wo 2013/019679 A1 [N I N0FV A0 0 0 0O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/019679 A1l

7 February 2013 (07.02.2013) WIPOIPCT
(51) International Patent Classification: (74) Agents: BERGIN, Denise, S. et al.; Weaver Austin Villen-
COSF 8/08 (2006.01) CO8F 297/02 (2006.01) euve & Sampson LLP, P.O. Box 70250, Oakland, Califor-
. L nia 94612-0250 (US).
(21) International Application Number:
PCT/US2012/048720 (81) Designated States (unless otherwise indicated, for every
. . kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AT, AU, AZ. BA, BB, BG, BH, BN, BR, BW, BY,
27 July 2012 (27.07.2012) BZ, CA. CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(25) Filing Language: Enghsh DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
(26) Publication Language: English KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(30) Priority Data: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
61/513,343 29 July 2011 (29.07.2011) Us NO, NZ, OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
(71) Applicants (for all designated States except US): WIS- TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
CONSIN ALUMNI RESEARCH FOUNDATION ZW.
[US/US]; 614 Walnut Street, 13th Floor, Madison, Wis- . L
consin 53726 (US). REGENTS OF THE UNIVERSITY (84) D.e51gnated. States (unle.ss othef"wzse indicated, for every
OF MINNESOTA [US/US]; 1000 Westgate Drive, Suite kind of regional protection available): ARIPO (BW, GH,
160, St. Paul, Minnesota 551 14-8658 (US). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(72) Inventors; and TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(75) Inventors/Applicants (for US only): BATES, Frank, S. EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
[US/US]; 4025 Cedar Lake Avenue, St. Louis Park, Min- MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
nesota 55416 (US). KIM, Sangwon [KR/US]; 407 7th TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
Street, SE Apt. 315, Minneapolis, Minnesota 55414 (US). ML, MR, NE, SN, TD, TG).
NEALEY, Paul, Franklin [US/US]; 3109 Oxford Road, Published:

Madison, Wisconsin 53705 (US).

with international search report (Art. 21(3))

(54) Title: BLOCK COPOLYMER MATERIALS FOR DIRECTED ASSEMBLY OF THIN FILMS

0.20
K
0.16 -
< 121 [
Rw " el it
0.084 T P
a_ w T Vo g
0.04 S
O-OO T T T T T T T T T
0 20 40 60 80 100

xn {% epox.)

FIG. 13

(57) Abstract: Provided herein are methods of
formulating and engineering block copolymer
(BCP) systems for directed self-assembly (DSA)
processes. In some embodiments, the methods in-
volve engineering a BCP material based on the in-
teraction parameter (%) of the material and the sur-
face and/or interaction energies of its constituent
blocks. Also provided are novel block BCP mater-
ials that can be used in DSA techniques. In some
embodiments, the BCP systems described herein
have micro-phase separating blocks, with at least
one block including multiple types of repeat units.
Also provided are structures formed by DSA, in-
cluding structures having a sub-20 nm dimension.
Applications included nanolithography for semi-
conductor devices, fabrication of cell-based as-
says, nanoprinting, photovoltaic cells, and sur-
face-conduction electron-emitter displays.
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Block Copolymer Materials For Directed Assembly Of Thin Films

CROSS-REFERNCE TO RELATED APPLICATION

{0061]  This application claims benefit under 35 USC §119(c) to U.S. Provisional Patent

Application No. 61/513,343, filed July 29, 2011, which is incorporated by reference herein.
BACKGROUND OF THE INVENTION

{6602]  Block copolymers (BCPs) are a class of polymers synthesized from two or more
polyreric blocks. The structure of diblock copolymer A-b-B may correspond, for example,
to AAAAAAA-BBBBBBBB. The interaction parameter ¥ of a BCP is related to the energy
of mixing the blocks in a block copolymer and 18 inversely proportional to temperature. The
graph in Figure 14 shows an example of yN (where N is the degree of polymerization) as a
function of the volume fraction, f, of a block (A) in a diblock (A-b-B) copolymer. Figure 14
shows that at a particular temperature and volume fraction of A, the diblock copolymers
microphase separate into domains of different morphological features. In the cxample of
Figure 14, when the volume fraction of cither block 1s around 0.1, the block copolymer will
microphase separate into spherical domains (S), where one block of the copolymer surrounds
spheres of the other block. As the volume fraction of either block nears around 0.2 — 0.3, the
blocks separate to form a hexagonal array of cylinders (C), where one block of the copolymer
surrounds cylinders of the other block. And when the volurae fractions of the blocks are
approximately equal, lamellar domains (1.} or alternating stripes of the blocks are formed.
Representations of the cylindrical and lamellar domains at a molecular level are also shown.
The phase behavior of block copolymers containing more than two types of blocks (e.g., A-b-
B-b-C) also results in microphase separation into different domains.  The self-assembly of
block copolymer materials in bulk and the translation of ordered block copolymer domains
into thin-films has emerged as a powerful approach to create functional nanostructures and

templates for various applications.
SUMMARY

{6603} Provided herein are methods of formulating and engineering block copolymer
(BCP) systems for directed scif-assembly (DSA) processes. In some embodiments, the
methods involve engineering a BCP material based on the interaction parameter (i) of the

material and the surface and/or interaction energies of its constituent blocks. Also provided
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are novel block BCP materials that can be used in DSA techniques. In some embodiments,
the BCP systems described herein have micro-phase separating blocks, with at least one
block inclading multiple types of repeat units. Also provided are structures formed by DSA,
including structares having a sub-20 nm dimension. Applications included nanolithography
for sericonductor devices, fabrication of cell-based assays, nanoprinting, photoveltaic cells,

and surface-conduction electron-emitter displays.

{6604] Ouc aspect relates to a method of formulating a block copolyrmer material for
directed assembly, including modifying a first block of a first block copolymer to form a
maodified block copolymer including the modified block. The interaction parameter (i) of the
meodified block copolymer is larger than that of the unmedified first block copolymer. In
certain cmbodiments, the modified block copolymer has an interaction paramcter larger than
that of PS-b-PMMA at particular temperature of assembly. The first block copolyvmer can be
a diblock, triblock or higher order block copolymer. For example, the B block of a diblock
A-b-B block copolymer can be modified to form an A-b-B’ block copolyraer. The B’ block
of the A-b-B’ block copolymer can be a B-C statistical or random copolymer in some
embodiments. In some embodiments, the B’ block can include B monomers, a fraction of
which are medified with a function group. In some embodiments, surface or interfacial
energies of the A and B’ blocks of a modified A-b-B’ block copolymer are commensurate
with each other. In some embodiments, the difference in surface or interfacial energies
between the A and B’ blocks is no more than the difference in surface or interfacial energics

of PS and PMMA at a particular teraperature of asserbly.

[6605] Moditying a first block can involve synthesizing the modified block copolymer or
a post-synthesis modification. For example, in some cmbodiments, modifying a B block
involves modifying the B block of a synthesized A-b-B block copolymer. In some

cmbodiments, modifying a B block involves synthesizing a A-b-B” block copolymer.

{00066] In some ernbodiments, the methods further involve modifying a second block of
the first block copolymer to form the modified block copolymer including the first and
sccond modified blocks. For example, A and B blocks of an A-b-B block copolymer can be
medified to form an A’-b-B’ block copolymer. In some embodiments, modifying a block
includes addition of a functional group or other chemical medification. Sulfonation,
fluorination, hydrogenation, epoxidation, polyhedral oligomeric silsesquioxanes attachment,
and liquid crystal attachment are cxamples of chemical modification according to various

embodiments.
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{6607}  Another aspect relates to a method of formulating a block copolymer material for
directed assembly that involves partially epoxidizing a first block of a first block copolymer
to form a epoxidized block copolymer including the partially epoxidized block, wherein the
interaction parameter () of the epoxidized block copolymer is larger than that of the first

block copolymer at particular temperature of assembly.

{6608} In certain embodiments, the cpoxidized block copolymer has an interaction
parameter larger than that of PS-b-PMMA at particular teroperature of assembly. The first
block copolymer can be a diblock, triblock or higher order block copolymer. In some
embodiments, the B” block can include B monomers, a fraction of which are modified with a
function group. ln some embodiments, surface or interfacial energies of the A and B’ blocks
of a modificd A-b-B’ block copolymer are commensurate with ecach other. In some
embodiments, the difference in surface or interfacial energies between the A and B’ blocks is
no more than the difference in surface or interfacial energies of PS and PMMA at a particular

teraperature of assembly.

{G389]  Another aspect relates to a method of formulating a block copolymer material for
dirccted assembly involving identifying a refercnce block copolymer; systematically
rodifying one block of the reference block copolyrmer to generate a phurality of modified
block copolymers; for cach of the plurality of modified block copolymers, determining a) an
interaction parameter () and b) the relative surface conergies or interfacial energies of the
blocks of the modified block copolymer; and based on the interaction parameters and the

relative surface eucrgies, selecting oue of the phurahity of moditied block copolymers.

{6616}  According to various embodiments, the reference block copolymer and modified
block copolymers can be diblock copolymers, triblock or higher order block copolymers.
Determining the relative sarface or interfacial encrgies can involve directing the assembly of
the modified block copolymers. In some embodiments, all of the blocks of the reference
block copolymer are pure blocks. In sorme other embodiments, one or more of the blocks of

the reference block copolymer are modified.

{6011} In some embodiments, systematically modifying a block of the block copolymer
can involve changing a pure component block to a random or statistical copolymer. For,
example, a pure B block of an A-b-B reference block copolymer can be modified to a B’
block with B” a B-r-C random or statistical copolymer of B and C monomers or other repeat

units. In some embodiments, the C repeat unit can be chosen such the surface or interfacial
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energy of a pure A block is between that of a pure B block and that of a pure C block. In the
same or different embodiments, the C repeat vnit of the B-r-C copolymer can be chosen
based on information about the interaction parameter () between a pure A block and a pure

B block and the interaction parameter (i) between a pure A block and a pure C block.

[B012]  Another aspect relates to a structure including  a chenucally patterned subsirate
and a thin film block copolymer material disposed on the chemically patterned substrate. The
thin filro block copolyrmer material has microphase-separated domains registered with the
pattern of the underlying chemically patterned substrate and the block copolymer material
includes a block copolymer of which at least onc block includes multiple different repeat
units. The at least one block can be a random or statistical copolymer in some embodiments.
According to various cmbodiments, assembled block copolymer material may have a domain

dimension of a less than 25 nm, less than 20 nm, less than 15 nm, or less than 10 nm.

{0013]  Another aspect relates to a structure including a substrate having topographical
features and a thin film block copolymer material disposed on the substrate, having
microphase-separated domains. The block copolymer material is assembled on the substrate
by the topographical features and includes a block copolymer of which at least onc block
includes multiple different repeat units. The at least one block can be a random or statistical
copolymer in some embodiments. According to various embodiments, assembled block
copolymer material may have a domain dimension of a less than 25 nm, less than 20 nm, less

than 15 nm, or less than 10 nm.

{0014]  Another aspect relates to a composition including a modified poly(styrene-b-
isoprene) block copolymer, wherein the peolyisoprene block is partially modified with epoxy
functional groups. In some embodiments, about 50% to about 90% of the polyisoprene block
is modified with epoxy functional groups. In some cmbodiments, about 70% to 80% of the
polyisoprene block is modified with epoxy functional groups.

{G015]  These and other aspects of the invention are discussed further below with reference
to the figures.

BRIEF DESCRIPTION OF THE DRAWINGS

{6016] Figure 1 shows epoxidation of PS-PI diblock copolymer. The partially epoxidized
PS-PI is denoted as PS-Pixn while fand xn (%) represent the mole fraction and degree of

epoxidation, respectively.

{6017}  Figure 2 shows SEC traces for PS-Plxn diblock copolymers.
4
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{6618}  Figure 3 shows 1H-NMR spectra for PS-Plxn. The intensities are normalized to the

rost intense peak associated with the poly(styrene) block and shifted vertically for clarity.

{0019]  Figure 4 shows DSC traces for hPIxn as a function of percent epoxidation. Arrows
indicate the glass transition temperature. Data for 16%, 27%, 33%, 79% and 99%

epoxidations are shifted vertically for clarity.

{6628]  Figure 5 shows DSC obtained from PS-Plxn as a function of % epoxidation.

Arrows indicate the glass transition temperatures. Data are shifted vertically for clarity.

{6621} Figure 6 shows variation 1o the glass transition temperature (Ty) for hPIxn (filled
symbols) and PS-Pixn (open symbols) as a function of percent epoxidation based on DSC

measurements. The dashed lines ilhustrate lincar dependences.

[6622]  Figure 7 shows the static contact angle (8) of water droplets (1 pL) on thin films of
hPIxn (filled symbols} and poly(styrene) (hPS) (solid line). Error bars identify standard

deviations and the dashed line tllustrates a lincar fit to the data.

{66231 Figure 8 shows the temperature dependence of the dynamic elastic moduolus G'(1
rad/sec) for PS-Pixn diblock copolymers determined during heating (0.2 — 10 °C/min).
Arrows ndicate order-to-disorder transition temperatures signaled by an abrapt change in G

Data are shifted vertically as indicated.

{6024]  Figure 9 shows the frequency (©) dependence of the dynamic elastic modulus G
{open symbols) and loss modulus G” (filled symbols) for (a) PS-PLat 110 °C, (b) PS-P114 at
185 °C, (c) PS-P114 at 120 °C and (d) PS-Pi41 at 105 °C. Data are shifted vertically as

indicated for clarity,

[6025]  Figure 10 shows small angle x-ray scattering (SAXS) obtained from PS-Plxn (with
the indicated percentages) at room temperature. Arrows identify discernible Bragg
reflections, which are consistent with a lamellar morphology. Data are shifted vertically for
clarity.

{6026] Figure 11 shows top-down SEM images of PS-Plxn thin films above a crosslinked
SMG brush. With one the exception, these timages contain island and hole textures indicative
of a parallel lamellar morphology. A perpendicular lameliar orientation characterizes the

panel (¢).

{66271  Figure 12 shows schematic illustrations showing (a) parallel and (b) perpendicular

lameliae thin-film morphologies.
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{6028]  Figure 13 shows effective interaction parameter (y.g) between poly(styrene) and
partially epoxidized poly(isoprene} blocks in PS-Pixn diblock copolymers, determined at 100
°C based on d; (SAXS data) (filled symbols) and Topr (DMS data) (empty symbols). The
curves were fit to these points using the binary interaction parameter roodel. The solid line
identifies the mean-field GDT condition for N = 259, above and below which the system is

ordered and disordered, respectively.

{6029]  Figure 14 shows a graph of an example of yN as a function of the volume fraction,

f, of a block (A} in a diblock {A-b-B) copolymer.
DESCRIPTION

{B636] Provided herein are novel block copolymer (BCP) materials that can be used m
directed self-assembly (DSA) techniques. In some embodiments, the BCP systems described
herein have micro-phase separating blocks, with at least one block including more than one
type of repeat unit.  Also provided are methods of formulating and engineering BCPs for
DSA processes. In some embodiments, the methods involve cngineering a BCP matcerial
based on the effective interaction parameter (Jes) of the material and the surface and/or
interaction energies of its constituent blocks. Also provided are structures formed by DSA,
including structares having a sub-20 nm dimension. Applications included nanolithography
for semiconductor devices, fabrication of cell-based assays, nanoprinting, photoveltaic cells,

and surface-conduction electron-emitter displays.

{6631} eference will now be made in detail to specific embodiments of the mvention,
Examples of the specific embodiments are illustrated in the accompanying drawings. While
the invention will be described in conjunction with these specific embodiments, it will be
understood that it is not intended to Hinit the invention to such specific embodiments. On the
contrary, it is intended to cover alternatives, modifications, and ecquivalents as may be

included within the spirit and scope of the invention.

10032]  The fabrication of well-defined chemical patterns, in terms of both chemistry and
geometry, has become critical for a number of ymportant applications.  Directed self-
assembly (DSA) of block copolymer (BCP) filins is a patterning technique that combines the
ability of BCPs to self-assemble into nanoscale features with the use of lithographic tools and
materials to guide the assembly of BCP domains into desired structures. Previous studies
have shown that DSA can mitigate variation in pattern line-width, accommodate mismatch

between the natural BCP period and the guiding substrate pattern, achieve different essential
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geometries, and multiplicatively increase the pattern density compared to other patterning

technigues.

{8033 As used herein, directed self-assembly of block copolymers can inchude
graphocpitaxy methods and chemical epitaxy methods. DSA by graphoepitaxy generally
involves directing the assembly of a BCP on a substrate by rehief or topographical featares of
the substrate. DSA by chemical epitaxy methods generally involves directing the assembly
of a BCP by a chemical template or pattern on the substrate. In some implementations, DSA
involve annecaling a BCP material in the presence of the substrate, such that the topographical
or chermical patterns direct the assembly of the BCP material. Annealing can include thermal
and solvent annealing techniques. Previous studies on directed assembly focus on
poly{styrene-b-methyl methacrylate) (PS-PMMA) block copolyracers; however, the smallest

feature achievable dimension PS-PMMA is about 25 nm.

{0034]  One aspect of the invention relates to novel BCPs that can be used in DSA. In
some irnplementations, for example, the BCPs allow sub-25 nm or sub-10 nrm structures to be
achieved with DSA.  Another aspect relates to methods of formulating BCPs.  In some
implementations, formulated BCPs can be used for DSA.  Another aspect of the invention
relates to stroctures formed by DSA using the techuiques described heremn.  In some
implementations, for example, structures having a smallest dimension of less than 25 nm, less
than 20 nm, less than 15 nm or less than 10 nm, according to the desired implementation are
provided. Applications included nanolithography for semiconductor devices {e.g., in the
fabrication of integrated circuits and hard drives), fabrication of cell-based assays {(e.g., assay
platforms using nanochannels, nanopores, and nanochambers), nanoprinting, photovoltaic
cells, and surface-conduction clectron-emitter displays (c.g., next generation flat sercen

displays}

BCP systems

{0035}  In somc cmbodiments, the BCP systerms that have at least one block that is not a
pure component block are provided. Block copolymers having pure component blocks can
be represented as A-b-B diblock copolymers, A-b-B-b-C triblock copolymers, and so on for
higher order multiblock systems.  For example, for a diblock copolyroer systems, the
chemical composition of the base molecule can be represented as A-A-A-A-A-A-A-A-A-A-

B-B-B-B-B-B-B-B-B-B, with A and B cach represcuting a different type of repeat unit or
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monomer polymerized into the polymer chain. For triblock copolymer systems, the chemical
composition of the base molecule could be represented as: A-A-A-A-A-A-A-A-A-A-B-B-B-
B-B-B-B-B-B-B-A-A-A-A-A-A-A-A-A-A or A-A-A-A-A-A-A-A-A-A-B-B-B-B-B-B-B-B-
B-B-C-C-C-C-C-C-C-C-C-C, with A, B, and C cach representing a different type of repeat
unit or monomer. In these examples, A, B and C are pure component blocks. Examples of

A-B diblock copolymer systems include:

A repeat unit or monomer | B repeat unit or monomer Block Copolymer
styrene Methymethacrylate PS-PMMA
styrene cthylene oxide PS-PEO

styrene Dimethylsiloxane PS-PDMS

{0036]  In the cxamples given above, A, B and C arc purc component blocks, cach having
only one type of repeat unit or monomer. In some embodiments, BCPs are provided that
have randorn or statistical copolymers as blocks rather than pure coraponent blocks. One
example is to use a random copolymer as one block in a diblock copolymer system: A-A-A-
A-A-A-A-A-A-A-A-B-C-C-B-C-B-B-C-B-C. In this example, A is a pure component block,
but the second block 1s a randors copolymer of B and C, which can be denoted B-r-C or B-

ran-C. Other examples are given below:

First Block Second Block Block Copolymer
A-C-A-A-C-C-A-C-C-C B-C-C-B-C-B-B-C-B-C P(A-r-C)-P(B-r-C)
(A-r-C) (B-r-C)

A-D-A-A-D-D-A-D-D-D | B-C-C-B-C-B-B-C-B-C P(A-r-D)-P(B-r-C)
(A-r-D) (B-r-C)

{6037}  Triblock and higher order multiblock copolymers having at least one block that is
not a pure componeunt block are also provided herein. The examples given above are mere
examples and arc non-limiting. For example, a copolymer sequence in a block is not
necessarily strictly randorn in some embodiments. A copolymer sequence is not Himited by a
particular degree of polydispersity or randommess. The block copolymer system can be any
block copolymer systemn that undergoes micro-phase separation, sclf-assembly, or order-
disorder processes, and can be used as a material for directed assembly. In some
cmbodiments, a constitucnt C of a B-C copolymer is 2 B monomer or repeat unit that is

moditied with a functional group, X.
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{6638} In some embodiments, BCP systems that have effective interaction parameters
{(¥err) greater than that of PS-PMMA are provided. (An effective inferaction paramcter may
also be referred to as an interaction parameter y of a material in this document.) The
interaction parameter y is temperature-dependent; the BCP systems have s greater than that
of PS-PMMA at the teraperature of assembly.  In some embodiments, BCP systers in which
the constituent blocks have commensurate surface and/or interfacial energies are provided.
Surface energy, as used herein, refers to energy at the surface between a condensed and non-
condensed phase, such as a solid BCP thin film or BCP film in the melt and a gas or vacuum.
Interfacial energy, as used herein, rvefers to energy at the surface between two condensed
phases, such as a solid BCP thin film or BCP thin film in the melt and a liquid or solid. In
some embodiments, surface or interfacial energies of the blocks of a BCP system are
commensurate such that the BCP system can assemble with non-preferential wetting of
domains of different blocks at a surface or interface. For example, in some cmbodiments, the
surface or interfacial energies of the blocks of a BCP system provided hercin are
approximately equal. In another example, 1n some embodiments, a BCP system provided
herein has a lower difference of surface/interfacial energy between its constituent blocks than
poly(styrene-b-dimethyisiloxane} (PS-PDMS) or poly{styrene-b-ethylene oxide} (PS-PEQO).
The surface energy difference between blocks of PS-PDMS and PS-PEO leads to the
preferential wetting of one domain at the surface under thermal annealing and solvent

annecaling conditions.

{6639}  In one example, a modified poly{styrene-b-isoprenc) (PS-Pl) is provided in which
about 75% of the PI block is modified with epoxy functional groups. The bulk and surface
thermodynamics of the BCP are decoupled, allowing neutralization of differences in surface
energies of the blocks of the copolymer without disordering the material. Controlling the
phase-separating and surface properties of block copolymers using random copolymer blocks
can be applied to other monomer combinations, including those that permit the formation of
microphase separated and perpendicularly oriented lareHac (or cylinders) characterized by
even smaller domain periods.

Methods

{¢048]  In some embodiments, methods of formulating and engineering block copolymer
raterials for directed assembly processes are provided. In some embodiraents, the rocthods
produce BCP systems that have interaction parameters (y) greater than that of PS-PMMA ata
certain teraperature.  In some embodiments, the methods mvolve engineering a BCP to

9
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decouple the bulk phase behavior characterized by y from the surface and/or interfacial

cuergies {or energy differences) of its constituent blocks.

{8041}  In some embodiments, the methods involve selecting a reference block copolymer
and modifying one or more blocks of the reference block copolymer to provide a modified

block copolyroer that can be used for DSA.

{(042] In some embodiments, a reference block copolymer having only pure component
blocks is sclected. Modifications can include attaching functional groups to a fraction of
repeat units or monomers in a block of the reference block copolymer, or otherwise
chemically modifying a fraction of repeat units or monomers in a block of the reference block
copolymer. Sulfonation, fluorinaition, hydrogenation, epoxidation, polyhedral oligomeric
stisesquioxanes attachment, and liquid crystal attachment are non-limiting examples of

chemical modification.

{6043]  The modifications may be made during synthesis of the medified block copolymer
or by post-synthesis modification of the reference block copolymer. In some embodiments, a

reference block copolymer does not need to be actually synthesized.

{6044] In some embodiments, a reference block copolymer system is systematically
modified during synthesis or by post synthesis modification to generate a phurality of
rodified block copolymers. One or more modified block copolymers from the plurality of

modified block copolymers can be selected for directed self-assembly.

{6045]  In some embodiments, cffective interaction parameters of each of the plurality of
medified block copolymers are determined. One or more modified block copolymers having
an effective interaction parameter above a threshold are identified, with information about the
surface and/or interfacial energics of the coustituent blocks of the identified block
copolymers used to select a modified block copolymer for directed self-assembly. In some
embodiments, inforroation about the surface and/or interfacial energies can be found by
attempting the directed assembly of the modified block copolymers on substrates and
obscrving which modified block copolymers result 1n structures parallel to the underlying
substrates or otherwise display non-preferential surface or interfacial interactions at the
surface of the thin film not in contact with the substrate. In some embodiments, information
about the surface and/or interfacial energies can be found mn the literature and/or by

technigues such as measuring water contact angles.

10
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{6046] In some embodiments, a modified block copolymer can be identified from
information about the interaction pararocters of differcnt repeat units of a modified block
copolymer if available. For example, to modify an A-b-B block copolymer to form an A-b-
B’ block copolymer, with A a pure componeunt block and B’ indicating a block having a B-C
copolymer sequence, information about the effective interaction parameters of A-B, B-C and
A-C can be used. In some embodiments, for exaraple, a minmum or maximum fraction of C
in the B-C copolymer can be determined by estimating that the interaction parameter of the
A-b-B’ block copolymer to be a weighted average of the A-B and A-C interaction pararncters
with respect to the B-C interaction parameter. A minimurog or raximum fraction of C m the
B-C copolymer sequence can then be determined for a minimum desired interaction
parameter of the A-b-B’ block copolymer. Other methods of estimating an effective

interaction parameter can be used according to the desired embodiment.

180471 In some embodiments, information about surface or interfacial energies of repeat
units can be used to identify a modified block copolymer. For example, to modify an A-b-B
block copolymer to form an A-b-B’ block copolymer, with A a pure component block and B’
indicating a block having a B-C copolyrer sequence, inforruation about the surface energies
of A, B and C can be used. In some embodiments, for example, C can be chosen such the
surface encrgy of A is between that of B and C. In some cmbodiments, a minimum or
maximum fraction of C in the B-C copolymer can be determined by estimating that the
difference in surface encrgics of the A and B’ blocks to be a weighted average of the
difference 1n A and B surface energy and the difference in A and C surface energy. A
minirum or maxipum fraction of C in the B-C copolymer sequence can then be determined
for a maximum desired difference in surface energies of the A and B blocks. Other methods

of estimating surface energy differences can be used according to the desired embodiment.

{6048]  Identifying a modified block copolymer using information about the interaction
parameters and/or surface or interfacial coergies as described above can be done iustead of
systematic modifications of a reference block copolymer or as starting peint for such

systernatic modifications.

{(349]  In addition to controlling the surface energy, interfacial energy and interaction
parameter of the blocks of the modified block copolymers as described above, in some
embodiments, one or more blocks can be mwodified to control thermophysical properties such
as glass transition, crystallization, chain stiffness of the blocks of the copolymer and/or

control solvent compatibility of the blocks of the block copolymer.
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Exampies
{0050] Example !l

{B651]  The consequences on certain physical properties of controlled levels of epoxidation
of the poly(isoprene) blocks in poly(styrene-b-isoprenc) (PS-P1} diblock copolymers and
poly(isoprene) (hP) homopolymers was studicd. hPI and symunetric PS-P1 were synthesized
using anionic polymerization, and specified degrees of partial epoxidation were attained by
reaction with dimethyl dioxirane, where the products are denoted hPIxn and PS-Plxn.
Systematic changes in the glass transition temperature (Topma), and the order-to-disorder
transition temperature (Topr) were measured by differential scanning calorimetry, dynamic
mechanical spectroscopy and smali-angle X-ray scatiering (SAXS). The effective interaction
parameters Yog between the PS and Plxn blocks were estimated using 1) mean-field theory
together with the experimentally determined Topr's and 2) the lamellar periodicities
determined by SAXS. A pair-wise interaction model based on the segment-segment
interaction pararncters between 1, 8, and Ixn repeat units was fit to these results, accounting
for a decrease then an increase with increasing percent epoxidation. In contrast, the surface
encrgy of hPIxn increases lincarly with percent cpoxidation. These thermodynamically
tunable PS-Phxu diblock copolymers are shown to formn thin films with paraliel and
perpendicular domain alignment depending on the degree of epoxidation. Perpendicular
orientation is enabled by compensation of the surface and interfacial energies of the PS and

Plixn blocks of the copolymer.

{6052]  The effect of the cpoxidation of poly(isoprenc) blocks was found by monitoring
the physical properties of epoxidized poly(isoprene) (hPIxn) homopolymers and epoxidized
poly(styrene-s-isoprene) (PS-Pixn) diblock copolymers with varying degrees of epoxidation
{xv). Measureroents of the glass transition teroperature and the water contact angles of
hPIxn, the rheological behavior and morphology of PS-Pixn, and an analysis of the
morphology of PS-Pixn thin-films when supported on a tailored polymer mat substrate are
described. The segmeunt-segment interaction parameters y;; governing Plxn, PS and Pl are
estimated by fitting the binary interaction model to the effective interaction parameters Yerr
obtained for the PS-Plxn diblock copolymers by small-angle X-ray scatiering (SAXS) and
dynamic rcchanical spectroscopy as interpreted assurning mean-field theory. A decoupling
of bulk interaction energies (represented by yur) and differences in surface and interfacial

energies exhibited by the two blocks of the copolymer due to the incorporation of the Pixn
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random copolymer was demonstrated. Non-preferential wetting at the substrate interface and
the free surface of films may be realized at an intermediate level of epoxidation, while
maintaining a state of order. These findings point o a new strategy for imposing a
perpendicular domain orientation 1o block copolymer films with a relatively small domain
periodicity. Without being bound by a particular theory, the decoupling of bulk and thin-film
behaviors may be atiributable to the different roles that a random copolymer architecture

plays tn establishing three-dimensional order versus wetting at a two-dimensional interface.
100531 Example | ~ Experimental

{6054] Anionic polymerization was used fo synthesize poly{styrene} (hPS)
homopolymers, poly(isoprene) (hPl) homopolymers, and poly(styrene-b-isoprenc) (PS-PI)
diblock copolymers. Styrene (Aldrich) and isoprene {Acros) monomers were first treated
with the repetitive cycles of freezing with liguid nitrogen, pumping in vacuum, and thawing.
The purification of styrene and isoprene monomers involved stirring for 30 — 60 minutes with
dibutylmagnesium (1.0 M solution in heptane, Aldrich) and sn-butallithium (2.5 M solution in
hexane, Aldrich), respectively. Polymerizations of hPS, hPL and PS-Pl were mnitiated with
sec-butyllithium (1.4 M solution i cyclohexane, Aldrich). The purified monomers of styrene
and isoprene were added (sequentially for PS-PI) to the scaled reactor containing purified
cyclohexane, and polymerization was conducted at 40 °C for § hours per each block. The
reaction was terminated with methanol degassed with argon gas for 1 hour. Finally, the
polymers were precipitated in methano! and dried prior to their characterization and

uttlization.

{66551  Controlled epoxidation of hPT and PS-PI was carried out using dimethyl dioxirane
(DMD) (Figure 1). This agent appears as an intermediate during the decomposition of
potassiurn peroxomonosulfate (KHSOs) and has been used widely 1o epoxidation of small
molecules and polydienes. Partially reacted PS-PI1 and hPl with varying degrees of
cpoxidation (xn), denoted PS-Plxn and hPIxn, were prepared by stirring the polymer in
dichloromethane (2 — 5 wt. %) along with acctone, the aqueous buffer solution (NaHCO;,
Aldrich}, and the aqucous solution of potassium monosulfate triple salt (Sigma Aldrich) at
room temperature for 16 — 48 hours. The polymer solution was extracted with separation
funnels and dried under vacuum. It was assumed that the epoxidation occurs at random

positions along the polyrer chains.
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{6056]  Size exclusion chromatography (SEC) was used to determiine the number average
roolecular weight (M;) and polydisperdisity index (PDI) of the synthesized polyroers. A
Waters 717 instrument fitted with an Autosampler, columns with 5 um pore size
{Phenomenex Phenogel 5 pm, 300 x 7.8 mim) and a Waters 2410 Refractive Tndex Detector
was operated with THF as the mobile phase. Proton nuclear magnetic resonance { H-NMR)
(VAC-300 Autosampler, IBM Instruments) was utilized to cstablish the composition of the

polymers and to estimate the degree of epoxidation in bPIxn and PS-Phxn.

{6057} Random copolymers (M, = 28.5 kg/mol, PDI = 1.5} containing styrene (57 mole
%), methyl methacrylate (37 mole %), and crosslinkable functional units (6 mole % glycidyl
methacrylate), denoted SMG, were synthesized using nitroxide~-mediated living free radical
polymerization (NMP). Spin-coating a solution (0.2 wt. % i toluene) at 4000 rpm resulted
in the formation of a mat, which was crosslinked during 24 hours of annealing under vacuum
at 190 °C.

{6058]  Differential scanning calorimetry (DSC) (Q1000 DSC, TA Instruments) was used
to identify the glass transition temperature (T,) of polymers at a ramping rate of + 10 °C/min.
Rheological measurements were conducted on pressed PS-Pixn samples with an ARES
rheometer (Rheometric Scientific) in two modes: 1sochronal experiments while heating (0.2 —
10 °C/min) and isothermal frequency sweep measurements. In order to investigate the bulk
morphology, small-angle x-ray scattering (SAXS) experiments were conducted at room
temperature on PS-Plxn spectmens at the Argonne National Laboratory and on a laboratory
source (Materials Science Center (MSC) at the Univ. of Wisconsin at Madison) after
annealing in vacuum at 105 °C for 6 hours. Data collected on an arca detector were reduced
to the one-dimensional form of intensity versus scattering wavevector magnitude g = 4nd

1 .- -
sin{8/2).

{6059]  Solutions of PS-Pixn (1.0 wt. %, in toluene) were deposited on the spin-coated and
crosshinked SMG substrates in the form of uniform thin films. Average film thickoesses
ranging from 1.7d; to 1.9d, {d; = 2n/q; where q; is the principle Bragg reflection measured
by SAXS}) were determined with an ellipsometry instrument {AutoEL-11, Rudolph Research).
The thin filros were anncaled at 107 °C for 6 hours in vacaum, and characterized by scanning
electron microscopy {(SEM) (LEQ 1550-VP FESEM). The same procedure was employed to
produce 22 — 30 nm thick films of hPS and hPIxn above bare Si wafers from 1.0 wt. %

solutions in toluene. Static contact angles formed by a drop of water (1 ul} at the thin film
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surface (averaged over 5 to 10 measurements) were established using a goniometer (Data

Physics OCALS).

{006¢] Example | — Results and Analysis

{6061} Molecular characterization data for the poly(styrene) (hPS) and poly{isoprene)
(hPI} homopolymers, and the PS-PI diblock copolymers are shown 1n Table 1; consistency
with the targeted molecular weights and compesitions and relatively low PDIE's confirm

successtul polymerizations.

{8862] Table 1. Molecular characterization
M, (kgimol) [¢” |’ |PDI |T,(0)
PS-PI |22g" 0.50 | 0.50 [ 1.05 |-61,84
hPI 20.1 0 1 1.05 |-65
hPS 21.6 1 0 1.05 | 103

* The SEC measurement of the poly(styrene) block aliquots gave the result of 12.3 kg/mol.
M, of PS-PI was calculated by comparing the molecular weight of the poly{styrene) aliquot
with the ratio between the poly(styrene) and the poly(isoprenc) blocks cstimated from the

NMR measurement.” Densities at 140 °C were used to calculate the volume fractions.

{6663]  Characterization results for the partially epoxidized diblock copolymers, denoted

PS-Plxn, are shown in Table 2.

{6864]  Table 2. Characterization of PS-Plxn
Percent epoxidation| o o 0 0 0
(xn) in PS-PIxn 0% 14%  |1% 65% 75%  199%
PDI ) 1.05 1.07 1.09 1.09 1.09 1.08
b
T (°C) 182 112 < 85 167 >200 >200
ODT
i © 20.1 18.5 [Not 20.0 20.3 22.0
, (nm) (LAM) [LAM) [Ordered | (@AM)| @AM) |Lam)
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. L. . vt b . \ .

Polydispersity index measured using SEC. ° Order-to-disorder transition temperature based
on DMS measurements. © The lattice spacing was calculated based on the primary peak
position in the SAXS profiles measured at room temperature. LAM denotes lameliar

morphology.

[6065]  SEC traces for the PS-Plxn compounds (Figure 2} indicate that the functionalized
polymers retain monodisperse molecular weight distributions with all levels chemical
roodification; slight broadening of the SEC peaks may occur due to adsorption of polymers to
the colunmn. 'H-NMR data from PS-Plxn, shown in Figure 3, demonstrate that resonances
corresponding to 1,4 poly(isoprenc) repeat units vanish and those for cpoxidized 1,4
poly(isoprene) units (& = 2.75 ppm} grow as the extent of epoxidation, xn, inecreases. The
peaks corresponding to epoxidized 3,4 poly(isoprene) units (6 = 2.60 ppm) become apparent
only with 99% epoxidation (PS-P199); lower reactivity of 3,4 units relative to 1,4 units has
been reported previously with other epoxidation methods for (PS-PI-PS) triblock copolymers
and poly(butadicne) homopolymers. Similar results were obtained with hPI (xn = 15%, 27%,
33%, 79%, 99%} including retention of the initial monodisperse PRI (1.09 — 1.13) (not shown

here), except for minor broadening in hP127 (PDI ~ 1.27).

{B066] Figures 4 and 5 show DSC traces that establish the teroperature dependence of the
glass transition temperatures (T,} as a function of xn in hPfxn and PS-Pixn. A linear increase
i Tenria and Topia with the extent of epoxidation in both systems 1s demonstrated in Figure
& consistent with previous reports on epoxidized and vulcanized natural rubber (ENR).
Attaching bulky groups to the polymer backbone reduces local segment rotation leading to an
&0 °C increase in T, with full epoxidation. DSC traces taken with the PS-PIxn diblocks
{Figure 5} show two distinct glass transitions, suggestive of microphase segregation. Note,
however, that the signature of T, for poly(styrenc) in PS-PI41 is less obvious due to
broadening of the transition (see below). Within experimental uncertainty, the linear increase
in Ty ppyys for the PS-Pixn blocks nearly matches the results for hPixn indicating that unreacted
and epoxidized isoprene units within the blocks are uniforraly mixed. A subtle but noticeable
deviation in the PS and Plxn block T,’s suggests some degree of block compatibility at

mtermediate levels (e.g., 14 and 419%) of epoxidation.

{¢367]  The contact angle 8 that a liquid drop forms with a solid surface is described by the

Young equation,

YZiquid COS(G) = YSolid - YSolid—liquid B Tce (i}
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where Yiquis 18 the {vapor-liquid) surface tension of the liguid. veue and Veotd-tiqua tepresent the
surface energy of the solid and the iterfacial teusion between the solid and hiqud,
respectively.  The equilibrium spreading pressure (m.) is genecrally negligible for polymer
surfaces when 8 > 10°. Thuas cos(8) provides a qualitative measure of polymer surface energy
when a single liquid compound such as water 1s apphied to a series of chemically different
materials. (Quantitative determination of y,pg uses additional information regarding v
iquid). The dependence on xn of the static contact angle of water (Bwaer) above cast films of
hPIxn is shown in Figure 7. Measured contact angles of 108 (WPl and 92° (hPS) are tn
close agreement with previously reported values (106° and 91°, respectively). Increasing the
extent of epoxidation reduces Byae, for the hPIxn thin films, where By, = 80° for xn = 99%,.
Assuming a linear dependence of cos(Buae:) with xn, the contact angle of hPIxn should equal
that of hPS when xn 1s approximately 55%. Clearly, increased hPI epoxidation is

accompanied by a greater surface energy.

{0068] The rheological behavior of the PS-Pixn materials was monttored as a function of
xn between 85 and 200 °C. Abrupt changes in G' and G” with increasing (or decreasing)
temperature provide a convenient way to identify the order-to-disorder transition temperature
{Topr). Clear evidence of ODT s can be found in the isochronal (@ = 1 rad/s) hncar dynamic
mechanical spectroscopy (BMS) results for PS-PL, PS-PI14, and PS-PI65 as presented in
Figure 8, where Topr = 182 °C, 112 °C, and 167 °C, respectively. The other saraples show
no sign of an ODT over the range of temperatures probed. Isothermal frequency experiments
(0.1 rad/sec < © < 100 rad/sec) were conducted in order to cstablish whether specimens are
ordered or disordered, and several representative resulis are presented in Figure 9 for PS-P,
PS-PI14, and PS-PI41. Diblock copolymer PS-P114 exhibits terminal behavior (G' ~ o’ and
G” ~ o'y at 120 °C and decidedly non-terminal behavior (G' ~ G* ~ 0" at 105 °C. Both
results are consistent with the assignment of Topy = 112 °C (Figure 8). Sinularly, PS-PI is
ordered at 110 °C (Topr = 182 °C from Figure 8) and PS-PI41 1s disordered at 105 °C. Based
on the isochronal temperature scan for PS-PI41, it was concluded that Topr < 85 °C for this

material. The values of Topr for PS-Plxn are sumrmarized in Table 2.

{6669]  Small-angle X-ray scattering (SAXS) was employed at room temperature (T <Ty)
to determine the bulk morphology and domain dimensions for the PS-Plxn materials. Figure
10 shows results for all six specimens, cach of which displays a principle reflection at
scattering wavevector q; and higher-order peaks at q» = 2q; (and 3q; for PS-PI), except for

PS-Pii4 and PS-PI41. The g, peak for PS-PI41 15 distinetly broader than those for the other
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diblocks, consistent with a state of disorder as deduced from the DMS measurements (Figures
& and 9); a relatively high peak intensity suggest this specimen is close to ordering. Also
evident is the near extinction of the scattering intensity from PS-P1635, which is attributed to a
contrast matching condition at an intermediate level of epoxidation where the electron density
(p) of PIxn matches that of PS; i.e., ppr < Pps ® Priss < Ppve. Overall, the SAXS results
demonstrate that the ordered specimens contain a lamellar morphology as anticipated based

on the symmetric compositions.

{6678] Representative SEM images taken from thin-films of PS-Plxn supported on
crosslinked SMG mats are shown in Figure 11. These specimens were prepared with average
filra thickness 1.7 d; <L < 1.9 d, where dy = 2n/q,. Except for PS-PI73, these films contain
an “island and hole” texture indicative of lamellac oriented paraliel to the substrate. This
type of stepped surface topology occurs with incommensurate films, e, L # n d; for
symmetric wetting or L # (1/2} d; for antisymmetric wetting, where n =1, 2, 3, ..., driven by
preferred wetting conditions at the (flat and rigid) substrate and unconstrained air interfaces.
Panel (a) of Figure 12 illustrates the case of antisymmetric wetting for a 1.5d; < L < 2.5d;
film. There is a free-energy penalty associated with the step defects at the boundary of L =
nd; and L = (n+1)d; regions while this term vanishes with coarsening of the islands and holes
in size. In sharp contrast, the PS-PI75 thin-film displays a “fingerprint” pattern (panel (¢) of
Figure 11), characteristic of lamellac oriented perpendicular to the substrate as sketched in
panel (b) of Figure 12. These images all support the lamellar phase assignment established
by SAXS, except for sample PS-PI41, which is disordered in the bulk state at the film
anncaling teroperatare, 107 °C.  Preferential interfacial wetting (substrate and free film
surfaces) has been shown to induce lamellar order in symmetric diblock copolymers that are

disordered in the bulk state, particularly near Topr, which explains this result for PS-Pi41.
10071}  Example | - Discussion

{0672] Bulk phase behavior: The results described above provide clear evidence that
controlled epoxidation of PS-PI diblock copolymers offers an attractive strategy for preparing
materials with precisely tailored scgmoent-scgracnt interaction parameters. The experimental
results demonstrate that the effective interaction parameter Yo between PS and the random
copolymer Plxn varies systematically with temperature T and xn. Two methods were used to

estimate Yeee { T, x11}.
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{6673}  In the strong segregation limit self-consistent field theory anticipates the periodic
iamellar spacing,
d, = 1.10aN>" y_,"
(2)
in which yer and the degrees of polymerization N are defined based on a common segment

volume v. The statistical segment length a = Rg(i\l/é)“”2

is related to the unperturbed coil
radius-of-gyration R, also governed by the choice of v. The molar volumes of the PS and Pt
repeat unifs were estimated based on published densities and thermal expansivities (pps =
1.03 g/om’ and ppr = 0.86 g/em’ at 105 °C). The density of fully epoxidized poly(isoprene)
was estimated using the group contribution method (1.067 g/cnt’), vielding a value roughly
comparable to that reported for completely epoxidized natural rubber (1.032 g/emy’). The
segment volume v = 144 A" was used to calculate N = 259 resulting in an effective segment
fength a = 6.53 A {aps = 6.26A and it was assumed that gpia = apr = 6.83 A, both corrected
for the indicated segment volume). With these parameters, yen for sn = 0%, 14%, 65%, 75%,
and 99% was calculated using Equation 2. Results are plotted in Figure 13 (solid symbols).
Since these calculations arc based on room temperature SAXS data (Figure 10), the yerr
values in Figure 13 are associated with roughly T = 100 °C, approximately the temperature
where the structure is arrested during cooling. Note that this is a rather crude treatment since
Equation 2 is rigorously valid only in the hmit of strong segregation. Nevertheless, prior
studies have shown that this approach yields plausible estimates even close to the ODT,

presumably due to the fluctuation induced first-order character of the transition.

{0074] The binary interaction model has been used successfully to describe the mixing
behavior of simple bhomopolymers and random copolymers. For the present case this
treatment reduces to:

Xn

Xn
=— + (1-— -
Kest 100 XsEr ( 100 ) Xst

Xn

Xn
2= 3
100 ( IOO)XIEI 3)

where S, I, EI refer to poly(styrene), poly(isoprene) and epoxidized poly(isoprene) repeat
units, respectively, and xn is the degree of epoxidation. The best fit to Equations 3 with the
SAXS based yegr values yields ysi = 0.096, ysgr = 0.19, and ¥ = 0.26. The upper (dotted)
curve in Figure 13 shows Equation 3, computed using these three interaction parameters,
demonstrating a minimum at xn = 33%. This conclusion is consistent with a report of

improved miscibility of poly(styrene) and natural rubber following partial epoxidation (25%,
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35%, and 50%) and closely resembles the composition dependence of Y. for partially
fluorinated PS-PI diblock copolymers also determined using Equations 2 and 3.
According to mean-field theory, the order-disorder transition for symmetric diblock

copolymers is governed by,

(Xeﬁ‘N)ODT = 10.5 4)

where yeer 18 given by Equation 3. Application of Equations 3 and 4 uses information
regarding the temperature dependence of the interaction parameters ysi, ¥ser, and X
Generally, the interaction parameter can be expressed as a sum of enthalpic and entropic
contributions, 3; = AT + B. For PS-PI diblock copolymer (with v = 144 A%)

ys1=28.6T" - 0.0198 (5)

which gives ys1 = 0.057 at 100 °C, close to what is shown in Figure 13 based on the SAXS
analysis.. There are four unknown constants associated with yser (= Asgr T + Bggr) and yer
(= At T + Bigr). These are reduced to two unknowns by assuming ysgr and yer exhibit the

same dependence on temperature as s,
A
Kser =K1 Xst =K, [%"' BSIJ (©)

A
At =K, Xst =K, [% + BSIJ (7

where k; and k, are simple proportionality constants. Substitution of Equations 6 and 7 into

the binary interaction model yields

e (1, T) = 1 (T) [%k () =1k, } | @®
{6875]  Solving Equations 4 and 8 with Topy = 112 °C (xn = 14%) and Topy = 167 °C (xn
= 65%) leads to &; = 1.99 and k2 = 3.30. yor (xn} is plotted tn Figure 13 (lower dashed curve)
using Equation & with these constants. The agreement with the previous estimate (Equations
2 and 3) is quite good constdering the assumptions and experimental uncertainties associated
with both treatments. Also shown in Figure 13 is the QDT criterion Y. 0pr = 10.5/N (solid
lime); when Yerr > Yemont the system is predicted to be ordered. Solving Equations 4 and 8

with xn = 41% results in Topr = 59 °C, which is consistent with the rheological (Figure 9)
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and SAXS (Figure 10} results discussed previously within the uncertainty inherent in these

calculations. The remainder of this discussion adopts the Tgpr-based model.

{8076] The concave form of Y.y (xn) resembles the thermodynamic behavior of certain
binary systcms comprised of g statistical copolymer (A-ran-B) and a homopolymer (C). For
example, blends of poly{ethyl methacrylate) (PEMA) and styrenc-acrylomitrile copolymer
{SAN) have been reported to be miscible at intermediate compositions at temperatures where
netther poly{styrene) nor poly(acrylonitrile) alone 18 miscible with PEMA. This can be
rationalized based on the effects of strongly unfavorable intramolecular interactions within
the statistical copolymer relative to intermolecular interactions (1.e., ¥ap > ¥ac & Ywch
which drives miscibility. The binary interaction model accounts for this mechanism through

the last term in Equation 3.

{6677} Thin film morphology: The morphological behavior of thin PS-Plxn films
supported on the crosslinked SMG substrate (Figure 11} in the context of the bulk phase
behavior, surface energies yps, and Yeu,,, and interfacial energies ypo v, and Yerasvc was
considered. In order to achieve perpendicularly oriented lamellar domains via thermal
annealing, the following conditions arc met: 1) The substrate is not preferentially wet by
either block of the copolymer, and 2} differences in the surface energies of the blocks are

small.

{B678]  Varying underlying interfaces vot linuted to a random copelymer surface (SMG)
can vield a non-preferential surface for PS-Plxn at a certain percent of epoxidation. Non-
preferential wetting at the substrate removes a primary cnthalpic contribution that drives
parallel lamellar alignment and provides an opportunity to induce the perpendicular
oricntation (sec panel (b} of Figure 12). Typically a range of brush or mat compositions
induces perpendicular orientation of domains, and the composition of the brushes or mats

depends on the film thickness and the composition of the overlying block copolymer film.

{6079]  SMG mats with varying stryrene composition ranging from 0% to 76% induce
perpendicular ordering of PS-Pixn: (1) notably, homogenecous poly{methyl methacrvlate)
{(PMMA) brush/mats, chemically different from components of PS5-Pixn, is able to induce
perpendicular ordering of PS-Plxn, and (2) the wide range of neutral compositions in random
copolymers for PS-Pixn is in sharp contrast to the case of PS-PMMA that exhibits
perpendicular ordering over a narrow range of the random copolymer corpositions. Above

SMG mats with 0% and 76% styrene mol. %, PS-Plxn exhibits a film thickness dependence,
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in which a cyclical pattern of morphologies that switch between perpendicular ordering and
roixed lamellar morphology 1s observed as a function of film thickness with the period of a
bulk lamellar spacing. This trend, also reported for thin-film PS-PMMA block copolymers,
is associated with a slight deviation frorn neutral interactions by the interfaces with respect to
the overlying block copolymer thin films, and such interfaces are generally called “weakly

preferential.”

{B086] The contact angle rocasurcments on the hPS and hPIxn thin filves (Figure 7)
suggest that the condition for equating the surface energies between PS and Plxn occurs at xn
~ 55%, somewhat lower than the extent of epoxidation xn = 75% that actually produces the
perpendicular orientation of PS-Plxn thin films. Note however that the true surface energics
of PS and Plxn may not be guantitatively anticipated by the water contact angle
measurements. Morcover, interfacial interactions between PS or Plxn and SMG may bias the
actual surface energy compeusation point somewhat. Nevertheless it was shown that
symmetric PS-Plxn diblock copolymers with xn = 75% form perpendicular lamellac on a
crosslinked SMG substrate with a fundamental domain period of d; = 20 nm, 1.¢., comparable
to the smallest dimension feasible with PS-PMMA. (Based on strong segregation scaling (d,
~ N*%) and the results shown in Figure 13, this dimension could be reduced by at least 40%
without inducing disorder}. Significantly, the interfacial energy between a block copolymer
thin film and the substrate and differences in surface encrgies have been effectively
neufralized without disordering the material, i.e., yer(xn = 75%) ~ 0.063 while ypiys = yps.

[6081]  This result 1s a direct consequence of the ditferent roles that a random copolyroer
molecular architecture plays in the thermodynamics of 3-dimensional mixing versus 2-
dimensional surface and ioterfacial phenomevna.  The results show that PS-PIxn phase
behavior is quantitatively accounted for by the binary interaction model (Equation 3). Due to
the ctfects of pair-wise segment interactions in 3-dimeusions the roimmum Yeer (about half
that of ys;) occurs with xn ~ 33%. With one exception, preferential interactions between the
segregated PS and Plxn blocks and the film interfaces (free surface and that in contact with
SMG) leads to a parallel lamellar orientation accompanied by the formation of hole/island
structures. The behavior of PS-PI75 is strikingly different. From a wetting perspective, PS-
P175 essentially looks free surface and interface (SMG) compensated, even though yer (xn &
75%) ~ ys. (Clearly the surface energies ypg ~ 40.7 ml/m’ and ypr ~ 32.0 mJ/m’ induce
paratlel domain alignment in PS-PI}. Thus, incorporation of a random copolymer molecular
architecture in one {or perhaps both) blocks of a diblock copolymer (e.g., A-b-(B-r-C)}
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decouples the mechanisms that govern bulk phase behavior and surface and interfacial
phenomena, a strategy not available to simple A-b-B diblock copolymers such as PS-PMMA.
This concept is applicable to other monomer combinations, notably those that permit
formoation of microphase scparated and perpendicularly oriented lamellac (or cylinders)

characterized by even smaller domain periods.

{6082] The parameter y.n, which governs the bulk (three-dimensional) interactions,
depends on yan, Yac, and ype 1nteractions and may exhibit a miniraurn value at interraediate
levels of composttions of the random copolymer block. The surface energy of random
copolymer block, in contrast, varies approximately linearly with composition between values
for pare B and pure C. These different functional forms decouple the bulk and surface
thermodynamics allowing neutralization of differences in surface energies of the blocks of
the copolymer without disordering the material. For the system studied here, yor (xn = 75%)
= §.063 while vpps = yps. This decoupling mechanism may be a direct consequence of the
different roles that a random copolymer molecular architecture plays in the thermodynamics
of threc-dimensional mixing and demixing versus two-dimensional surface and interfacial
phenomena.

{6G83] Example 2

{6084] A symmetric PS-b-PI diblock copolymer with 78% epoxidation of the PI block
was directed to assemble on a neutral substrate. Perpendicular orientation of the lamellar
domatns was achieved with a length scale L, (the width of two adjacent lamellae) of 15.3 nm.

Diblock copolymer characteristics of the PS-PI precursors are given below:

fs fi Mu (kg/mol) PDI T, (°C)

0.48 0.52 139 1.04 -61, 68

{6G85] Example 3

{0086] A PS-H-PI diblock copolymer with epoxidation of the PI block was assembled on a
substrate chemically patterned with hines at half deunsity of the Lo of the diblock. Alignment
with density multiplication of the assembled thin film with the underlying pattern was

observed on regions of the substrate.
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{6687} Example 4

{6088]  An asymmctric PS-b-P1 diblock copolymer with §2% epoxidation of the PI block
was directed to assemble on a neutral underlying mat. Perpendicular orientation of the
cylindrical domains was achieved with a length scale Ly (the distance between the centers of
the nearest cylinders) of 20.3 nm. The mncrease in the fraction of cylindrical domains with
perpendicular ordering was observed as the degrees of epoxidation on the P1 block of PS-b-PI
increased from 0% to 82% above SMG mats. Diblock copolymer characteristics of the

cylinder-forming PS-PI precursors are given below.

fy £ Mn (kg/mol) PDI T, (°C)

(.69 (.31 13.9 1.04 -61, 68

{6089]  Although the foregoing invention has been described in some detail for purposcs of
clarity of understanding, it will be apparent that certain changes and modifications may be
practiced within the scope of the imvention. It should be noted that there are many alternative
ways of implementing both the process and compositions of the present invention.
Accordingly, the present embodiments are to be considered as illustrative and not restrictive,

and the mvention is not to be limited to the detatls given herein,
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Claims
I. A method of formulating a block copolymer material for directed assembly,
comprising:

modifying a first block of a first block copolymer to form a modified block
copolymer including the modified block,

wherein the interaction parameter () of the modified block copolymer is larger than

that of PS-b-PMMA at particular temperature of assembly.

2. The method of claim 1, wherein a B block of an A-b-B block copolymer is modified
to form a A-b-B’ block copolymer.

3. The method of claim 1, wherein the B’ block of the A-b-B’ block copolymer

comprises a B-C statistical or random copolymer.

4, The method of claim 2 or 3, wherein the B’ block includes B monomers, a fraction of

which are modified with a functional group.

5. The method of any of claims 2-4, wherein surface or interfacial energies of the A and

B’ blocks are commensurate with each other.

6. The method of any of claims 2-5, wherein the difference in surface energies between
the A and B’ blocks is no more than the difference in surface energies of PS and PMMA at a

particular temperature of assembly.

7. The method of any of claims 2-5, wherein the interfacial energies between the A and
B’ blocks is no more than the difference in interfacial energies of PS and PMMA at a

particular temperature of assembly.

8. The method of any of claims 2-7, wherein modifying the B block comprises
modifying the B block of a synthesized A-b-B block copolymer.

9. The method of any of claims 1-8, wherein modifying the first block comprises

synthesizing the modified block copolymer.
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10.  The method of any of claims 1-9, wherein modifying the first block comprises a post-

synthesis modification.

11.  The method of any of claims 1-10, further comprising modifying a second block of
the first block copolymer to form the modified block copolymer including the first and

second modified blocks.

12.  The method of any of claims 1-10 wherein A and B blocks of an A-b-B block

copolymer is modified to form an A’-b-B’ block copolymer.

13. A method of formulating a block copolymer material for directed assembly,
comprising:

identifying a reference block copolymer;

systematically modifying one block of the reference block copolymer to generate a
plurality of modified block copolymers;

for each of the plurality of modified block copolymers, determining a) an interaction
parameter ()) and b) the relative surface energies or interfacial energies of the blocks of the
modified block copolymer; and

based on the interaction parameters and the relative surface energies, selecting one of

the plurality of modified block copolymers.

14.  The method of claim 13, wherein the reference block copolymer and modified block

copolymers are diblock copolymers.

15.  The method of claim 13, wherein the reference block copolymer and modified block

copolymers are triblock or higher order block copolymers.

16.  The method of any of claims 13-15, wherein determining the relative surface or

interfacial energies comprises directing the assembly of the modified block copolymers.

17.  The method of any of claims 13-16, wherein all of the blocks of the reference block

copolymer are pure blocks.
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18.  The method of claims 13-17, wherein systematically modifying one block of the
reference block copolymer includes changing a pure component B block of a A-b-B reference

block copolymer to a B-r-C random or statistical copolymer.

19.  The method of claim 18, wherein a C repeat unit of the B-r-C random copolymer is
chosen such that the surface or interfacial energy of a pure A block is between that of a pure

B block and that of a pure C block.

20.  The method claim 18 or 19 wherein the C monomer of the B-r-C random copolymer
is chosen based on information about the interaction parameter () between a pure A block
and a pure B block and the interaction parameter () between a pure A block and a pure C

block.

21. A structure comprising:

a chemically patterned substrate; and

a thin film block copolymer material disposed on the chemically patterned substrate,
having microphase-separated domains registered with the pattern of underlying chemically
patterned substrate, wherein the block copolymer material comprises a block copolymer of

which at least one block includes multiple different repeat units.

22. The structure of claim 21, wherein the at least one block is a random or statistical
copolymer.
23, The structure of claim 21 or 22, wherein a domain dimension of the assembled block

copolymer material is less than 25 nm.

23, The structure of claim 21 or 22, wherein a domain dimension of the assembled block

copolymer material is less than 20 nm.

24. The structure of claim 21 or 22, wherein a domain dimension of the assembled block

copolymer material is less than 15 nm.

25. The structure of claim 21 or 22, wherein a domain dimension of the assembled block

copolymer material is less than 10 nm.
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26. A structure comprising:

a substrate having topographical features; and

a thin film block copolymer material disposed on the substrate, having microphase-
separated domains, wherein the block copolymer material is directed to assemble by the
substrate and wherein the block copolymer material comprises a block copolymer of which at

least one block includes multiple different repeat units.

27. The structure of claim 26, wherein the at least one block is a random or statistical
copolymer.
23, The structure of claim 21 or 22, wherein a domain dimension of the assembled block

copolymer material is less than 25 nm.

23, The structure of claim 21 or 22, wherein a domain dimension of the assembled block

copolymer material is less than 20 nm.

24. The structure of claim 21 or 22, wherein a domain dimension of the assembled block

copolymer material is less than 15 nm.

25. The structure of claim 21 or 22, wherein a domain dimension of the assembled block

copolymer material is less than 10 nm.
26. A composition comprising:
a modified poly(styrene-b-isoprene) block copolymer, wherein about 50% to 90% of

the polyisoprene block is modified with epoxy functional groups.

27.  The composition of claim 26 wherein about 70% to 80% of the polyisoprene block is

modified with epoxy functional groups.
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28. A method of formulating a block copolymer material for directed assembly,
comprising:

partially epoxidizing a first block of a first block copolymer to form a epoxidized
block copolymer including the partially epoxidized block,

wherein the interaction parameter () of the epoxidized block copolymer is larger than

that of the first block copolymer at particular temperature of assembly.
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