hydroxystyrene. A range of
triblock compositions was synthesized and characterized by
size exclusion chromatography (SEC), 'H NMR, and *Si
NMR. Bulk self-assembly analyses by small-angle X-ray
scattering (SAXS) and transmission electron microscopy
(TEM) confirm phase separation into lamellar and cylindrical
morphologies. The smallest L, achieved by this triblock system
was 9.3 nm. We compare the phase separation behavior of the
triblocks with the diblock copolymers.
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B EXPERIMENTAL SECTION

Materials. Carbinol (hydroxyl)-terminated PDMSs with various
molecular weights, here referred to as HO-PDMS-OH for brevity,
were obtained from Gelest and used as received. Details of the PDMS
starting materials are shown in Figure S1 and Table S1. All solvents
and other reagents were purchased from Sigma-Aldrich Chemical Co.
(Milwaukee, WI) and used without further purification unless
specified. Tetrahydrofuran (THF) and toluene were freshly purified
by using solvent towers purchased from VAC. 30THPSt was
synthesized and purified according to published procedures.”’

General Procedure for the Synthesis of a PDMS ATRP
Macroinitiator. To a solution of HO-PDMS-OH (20 g, ~4 mmol)
in THF, triethylamine (4.05 g, 40 mmol) was added. The flask was
then transferred to an ice bath. @-Bromoisobutyryl bromide (2.46 mL,
20 mmol) was slowly added to the solution at 0 °C with stirring. The
reaction was carried out overnight at room temperature. After
completion of the reaction, triethylammonium bromide salt was first
removed by filtration, and the solvent was removed by rotary
evaporation. The residue was dissolved in dichloromethane (200 mL)
followed by washing with saturated sodium bicarbonate solution (200
mL) twice and deionized water once. The organic layer was then
collected, dried over anhydrous sodium sulfate, and concentrated by
rotary evaporation. The solution was precipitated in methanol and
collected by centrifugation. The final product was obtained as
transparent oil after removing volatiles under vacuum (yield: 77%).
Br-PDMS-Br: 'H NMR (400 MHz, CDCL;) &: 4.24 (C-H,), 3.60 (C-
H,), 3.37 (C-H,), 1.87 (C-H;), 1.53 (C-H,), 0.46 (C-H,), 0.00 (C-
H,).

General Procedure for ATRP and Subsequent Dehalogena-
tion of P3OTHPSt-b-PDMS-b-P30THPSt. The triblock copoly-
mers were synthesized by conventional Cu(I)-mediated ATRP of
30THPSt according to the following general procedure. First, CuBr
(3.5 mg, 0.024 mmol), a Br-PDMS-Br macroinitiator (1.22 g, ~0.24
mmol), and 30TPHSt (S g 24.5 mmol) were mixed in toluene ($
mL) and the system was sealed with a rubber septum. The mixture
was degassed with Ar bubbling for 30 min. A tris(2-pyridylmethyl)-
amine (TPMA) ligand (35 mg, 0.12 mmol) was added to the mixture
under an Ar atmosphere followed by additional S min of degassing.
The flask was sealed under an Ar atmosphere and immersed in a
preheated oil bath at 70 °C. The polymerization was carried out
overnight (approximately 16 h). Then, tributyltin hydride (208 mg,
0.72 mmol) was added and the reaction was further stirred for 3 h at
70 °C. The polymerization solution was diluted with toluene at room
temperature and then was precipitated in 300 mL of methanol
followed by filtration. The powder was collected and dried under
reduced pressure overnight (typical yield: S0%). P3OTHPSt-b-
PDMS-b-P3OTHPSt: 'H NMR (400 MHz, CDCL) &: 7.15—5.92
(Ar-H), 5.42-5.07 (C-H), 3.98-3.65 (C-H), 3.62—3.38 (C-H),
2.20—0.99 (C-H, and backbone), 0.06 (C-Hj).

Deprotection of P3OTHPSt-b-PDMS-b-P30OTHPSt.
P30OTHPSt-b-PDMS-b-P3OTHPSt (500 mg, ~0.033 mmol) was
dissolved in the mixture of THF/ethanol (20 mL/10 mL). One
milliliter of conc. Ac. HCl was diluted to 10 mL with deionized water.
HCl solution (0.03 mL) was added to the solution and then stirred
for 3 h at room temperature. The solution was then concentrated by
rotary evaporation and precipitated from water followed by collecting
the powder by vacuum filtration and drying under the reduced
pressure (yield: 95%). P3HS-b-PDMS-b-P3HS: 'H NMR (400 MHz,
Acetone-dg) &: 8.22-7.65 (O-H), 7.16—5.89 (Ar-H), 2.24—1.17
(backbone), 0.08 (C-Hj).

Characterization. SEC was performed using a Viscotek 2210
system equipped with three Waters columns (HR4, HR 4E, and
HR3). THF was used as the eluent with a flow rate of 1 mL/min at 30
°C. The calibration curve for analysis consisted of nine narrow
dispersity PS standards with M, from 1 to 400 kg/mol. TGA was
carried out with a TA Instruments QS00 using a heating rate of 10
°C/min under a nitrogen atmosphere. NMR spectra were recorded in
CDCl; for the PDMS macroinitiator and P3OTHPSt-b-PDMS-b-
P30OTHPSt, and acetone-ds for P3HS-b-PDMS-b-P3HS using a
Bruker Avance-400 spectrometer. Both solvents contained no TMS as
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the internal reference. Quantitative "H NMR was performed with a 10
s relaxation delay. SAXS samples were prepared by the slow
evaporation of THF solutions (5 wt % polymer in THF) and
followed by annealing at 140 °C for 6 h under reduced pressure. The
SAXS experiment was performed at the Dual Source and Environ-
mental X-ray scattering (DEXS) facility operated by the Laboratory
for Research on the Structure of Matter at the University of
Pennsylvania. A Cu source (4 = 1.54 A) was used and the sample-to-
detector distance was 1210 mm. Bulk films were sandwiched with
Kapton support films to measure SAXS. The JEOL-F200 was used for
transmission electron microscopy (TEM) measurements. For
preparation of TEM samples, bulk films were embedded in epoxy
and cured for 24 h (Buehler EpoxiCure). The samples embedded in
epoxy were cross-sectioned with a thickness of ~50 nm using
ultramicrotomy (Leica Ultracut S Ultramicrotome). The sectioned
films were subsequently transferred to carbon-coated TEM grids. The
TEM measurements were carried out without staining.

B RESULTS AND DISCUSSION

Synthesis of the Br-PDMS-Br Macroinitiator. PDMS-
based BCPs can be synthesized from commercially available
PDMS homopolymers by further functionalization and
extension of the chain ends.’’ > As shown in Scheme 1,

Scheme 1. Synthetic Scheme of Bis(2-bromoisobutyrate)-
Terminated PDMS Macroinitiator
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hydroxy-terminated PDMS was transformed into an ATRP
macroinitiator by direct esterification with a-bromoisobutyryl
bromide. 'H NMR spectra of HO-PDMS-OH and Br-PDMS-
Br with peak assignments are shown in Figure 1. The
methylene protons adjacent to the hydroxyl group shifted
from 3.7 to 4.24 ppm following the conversion of the —OH to
an ester group. Complete disappearance of the hydroxy peak at
2.1S5 ppm and the appearance of the dimethyl peak at 1.87 ppm
confirmed the successful synthesis of Br-PDMS-Br. End-group
analysis was used to determine the number-average molecular
weight (M,) as each peak is distinguishable. The HO-PDMS-
OH starting material exhibited a broad unimodal SEC trace
(inset in Figure 1) with a dispersity (D) of 1.96, whereas a
narrower SEC trace was observed for Br-PDMS-Br with a
dispersity of 1.57. This indicates that precipitation in methanol
not only removed the impurities such as remaining a-
bromoisobutyryl bromide from the esterification step but
also fractionated the product by eliminating low molecular
weight PDMS. In this work, five PDMS macroinitiators ranging
in molecular weights from 1.7 to 11.1 kg/mol were used for
chain extension to target triblocks with different lengths of the
middle block.

Synthesis of the Triblock P3HS-b-PDMS-b-P3HS. The
monomer 30THPSt was synthesized using previously
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Figure 1. 'H NMR spectra of HO-PDMS-OH (top) and Br-PDMS-
Br (bottom) in CDCl,. The inset is the SEC traces for HO-PDMS-
OH (red) and Br-PDMS-Br (black).

established methodology.” Prior to polymerization, the
monomer was distilled over CaH, and stored in an Ar
atmosphere. A series of P3HS-b-PDMS-b-P3HS were synthe-
sized by ATRP (Scheme 2).

Five different Br-PDMS-Br macroinitiators were used to
initiate the ATRP in a CuBr/TPMA catalyst system at 70 °C.
To prevent side reactions or cross-linking caused by the —Br
end group during further processing, a subsequent chain-end
substitution from —Br to —H was carried out by adding excess
tributyltin hydride to the system and extending the reaction for
an additional 3 h. The solution was diluted and then poured
into MeOH for precipitation, resulting in white powder as the
final product. One of the advantages of this triblock is its
powdery form that makes the purification and handling quite
easy. In spite of the low glass transition temperature (T,) of
the PDMS block, the T, of the PSOTHPSt block is relatively
high, resulting in a powdery BCP.*” The resultant polymers
were then characterized by SEC and NMR. By changing the
feed ratio of the Br-PDMS-Br macroinitiator and the 3HS
monomer, 12 triblocks with various molecular weights and
volume fractions were obtained (Table 1).

All SEC traces (Figure 2) were symmetric, indicating a well-
controlled polymerization with dispersities ranging from 1.10
to 1.26. The 'H spectra in Figure 3 (red) show all the
characteristic peaks of THP at 5.3, 3.8, and 3.5 ppm, aromatic
protons at 7.15—5.92 ppm, and the PDMS protons at 0 ppm,
confirming the successful incorporation of P3OTHPSt. The
molecular weights and volume fractions were determined by
fixing the integration of the dimethylsiloxane protons obtained
from the PDMS macroinitiator spectra and comparing it with
the integration of the aromatic protons. *?Si NMR showed a
sharp peak at —22 ppm attributed to the O—Si—O of PDMS
(Figure S2), confirming that the PDMS block remained intact.

To achieve the target P3HS-b-PDMS-b-P3HS triblock, the
THP group was then deprotected using catalytic amounts of
aqueous HCI solution. To prevent the potential hydrolysis of
PDMS in the acidic solution, only a catalytic amount of HCI
was used and the reaction time was optimized to 3 h at room
temperature.”>””°* The quantitative removal of the THP
protecting groups was confirmed from the '"H NMR spectra

https://doi.org/10.1021/acs.macromol.1c01611
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Scheme 2. Synthetic Scheme of P3HS-b-PDMS-b-P3HS Triblocks by ATRP
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Table 1. Molecular Characterization of P3HS-b-PDMS-b- Acetone-ds
P3HS
, H,0
£Si
M,y morphology m O 'm
no. sample (kg/mol)” PP founs ao)d @ /OO H,0
S1 1L7k-1.7k-1.7k 5.1 113 064 Dis °a ©
S2 1.4k-3.5k-1.4k 6.3 1.12 040 Lam (9.3 nm)
S3 12k4.1k-12k 65 114 033 Lam (9.7 nm) cocl,
S4 1.8k-3.5k-1.8k 7.1 1.10 047 Lam (10.4
nm)
Ss 1.9k-6.7k-1.9k 10.5 127 033 Lam (152 a b
nm) ] 5
S6  3.7k-6.7k-3.7k 14.1 113 049 Cyl (29.0 nm) S R obs
S7 5.4k-6.7k-5.4k 17.5 1.20 0.58 Cyl (26.9 nm) g %
S8 4.8k-11.1k-4.8k 20.7 121 042 Cyl (31.8 nm) oH, oH
S9  7.1k-6.7k-7.1k 209 121 065 Cyl (29.7 nm) & o
S10 6.5k-11.1k-6.5k 24.1 1.19 049 Cyl (40.3 nm) "
S11  6.8k-11.1k-6.8k 247 126 051  Cyl (40.8 nm) o 898
S12 15.5k-6.7k-15.5k 37.7 119 080 Cyl , . : : . : ,
10 8 6 4 2 0 2

“Determined by quantitative 'H NMR. “Determined by SEC using a
polystyrene standard. “Determined using the homopolymer density:
p(P3HS) = 1.15 g/cm? and p(PDMS) = 0.96 g/cm®. “Determined by
SAXS measurement at room temperature; dimensions are calculated
using L, = 27/q* and L, = 47/3 q* for lamellar and cylindrical
morphology, respectively.

Chemical shift (ppm)

Figure 3. '"H NMR spectra of protected (top, CDCl;) and after
deprotection (bottom, acetone-dg) with a catalytic amount of HCL
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Figure 2. SEC chromatograms for P3OTHPSt-b-PDMS-b-P3OTHPSt triblocks.
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(black line in Figure 3) by the appearance of the phenolic
proton peak around 8 ppm as well as the disappearance of
peaks at 5.3, 3.8, and 3.5 ppm. The presence of the large singlet
at 0 ppm both before and after deprotection, as well as the
constant integration ratio of the aromatic peaks from the P3HS
to those from the PDMS before and after deprotection,
confirmed that the PDMS block remained intact through the
deprotection step.

Thermogravimetric analysis (TGA) was used to study the
THP thermal deprotection and the thermal stability of the
triblocks. TGA for the protected triblocks showed a two-step
weight loss, corresponding to the loss of THP groups at 190
°C and the polymer backbone decomposition at 355 °C
(Figure S3). In contrast, TGA for the deprotected P3HS-b-
PDMS-b-P3HS showed a clean one-step degradation of the
polymer backbone at 355 °C. In our earlier studies on the
diblock poly(3-(2-tetrahydropyranyloxy)styrene)-b-poly(tert-
butylstyrene) (P3OTHPSt-b-PtBuSt), thermal deprotection
of the THP group was exploited to induce self-assembly in thin
films by thermal annealing above 160 °C, while benefitting
from the lower T, of PSOTHPSt compared to P3HS.” For the
triblocks, similar thermal deprotection-induced self-assembly is
potentially feasible with a suitable surface neutral layer.

Bulk Self-Assembly of P3HS-b-PDMS-b-P3HS. Lamel-
lae-Forming Compositions. Bulk self-assembly behavior of
P3HS-b-PDMS-b-P3HS was studied by SAXS and TEM. All
samples were prepared by thermal annealing of the THF-
casted triblock films at 140 °C for 6 h. The SAXS pattern of
the lowest molecular weight triblock S1 (1.7k-1.7k-1.7k)
showed a broad principal peak with no higher order peaks,
indicating a disordered morphology (Figure 4a). As the

a 9 b) q*
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: 9 S5 \/§C|*
q ~ gt s11
—~ -
= 3q* s & A3
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Figure 4. 1D SAXS profiles of (a) lamellar-forming and (b) cylinder-
forming P3HS-b-PDMS-b-P3HS triblocks.

molecular weight increases, for the triblock S2 (1.4k-3.5k-
1.4k), a distinct first-order peak and additional peaks at a q/q*
ratio of 1:2:3 (Figure 4a) confirmed a well-developed lamellar
structure with a domain periodicity of 9.3 nm (L, = 27/g*).
The TEM image (Figure Sa) further confirmed the lamellar
morphology. Hence, this triblock can be used to access sub-5
nm features. SAXS profiles of triblocks S2—SS all display peaks
with q:g* with integral multiples. As expected, the domain
periodicity increases as the molecular weight of the triblocks
increases. The largest L, obtained for the series synthesized in
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| %200 nm

Figure 5. Representative TEM images of P3HS-b-PDMS-b-P3HS
triblocks: (a) S2 1.4k-3.5k-1.4k, (b) S5 1.9k-6.7k-1.9k, (c) S7 5.4k-6.7
k-5.4k, and (d) S10 6.5k-11.1k-6.5k.

this work was 15.2 nm for S5 (1.9k-6.7k-1.9k), which was also
confirmed by TEM (Figure Sb). The lamellar morphology for
the S5 BCP persisted up to 250 °C, and no order—disorder
transition was observed (Figure S4). All the temperature-
dependent SAXS profiles in Figure S4 show a sharp primary
peak and a secondary peak with a ratio of 1:2. The persistence
of the lamellar morphology over the entire temperature range
is a result of the high y nature of the triblock, and we surmise
that the yN product remains in the strongly segregated regime
throughout the temperatures considered.”

Cylinder-Forming Compositions. Triblocks with higher
P3HS volume fractions adopted a cylindrical morphology in
which PDMS segments assemble to form cylinders within the
P3HS matrix. SAXS patterns in Figure 4b show scattering

peaks with a ratio of 1:/3, characteristic of a cylindrical
morphology. The increment in the interdomain spacing
between neighboring cylinders (L, = 4x/+/3¢*) with
increasing molecular weights of the BCP is apparent from
the shift in the primary peaks to lower g values. As the
molecular weight increased to 37.7 kg/mol in the S12 BCP, we
did not observe any higher order peaks and instead observed
only a broad peak. We did not observe any peak at a lower g
value after further extending the sample—detector distance and
annealing the sample at a higher temperature (160 °C, 6 h)
(Figure SS). We performed the TEM measurement to confirm
the morphology of the S12, and we found that the S12
exhibited less ordered cylinder morphology (Figure S6). We
surmise that the poor ordering of the S12 is due to its highly
symmetrical composition. Representative TEM images (Figure
Sc,d) for S7 and S10 confirm the PDMS (dark region)
cylindrical morphology in the P3HS (light region) matrix.* >’

Comparison between Diblocks and Triblocks. We
previously reported the synthesis, bulk self-assembly, and phase
diagram for P3HS-b-PDMS diblocks."® The strong segregation
strength of this BCP was quantified by the high y of 0.39 at
150 °C, with y characterized by temperature-dependent

https://doi.org/10.1021/acs.macromol.1c01611
Macromolecules 2021, 54, 9542—9550



Macromolecules

pubs.acs.org/Macromolecules

a) b)
T T U . T T ~——— P30THPSt-b-PDMS-b-P30THPSt
25 Cleaved P3OTHPSt
A
o ——Br-PDMS-Br
Triblock Cyl A
20 4 - 4
A
B 15 1
€ 15 A
E’ Triblock Lam
= 10 . -
= Diblock Lam Diblock Cyl
° ° o
54 *e * [ ] .
Triblock Dis
*
v
04 Diblock Dis 4
T T T T T T T T T 1
0.3 04 0.5 0.6 0.7 0.8 15 20 25 30
foans Retention time (min)

Figure 6. (a) M, versus fpyys phase diagram for P3HS-b-PDMS-b-P3HS and P3HS-b-PDMS; (b) SEC traces for Br-PDMS-Br (blue), protected
triblock P3OTHPSt-b-PDMS-b-P30THPSt (black), and P3OTHPSt cleaved from the triblock after basic treatment (red).

correlation-hole scattering. The ABA (P3HS-b-PDMS-b-
P3HS) triblocks should exhibit similar microphase separation
behavior as their analogous AB diblocks.”®*” The formation of
sub-S nm features from S2 (1.4k-3.5k-1.4k) in addition to the
inaccessible order—disorder transition temperature are con-
sistent with a large y parameter. The largest periodicity
obtained from diblock was 18.6 nm from 4.1k-5.5k, whereas
triblock 1.9k-6.7k-1.9k with larger molecular weight in the
series resulted in a much smaller lamellar domain periodicity of
15.2 nm. When compared to the diblocks, it is known that
triblocks can self-assemble into nanostructures with (a) similar
dimensions as diblocks when Nyg, = 2N, ***7%7% and (b)
smaller dimensions than that of the corresponding diblocks
with the same molecular weights. The smallest lamellar
periodicity achieved from P3HS-b-PDMS diblock was 7.4 nm
for 1.5k-1.4k."> Triblock 1.4k-3.5k-1.4k, on the other hand,
provides the smallest lamellar periodicity of 9.4 nm, but the
overall molecular weight (6.3 kg/mol) is much larger than that
of diblock (2.9 kg/mol). A diblock with a comparable overall
molecular weight of 3.8k-2.4k (6.2 kg/mol) formed a lamellar
morphology with a larger periodicity of 11.5 nm.

The phase diagram of the diblock system mapped out in our
earlier publication was in agreement with the theoretically
predicted diagram,®'® whereas the triblock phase diagram
shows a clear shift in the morphology window to lower P3HS
volume fraction (Figure 6a). Such compositional shift is
reminiscent of the dispersity-driven shift reported by Widin et
al.>® When ABA triblock consists of A block as a monodisperse
hydrophilic segment and B block as a polydisperse hydro-
phobic segment, the real volume occupied by B block is smaller
than expected based on the chemical composition alone. ABA
triblocks with shorter B block desorb from the domain
interfaces and act as an A-A dimer to enrich the A domain, and
hence a shift toward lower f, (fpsps). Medium-long B chains
pack at the domain interfaces to prevent chain stretching of
longer B chains and the high configurational entropy of the
system.’**** Hydrolysis of the triblock under a basic
condition and subsequent SEC studies confirmed that this is
indeed the case for our system (Figure 6b). P3OTHPSt
cleaved from the triblock shows a narrow unimodal SEC trace
with D = 1.05, confirming that the polymerization generated
monodispersed end blocks with equal chain lengths. In
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contrast, the PDMS macroinitiator has a broad distribution
with a dispersity larger than 1.5. The same study was
performed on diblock P3HS-b-PDMS synthesized by living
anionic polymerization reported in our previous publication.”
Both diblock and cleaved P3OTHPSt exhibited a narrow
dispersity (Figure S7). The compositional shift in the phase
diagram for triblocks compared to diblocks is therefore
attributed to the broad dispersity of the PDMS middle
block. Lamellar domain dilation is typically observed when the
block copolymer has polydisperse block in addition to a phase
diagram shift.>°® Theoretical lamellar periodicities of $2—S5
were calculated based on the strong segregation theory and
were compared with the dimensions obtained from SAXS
(Table $2).°” The experimentally observed periodicities of
S2—SS are indeed dilated compared to the calculated values,
which is consistent with previous theoretical and experimental

ork #9/6567,68

Preliminary thin-film assembly studies were performed using
both diblock"® (4.1k-5.5k, L, = 18.6 nm) and triblock (1.9k-
6.7k-1.9k, L, = 15.2 nm). As shown in the SEM images and
inset FFT (Figure S8), both lamellae-forming diblock and
triblock were aligned perpendicularly to the substrate after
solvent annealing under identical conditions. Qualitatively,
from the images, the contrast between the diblock and triblock
is stark. The triblock exhibited longer lamellar grains, whereas
diblock formed relatively shorter lamellae. These results are
promising as they confirm the advantages of triblock for thin-
film assembly. Further optimization of the annealing
conditions is ongoing along with pattern-transfer studies.

B SUMMARY

We have successfully synthesized and characterized a series of
ultrahigh-y ABA triblocks based on polyhydroxystyrene.
Hydroxy-terminated PDMS of different lengths were function-
alized to yield ATRP macroinitiators. A series of P3HS-b-
PDMS-b-P3HS with various molecular weights and volume
fractions of the two blocks were synthesized by ATRP and
subsequently deprotected. The resultant triblocks showed well-
developed lamellar and cylindrical morphologies. The smallest
lamellar periodicity achieved was 9.3 nm, affording access to
sub-5 nm feature size. We observed a composition-dependent
shift in a morphological window toward lower P3HS volume
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fraction, compared to the predicted phase diagram. By
studying the dispersity of the P3HS end block and PDMS
middle block, we conclude that this shift is attributable to the
broader dispersity of the middle PDMS block, which
complicates the packing at domain interfaces during self-
assembly. Thin-film assembly of the triblocks and their
comparison to their diblock counterparts and pattern transfer
studies are ongoing.
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