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ABSTRACT: Top and bottom interfaces of high-y cylinder-forming polystyrene-block-
maltoheptaose (PS-6-MH) diblock copolymer (BCP) thin films are manipulated using cross-
linked copolymer underlayers and a fluorinated phase preferential surface active polymer
(SAP) additive to direct the self-assembly (both morphology and orientation) of BCP
microdomains into sub_10nm patterns. A series of four photo-cross-linkable statistical
copolymers with various contents of styrene, 4-vinylbenzyl azide cross-linker and a
carbohydrate-based acrylamide are processed into 15 nm thick cross-linked passivation layers
on silicon substrates. A partially fluorinated analogue of PS-b-MH phase preferential SAP
additive is designed to tune the surface energy of the top interface. The self-assembly of PS-b-
MH thin films on top of the different cross-linked underlayers and including 0-20 wt% of
SAP additive is investigated by Atomic Force Microscopy and Synchrotron Grazing
Incidence Small Angle X-Ray Scattering. The precise manipulation of the interfaces of ca. 30
nm thick PS-6-MH films not only allows to control the in-plane/out-of-plane orientation of
hexagonally packed (HEX) cylinders but also promotes epitaxial order-order transitions from
HEX cylinders to either face-centered orthorhombic or body-centered cubic spheres without
modifying the volume fraction of both blocks. This general approach paves the way to the

controlled self-assembly of other high-y BCP systems.



INTRODUCTION

The self-assembly of block copolymers (BCP) thin films is a promising bottom-up approach
able to support classical top-down photolithography processes to reach devices with
increasingly smaller feature dimensions.!'™ BCP thin films with well-ordered nanoscale

periodic patterns have been used as lithographic masks after removal of a sacrificial block to

(6] [7]

produce semi-conductors,' integrated circuits,””) bit-patterned media,’®! magnetic dot

[12]

arrays,[g] resistive memories,!'” filtration membranes, " photovoltaic cells," * or photonic

materials.["*!

Most of these applications require well-ordered microdomains oriented
perpendicular to the substrate and spreading over large areas. In the bulk state, the volume
fraction of the blocks (f), the total degree of polymerization (N) and the Flory-Huggins
interaction parameter (y) dictate the morphology and dimensions of the self-assembled
microdomains. In thin films, additional parameters such as commensurability between the
BCP period and film thickness, preferential interactions at one or both interfaces and
annealing conditions, strongly impact the self-assembly.!"¥ Accordingly, the self-assembly of
lamellar- or cylinder-forming BCPs in thin films often affords the formation of in-plane
structures due to the preferential interactions between one of the blocks and the substrate.!'*!
Several methods have been used to direct the BCP microdomains orientation in thin films:

e.g. solvent vapor annealing (SVA),!"*! zone annealing,!"® graphoepitaxy,"'” chemoepitaxy,™

[19] [20]

shear forces, application of electric or magnetic fields, as well as directional
solidification.?" In the late 90s, Russell, Hawker and coworkers pioneered substrate
neutralization using covalently-grafted poly(styrene-stat-methyl methacrylate) (PS-s-PMMA)
brushes to overcome the preferential interaction of PMMA with the silicon substrate and to
promote perpendicular orientation of PS-b-PMMA lamellae in thin films.”” The orientation
control of PS-b-PMMA microdomains has been further extended using mixtures of

homopolymer brushes,'**! and pseudo-brushes.**! Homopolymer and BCP brushes have also

been applied to control the orientation of polystyrene-b-poly(L-lactide), polystyrene-b-
3



poly(ethylene oxide) (PS-b-PEO) and polystyrene-b-poly(2-vinyl pyridine) (PS-b-P2VP)

[23.25.26] Neutral copolymer mats (i.e. cross-linked underlayers for the controlled

microdomains.
orientation of BCP structure) obtained by thermal cross-linking of benzocyclobutene-
functionalized PS--PMMA were further developed by Hawker, Russell and coworkers to
circumvent the substrate-dependent chemistry inherent to covalently-grafted (co)polymer
brushes.””) Neutral cross-linked underlayer analogues were obtained by thermal or photo-
chemical cross-linking of PS-r-PMMA copolymers carrying azide,*"! epoxy,[zg] or ketene™”
functionalities as well as by UV-irradiation of polystyrene coatings.’’} Rather than
manipulating comonomer mixtures representative of the PS and PMMA blocks, and coping
with a compositional drift inherent to their copolymerization process, Ellison, Willson and
coworkers reported a library of cross-linked underlayers obtained from statistical copolymers
and homopolymers obtained exclusively from styrenic (co)monomers, i.e. different para-
substituted styrenes and 4-vinylbenzyl azide as photo-cross-linkable group.*? Alternatively,
SVA has been developed to overcome the low effectiveness of thermal annealing for some
BCPs especially those having comparable glass transition and degradation temperatures. SVA
imparts chain mobility by plasticization with solvent molecules and has for instance proven its
efficiency to promote vertical orientation of cylinder-forming PS-b-PEO thin films.!">) More
recently, high temperature SVA, shortened by microwave annealing (USVA), has also been
developed. It ideally combines the attributes of SVA and thermal annealing with shorter
annealing times, which is particularly suited for saccharide-based BCPs such as polystyrene-
b-maltoheptaose (PS-b-MH) due to the moderate thermal stability of the MH block.*!

In the quest for miniaturization, there is a constant need for smaller phase-separated
microdomains. However, reducing BCP domain spacing by decreasing N requires to increase
the y value to maintain microphase separation (yN >10.5 for di-BCPs). Such highly

incompatible BCPs, also coined as high-y BCPs, are able to reach sub_10 nm self-assembled

microdomains.**! For instance, Russell, Xu and coworkers reported the directed self-assembly
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of a PS-b-P2VP (M, = 19.5 kg mol ") thin film coated onto a faceted sapphire substrate into
perpendicular P2VP cylinders with diameters of 7.3 nm and a lattice spacing of 17.4 nm.?*!
Self-assembled lamellar microdomains of poly(cyclohexylethylene)-b-PMMA with a domain
spacing of 9.0 nm have also been reported.”® Among others, silicon-containing BCPs have
also been developed due to their high y parameters and naturally high etch contrast, an
important feature to apply BCP thin films as lithographic templates.*’~*]

Polystyrene-b-maltoheptaose (PS-b-MH) is a hybrid high-y BCP comprising a synthetic
PS block and a natural oligosaccharide MH block. The strong incompatibility arising from the
hydrophobic and hydrophilic imbalance between the PS and MH blocks, enhanced sterically
by the rigid “rod-like” structure of the carbohydrate block, leads to sub 10 nm microdomains
after SVA.!'%33%4 While MH is an abundant renewable resource, a significant feature of
MH-based high-y BCPs is their mild thermal and chemical degradation thus providing a
versatile etch contrast. In previous studies, SVAP**!I and microwave annealing®®! conditions
afforded out-of-plane orientation of the PS-b-MH microdomains on silicon substrates. PS-b-
MH thin films were also subjected to graphoepitaxy for nanolithography applications,*' and
were used as dielectric layer in transistor memory devices.!'**

Although the strong incompatibility between the blocks of high-y BCPs enables to
reach sub_10 nm microdomains, the long-range ordering and the control of the mesostructure
orientation are more challenging than for classical BCPs as an important chemical
incompatibility often induces an increased surface energy mismatch between the blocks. As
opposed to PS-b-PMMA for which interfacial energies of the PS and PMMA blocks with air
are similar at high temperatures,”® thermal annealing alone cannot overcome the difference in
surface energy for high-y BCPs, thus resulting in preferential wetting of one block at the top

interface. Several strategies have been recently developed to tune the top interface of high-

7 BCP thin films in order to impart perpendicular orientation.[***"! Willson and coworkers



have reported polarity-switching topcoats based on alternating copolymers spin-coated from
aqueous solutions above high-y BCP thin films. After thermal annealing, the polarity of the
topcoats switches from hydrophilic to hydrophobic/neutral through ring-closure of the
anhydride moieties.*”) These polarity-switching topcoats were applied to several silicon-
containing high-y BCP thin films, in combination with substrate modification and directed
self-assembly, to promote laterally aligned perpendicular microdomains.*® Fluorinated
surface-active polymer (SAP) additives have been reported as an alternative strategy to
decrease the surface energy difference between the blocks located at the top interface with
air.l"’**] The SAP additives were added to the BCP solution and segregated to the top
interface during deposition and annealing steps to form a neutral topcoat. In combination with
cross-linked underlayers, fluorinated SAP additives were employed to control the orientation
of PS-b-poly(methyl 5-methyl-2-oxo0-1,3-dioxane-5-carboxylate) (PS-b-PMTC-Me) and PS-
b-P2VP microdomains.

Herein, we report the use of a series of cross-linked underlayers and a single phase
preferential fluorinated BCP SAP additive for directing the self-assembly of a cylinder-
forming PS-b-MH (M, = 5.7 kg mol ™", fyz = 0.16) in thin films. A library of statistical photo-
cross-linkable copolymers with 10-30 mol% of a carbohydrate-based acrylamide (AGA), 10-
90 mol% of 4-vinylbenzyl azide, and 10-90 mol% of styrene were synthesized to generate
cross-linked mats enabling the modification of the wetting properties of silicon substrates.
Besides, a partially fluorinated analogue of PS-b-MH (PS-6-MHF with ca. 14% of hydroxyl
groups of the MH block substituted by trifluoropropionyl moieties) was synthesized and used
as an SAP additive able to segregate at the top surface of out-of-plane PS-b-MH
microdomains upon spin-coating and annealing steps. The SAP additive was designed to be
phase-preferential, i.e. the PS and MHF blocks segregate at the top interface and register
above the PS and MH domains of the cylinder-forming self-assembled thin film, respectively.

The self-assembled BCP thin films resulting from interfacial tuning of one, the other or both
6



interfaces were investigated by atomic force microscopy (AFM) and Synchrotron grazing
incidence small angle X-ray scattering (GISAXS) experiments and compared to pristine PS-b-
MH and PS-b-MHF thin films on silicon substrates. By tuning one or both interfaces, the
orientation of the HEX cylindrical structure could be controlled. Additionally, epitaxial order-
order transitions from the HEX phase to either face-centered orthorhombic (FCO) or body-
centered cubic (BCC) spheres could also be triggered by manipulation of the bottom interface

without changing the volume fraction of the PS-5-MH blocks.
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Figure 1. Chemical structures of cross-linkable statistical copolymers PN,A,, cylinder-
forming high-y diblock copolymer PS-5-MH and partially fluorinated surface active diblock
copolymer PS-b-MHF.

RESULTS AND DISCUSSION

Synthesis of Azide-Containing Photo-Cross-linkable Copolymers. Taking inspiration
from earlier strategies to control the surface properties of planar substrates using cross-linked
copolymer mats either made from comonomers representative of the BCP blocks,>% or
from a single monomer with varying amounts of a cross-linkable comonomer,”? we have

synthesized four different photo-cross-linkable statistical copolymers PN,A, (with # and p the

mol% of 4-vinylbenzyl azide and AGA units, respectively, Figure 1). First, a PS-based
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copolymer was obtained in two steps by RAFT copolymerization of p-chloromethyl styrene 1
and styrene 2 using 3 as chain transfer agent (CTA) followed by an azidation reaction in order
to generate the photo-cross-linkable azidomethyl units. Copolymerizations were performed
using a constant [1 + 2]¢/[3]¢/[AIBN] ratio of 300:1.0:0.5 and a [1]y/[2]o ratio of 9:1 to obtain
PNgoAy in 65% yield with a number average polymerization degree (DP,) of 195 (Table 1)
and spectral data comparable to previously reported analogues.*” A series of three photo-
cross-linkable carbohydrate-containing statistical copolymers having 10 mol% of 4-
vinylbenzyl azide and 10, 20 or 30 mol% of AGA 4 was then synthesized in two steps by CTA
3-mediated RAFT copolymerization and subsequent azidation (Figure S1 and Table 1).
Copolymerizations were carried out using a constant [1 + 2 + 4]¢/[3]o/[AIBN], ratio of
400:1:0.5 and three comonomer fractions [1]o/[2]o/[4]o of 1:8:1, 1:7:2 and 1:6:3. The RAFT
copolymerizations for the syntheses of PNjgAj9, PNjgA29 and PNygA3z9 were stopped at low
monomer conversions (i.e. below 25%) in order to limit the influence of composition drift
(resulting from reactivity ratio differences) on the chains homogeneity. After 72 hours at 60
°C and purification by dialysis, azide-functionalized copolymers PNjpA19, PNjpAz¢ and
PNjpA3¢ were obtained in 23, 15 and 11% yield and number average polymerization degrees
(DP,) of 90, 60 and 44, respectively.

The obtained copolymers were characterized by ATR-FTIR, SEC, 'H and C NMR
spectroscopy. The intense stretching band of azide groups (2095 c¢m™'), and the increasing
intensity of the O-H/N-H stretching (3700-3100 cm '), C=O stretching (1650 cm™') and C-O
stretching (1050 cm ') bands with the increase in AGA units are consistent with the targeted
structures (Figure S2). The chemical structure of the copolymers was also confirmed by 'H
and °C NMR spectroscopy, as well as by distortionless enhanced polarization transfer
(DEPT) and 2D 'H-"C heteronuclear single quantum coherence (HSQC) NMR spectroscopy
(Figure S3-S5). As expected, 'H NMR spectra in DMSO-ds demonstrated a constant signal of

the azidomethylene protons at 4.3 ppm, a decrease of the signals of the styrenic units in the
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7.5-6.7 ppm range and the concomitant increase of the signals due to the AGA units in the
5.5-3.0 ppm range when the AGA content increased from 10 to 30 mol% (Figure S3). The
copolymers compositions were estimated by '"H NMR from the integration of the aromatic,
azidomethyl and anomeric protons by assuming a constant [1]/[2] molar ratio up to final
conversions. All signals could be assigned using a combination of 1D ('H and "*C) and 2D
(DEPT, HSQC) NMR spectroscopy (Figure S4 and S5) for PN;9A3y that contains the highest
molar fraction of AGA units. SEC analysis shows that the monomodal traces are shifted
toward longer elution times (M, decreases from 29.5 to 1.0 kg mol™' according to PS
standard) and exhibit higher chain dispersities (P increases from 1.22 to 3.76) when the
amount of AGA units increases from 0 to 30 mol% (Figure S6). The tailing and the shift to
lower molar masses with increasing AGA content is most likely due to strong interactions of
the AGA units with the stationary phase of the columns, also favored by chloroform as the
eluent, and is thus over-expressed for high molar fractions of AGA units.

Reactivity ratios of styrene 2 (rs) and AGA 4 (raga) were determined by in situ 'H NMR
kinetic studies at 60 °C in DMF-d; using the Jaack’s method.”” The obtained values (rst =
0.84 and rpga = 0.53) are typical of a statistical copolymerization (Figure S7-S12). These
reactivity ratios were used to model the distribution of styrene/4-vinylbenzyl azide and AGA
as well as the dispersity of a total of 10 chains for copolymers PNy9A19, PN19A29 and PNygA3g
using the predictive program based on the Mayo-Lewis equation and Monte Carlo method
developed by Xu and coworkers.>" The calculations assumed identical reactivity ratios for
styrene and 4-vinylbenzyl azide, and were based on their relative molar fractions in the
monomer feed, the theoretical DP, at 100% conversion and the experimental conversion
determined by gravimetry. In fair accordance with the composition diagrams (Figure S11 and
S12), these simulations of the chains composition provide a complementary visualization of

the statistical nature of the obtained copolymers (Figure 2).



Figure 2. Simulation of the distribution of styrene/4-vinylbenzyl azide (blue squares) and
AGA (red squares) units among ten different chains for PNjpAjg (top), PNjpAz¢ (middle) and
PNj9A3¢ (bottom) with a targeted DP,, of 400 and monomer conversions of 23, 15 and 11%,

respectively.l’!! Each row represents a polymer chain.

Table 1. Properties of cross-linkable statistical copolymers PN,A,,.

zg:;:lr [R2VAr  x[%®  DPS M. [kgmol™]  B°
PNgoAo 0.9:0.1:0 65 195 26.5 1.22
PNioA;p  0.1:0.7:0.2 23 90 2.9 3.18
PNioAp  0.1:0.6:0.3 15 60 15 3.55
PNioAzp  0.1:0.5:0.4 11 44 1.0 3.76

“ Estimated by 'H NMR; ® Monomers conversion
determined by gravimetry; © Number average
polymerization degrees obtained from the gravimetric
conversion and monomers/CTA molar ratios in the feed; 9
Determined by SEC in CHCls, according to PS standards.

Synthesis of Partially Fluorinated PS-b-MHF. A partially fluorinated analogue of PS-b-
MH was synthesized as SAP additive for the modification of the outmost interface of PS-b-
MH thin films through interfacial segregation during the spin-coating and annealing
steps.”* The SAP additive should ideally (i) migrate at the top interface to lower the
surface energy thus preventing the formation of a wetting layer and (ii) promote the phase
preferential selective registration of the SAP additive blocks with those of the BCP thin films
to enhance out-of-plane orientation of the BCP microdomains throughout the film thickness.
With that aim, the polysaccharide block of PS-5-MH was submitted to partial esterification
using 0.14 equivalent of 3,3,3-trifluoropropionyl chloride 5 with respect to hydroxyl groups

(i.e. ca. 3 fluorinated groups per MH block, Figure S13). PS-)-MHF was characterized by
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ATR-FTIR, 'H and "°F NMR spectroscopy (Figure S14-S16). Besides a broadening of the
signals of the polysaccharide block due to the lower solubility of PS-b-MHF compared to PS-
b-MH in DMF, 'H NMR of PS-b-MHF demonstrated a slight increase of the integrals
corresponding to the signals in the 6.0-4.5 ppm range due to the increased number of protons
from the CH,CF; groups (Figure S14). PF NMR (Figure S15) highlighted the presence of
the characteristic signals of CF3; groups and showed that the esterification reaction occurs
predominantly on the C6 position of the saccharidic units (& ~ —63 ppm) due to the higher
reactivity of primary alcohols. It is worth noting that secondary alcohols (C2 and C3, & ~ —56
ppm) and to a smaller extent terminal alcohol (C4, & ~ —53 ppm) can also be esterified.
Besides, the decrease of the O-H stretching band (at 3300 cm "), the appearance of the C=0
stretching band (at 1750 cm ') and the concomitant appearance of the C-F stretching band (at
1250 ¢cm ') in the ATR-FTIR spectra of PS-5-MH and PS-b-MHF corroborates the
occurrence of the esterification reaction (Figure S16).

Elaboration and Characterization of Cross-linked Underlayers. Cross-linked
underlayers were prepared by spin-coating dilute solutions of azide-functionalized
copolymers PN,A, (0.4-1.6 mg mL™") in 2:1 (v/v) mixtures of THF and PGMEA onto
cleaned silicon substrates and subsequent photo-cross-linking under UV irradiation through
the generation of highly reactive nitrene intermediates. After a 10 min annealing at 180 °C to
ensure the total consumption of any remaining azide groups and evaporation of any residual
solvent, the resulting coatings were fully insoluble in good solvents of the initial copolymers
thus proving effective cross-linking which is a prerequisite to the subsequent spin coating of
the PS-5-MH thin films. For all studied copolymers, the thickness of the cross-linked mats
increased with the polymer concentration in the spin-coating solution (Figure S17). In order
to minimize the thickness of the cross-linked mat without compromising the effectiveness of

27,52]

the substrate neutralization,! the thickness was fixed at ca. 15 nm by using 0.4 mg mL™'

solutions of the photo-cross-linkable precursors in 2:1 (v/v) mixtures of THF and PGMEA.
11
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Figure 3. Contact angles of diiodomethane (black columns) and water (grey columns) on
silicon substrates and on silicon substrates having ca. 15-nm-thick cross-linked mats of
PNgoAy, PN19A10, PNipAz9 and PNypA3 (from left to right), and the corresponding surface

energies (dashed columns). Error bars show mean standard deviations.

Contact angles were measured by the sessile drop method with water and diiodomethane as
wetting liquids and the surface energies were determined using the Owens-Wendt-Rabel-
Kaelbel method. Contact angle values were 6= 32° and 8= §1-88° for water and 6= 41° and
0 = 22-28° for diiodomethane for the neat silicon wafer and the different cross-linked
underlayers, respectively (Figure 3, Table S1). The surface energy (y) of the silicon wafers
was 68.5 mN m ' while y values for all cross-linked underlayers were in the 4851 mN m™'
range. Surprisingly, the surface energies of the cross-linked underlayers are very similar
whatever the content of AGA or azide units in the copolymer precursors. This suggests that
the polar sugar units are expelled from the surface of the cross-linked films and that
hydrophobic segments mostly contribute to the wetting properties and surface energies of the
cross-linked coatings. In contrast, compared to sugar-containing underlayers the sugar-free
and azide-rich PNggAy underlayer displays a lower water contact angle (6 = 88° and 81°,
respectively) and a slightly higher surface energy (y = 48-49 and 51 mN m ', respectively)
demonstrating that the surface hydrophobicity of cross-linked underlayers is mainly guided by

the chemical nature of the backbone of the polymer precursors.
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Self-Assembly of PS-b-MH Thin Films with Finely Tuned Interfacial Properties. The
self-assembly of cylinder-forming PS-6-MH was investigated by AFM and Synchrotron
GISAXS using 15 different combinations of substrate chemical modifications and/or different
contents of PS-b-MHF SAP additive (Table S2). A first series of five samples consists of PS-
b-MH thin films supported on substrates with varying chemical nature. SiO,F,, the reference
sample, is a PS-h-MH thin film coated on a pristine silicon substrate. PNggA¢Fy, PN19A10Fo,
PN19A20Fy and PN9A3Fy are PS-5-MH thin films of comparable thickness coated on cross-
linked underlayers of distinct composition (i.e. 0, 10, 20 or 30 mol% of AGA units for
PNgoAyg, PN1gAj9, PN19A2 and PNygAs3g, respectively). Second, self-assembled PS-b-MH thin
films containing 0, 10 or 20 wt% of PS-6-MHF SAP additive coated on silicon substrates (i.e.
Si0,Fy, SiO,F;, and SiO,F,, respectively) were compared to investigate the impact of the
partially-fluorinated SAP additive. Finally, a last series (i.e. PNgpA¢F19, PNogpAgF2,
PN10A10F10, PN10A10F20, PN1oA20F10, PN10A20F20, PN19A30F10 and PN19A3z0F29) compares
the self-assembly of PS-b-MH thin films combining both the modification of the bottom
interface by cross-linked underlayers and the addition of 10 or 20 wt% of SAP additive. All
cross-linked underlayers were 15 nm thick while PS-5>-MH, PS-b6-MHF and PS-b-MH/PS-b-
MHEF thin films were 30 nm thick.

Prior to morphological characterization, all samples were annealed by uSVA at 160 °C for
5 s in the presence of a 3:1 w/w THF/H,O mixture, since THF and H»O are good solvents of
the PS and MH blocks, respectively. The morphologies of the PS-b-MH and PS-b-MH/PS-b-
MHF thin films were carefully investigated by a combination of AFM and GISAXS
experiments. The AFM phase images, the GISAXS 2D patterns and the GISAXS intensity
cuts of all samples, as well as a detailed and comprehensive treatment of the GISAXS data are

given in the ESI (Figure S18-S38).
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Figure 4. Effect of the cross-linked underlayer composition on the self-assembly of PS-6-MH
thin films. (a-e) AFM phase images (500 nm X 500 nm), (f-j) 2D GISAXS patterns, (k-o0)
GISAXS intensity cuts along the horizontal g, direction taken around the Yoneda band for
(a,fk) SiO,Fy, (b,gl) PNggA¢Fy, (c,h,m) PNjoA;9Fy, (d,i,n) PNjpAFy, and (e,j,0) and
PN10A30Fy.

2.5. Self-Assembly of PS-6-MH Thin Films Supported on Cross-linked Underlayers

The AFM phase images and GISAXS patterns of SiO,Fy, PNgyA¢Fy, PNjoA1Fo,
PN19A20Fy and PN;pA30F, are gathered in Figure 4. The AFM image of SiO,F, exhibits a
fingerprint phase-separated structure typical of in-plane HEX cylinders (Figure 4a). This
assignation is corroborated by the GISAXS intensity cuts along g, showing a 1:2 relative peak
position ratio from the primary scattering peak qy* ~0.55 nm' (Figure 4Kk). Additionally, the
positions of the transmitted and reflected Bragg spots along ¢, taken at qy* ~0.55nm " are in
accordance with the calculated positions expected for in-plane cylinders (see Figure S19).
The AFM images of PNggA¢Fy and PNjpA;0F¢ also exhibit fingerprint phase-separated
patterns related to in-plane HEX cylindrical structures even if this organization seems to co-

exist with a population of out-of-plane cylinders (Figure 4b,c). This is corroborated by the
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GISAXS intensity cuts along g, showing: (i) a 1:2 relative peak position ratio from the
primary scattering peak qy* ~0.55 nm' in accordance with an in-plane cylindrical structure,
and (ii) a shoulder in the primary scattering peak at ¢ ~ 0.62 nm ', coherent with the presence
of a minor population of perpendicular cylinders as ¢*L" % x 3/2 = ¢*/"™* (Figure
4l,m).[53 ] PN19A20F¢ and PNygA3Fy display strikingly different AFM images and GISAXS
patterns. Indeed, AFM phase images display a dot pattern which is difficult to undoubtedly
assign to either cylindrical or spherical morphologies (Figure 4d,e). For PNygAF, the
GISAXS intensity profile along g, integrated around the Yoneda band exhibits a 1:1.08:V(8/3)
relative peak position ratio from qy* ~ 0.62 nm ', which is typical of a FCO arrangement of
spheres (Figure 4n)."***! Conversely, for PNjgA30F, the relative peak position ratio obtained
from the GISAXS intensity profile along ¢, integrated around the Yoneda band is
1:N(4/3):N(8/3):N(11/3) with qy* ~ 0.62 nm ' in accordance with a BCC arrangement of
spheres (Figure 40).°% These results demonstrate the occurrence of epitaxial order-order
transitions (i.e. HEX parallel cylinders -> FCO spheres -> BCC spheres) induced by the
distinct chemical nature of the cross-linked underlayers. Such epitaxial morphological
transitions can only occur if there is (i) a matching parallel orientation of the cylinder axis and
the [111] direction of the BCC lattice, and thus (i1) a match between the (110) d-spacing of
the BCC lattice (d)10°"°) and the (100) d-spacing of the HEX lattice (djo0 ). In this
series of samples, we experimentally obtained the required orientational match and a
comparable d-spacing match (d)10°C = 1.1 x djpo"), as previously observed.'®” Since the
PS-6-MH film thickness and the annealing conditions are identical, the different
morphologies highlighted by GISAXS and the resulting epitaxial order-order transitions must
be directly related to the different composition, physical and chemical properties of the cross-
linked underlayers. In particular, the varying content of AGA units in the underlayers and the
most likely distinct cross-link density might: (i) modify the amount of solvent trapped in the

cross-linked underlayers after the spin-coating steps of the cross-linkable copolymers and the
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BCPs,'*? (ii) modify the swelling of the cross-linked underlayers by the solvent mixture
used for uSVA during the uSVA process, (ii1) modify the interpenetration depth between PS-
b-MH chains and the cross-linked underlayers,'®” (iv) induce a preferential interaction of the
MH block with the underlayer, and/or (v) induce the consequent formation of a MH wetting
layer able to shift the stability window of the BCP structure towards morphologies
characterized by a lower volume fraction of MH (i.e. spheres).

Similar order-order transitions from cylinders to spheres in PS-6-MH thin films have been
previously observed experimentally.*** For instance, Aissou e al. demonstrated that in
Si0,-supported PS-H-MH thin films, hydrogen bonding between the hydroxyl groups of the
MH block and bipyridine additive increased the volume fraction of the MH block and
decreased the yN product owing to a moderation of the hydrophilic character of the
MH/bipyridine block leading to the stabilization of a spherical structure.””’ Besides, by
varying the THF/H,O ratio from 1:1 to 1:0 during SVA, Liao et al. showed a transition from
distorted HEX cylinders to face-centered cubic spheres in thin films of PS-b-MH supported
by silicon substrates.®” In the present work, it is unlikely that the different cross-linked
underlayers modify the incompatibility parameter of PS-b-MH and thus the observed
morphological changes are mostly related to interfacial phenomena triggered by the cross-
linked mats. Nevertheless, although the chemical nature of the cross-linked underlayers has a
significant impact on the morphology of PS-5-MH thin films, they are not able to efficiently
promote the desired perpendicular cylindrical morphology. This is in strong contrast to e.g.
the self-assembly of cylinder-forming PS-6-PMMA thin films where the chemical
composition of the underlayers affords the control of the orientation of the PMMA cylinders
without any change of morphology. These initial results on cross-linked underlayers further
hints the need to precisely adjust the interfacial energy at the top interface to promote the

formation of out-of-plane microdomains of PS-5-MH.!*"~
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Figure 5. Effect of the content of PS-b-MHF SAP additive on the self-assembly of PS-5>-MH
thin films supported on silicon substrates. (a-c) AFM phase images (500 nm x 500 nm), (d-f)
2D GISAXS patterns, (g-1) GISAXS intensity cuts along the horizontal g, direction taken
around the Yoneda band for (a,d,g) SiO;F,, (b,e,h) SiO,F;¢, and (c,f,1) SiO2F».

Self-Assembly of PS-b-MH Thin Films with Different Contents of PS-5-MHF SAP
Additive. The AFM phase images and GISAXS patterns of SiO,F,, SiO,F;y, and SiO,F; are
featured on Figure 5. Conversely to SiO,F, (Figure 5a) and regardless of the content of SAP
additive, the AFM images of SiO;F¢, and SiO,F,¢ display a dot pattern which could be either
attributed to out-of-plane HEX cylinders or spheres (Figure Sb,c). The analysis of the
GISAXS patterns and intensity cuts unambiguously demonstrates the presence of out-of-plane
HEX cylinders with a 1:V3 relative peak position ratio obtained from the intensity cut along qy
with qy* ~ 0.60 nm™" (Figure 5h,i). The formation of a topcoat layer resulting from the
interfacial segregation of the PS-b-MHF SAP additive able to balance the surface energy
mismatch at the top interface is most likely responsible for the orientation switch from in-

plane to out-of-plane HEX cylinders. Additionally, the sharper scattering profile and the
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higher scattering intensity of the V3¢~ peak for SiO,F hint towards a better organization of
the out-of-plan HEX cylinders as compared to SiO,Fj¢. Since the PS-b-MH films are 30 nm
thick and assuming a quantitative migration at the outermost interface, it is expected that the
loading of 10 and 20 wt% of SAP additive affords ca. 3 and 6 nm thick topcoats, respectively.
The improved ordering in SiQ,F;¢ is most likely related to a more homogenous coverage of
the PS-b-MH thin film by the PS-5-MHF top-coat layer.**! Note that higher loading of the
SAP additive has not been investigated in this study, since we would expect an important
modification of the self-assembly behavior of the blended PS-5-MH/PS-b-MHF layer through
a phase separation mechanism highly influenced by the PS-6-MHF chains.

Different systems have demonstrated the controlled orientation of high-y BCP
microdomains using SAP additives. For instance, Zhang et al. have designed a BCP SAP
additive (i.e. poly(methyl methacrylate)-b-poly(hexafluoroisopropyl methacrylate)) that
combines a neutral block and a surface anchoring block.*! The PMMA block matches
surface tensions with respect to the underneath high-y BCP domains while the low surface
energy fluorinated block promotes the segregation of the SAP additive at the top interface.
Another SAP system proposed by Vora ef al. is based on the selective segregation of a low
surface energy poly(hexafluoroalcohol styrene) at the top interface of poly(methyl 5-methyl-
2-0x0-1,3-dioxane-5-carboxylate) thin films to balance the BCP/air interfacial energy, thus
leading to an out-of-plane lamellar structure.”*”) Herein, the PS-b-MHF SAP additive is
directly derived from the PS-b-MH BCP. Although it shares the samecharacteristic
dimensions as the PS-6-MH BCP, PS-b-MHF is not able to generate well-defined
microdomains on silicon substrates after applying uSVA conditions used herein (see Figure
S38). However, the blending of PS-b-MHF with the cylinder-forming PS-5>-MH BCP leads to
a registration at the top interface of the PS and MHF domains (due to the low surface energy
of the MHF component) above the respective PS and MH domains (Figure 6).1°°] This

selective segregation behavior promotes the stabilization of HEX perpendicular cylinders as
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attested by GISAXS (Figure Se,f,h,i) and supported by the direct observation of the BCP
pattern by AFM without resorting to preliminary plasma etching as in previous systems

involving SAP additives (Figure 5b,c).

Figure 6. Registration of the phase-preferential PS-6-MHF SAP additive at the top interface
of HEX perpendicular PS-»-MH cylinders.
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Figure 7. Combined effect of the cross-linked underlayer composition and PS-6-MHF SAP
additive content on the self-assembly of PS-b6-MH thin films. (a-e) AFM phase images (500
nm %500 nm), (f-j) 2D GISAXS patterns, (k-o0) GISAXS intensity cuts along the horizontal g,
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direction taken around the Yoneda band for (a,f.k) PNggA¢Fi, (b,g,1) PNggAgF29, (c,h,m)
PNi9A10F 10, (d,1,n) PN1pA10F20, and (e,j,0) and PN9A20F1o.
Self-Assembly of PS-6-MH Thin Films Supported on Different Underlayers with

Various Contents of PS-b-MHF SAP Additive. As for PS-5-MH thin films casted on silicon
substrates (i.e. SiO,Fy, SiO,F;9, and SiO;F3), a switch from in-plane HEX cylinders to out-
of-plane HEX cylinders is observed for PS-b-MH thin films supported on PNggAg or PNygAqg
cross-linked underlayers when 10 or 20 wt% of PS-b-MHF SAP additive is incorporated (i.e.
PNooAoF10, PNogAgF20, PN1gA19F10, and PNjgA19F2 on Figure 5). Interestingly, sharper
GISAXS patterns with the presence of higher order peaks were recorded for PNggAgFio,
PNy9AoF29 which indicate a better translational ordering of the HEX structure (Figure 7k,l).
However, although the SAP additive modifies the cylindrical structures with respect to
PN19A10Fy, ill-ordered perpendicular cylinders with signatures of mixed orientation were
observed for PNypA19F10, and PN9A19F> as attested by the broader and lower intensity peaks
as well as the absence of high order peaks on the GISAXS ¢, cuts (Figure 7m,n). As
discussed above, for the highest content of AGA units the spherical morphology observed
PNy9A30Fy is maintained for both contents of the PS-b-MHF SAP additive in samples
PN19A30F19 and PNygA30F29 (Figure S34 and S37 in the ESI), even though it is difficult to
unambiguously attribute a FCO spherical structure to PNy9A30F19. The preferential interaction
between the MH block and the cross-linked layer, which is responsible to the apparent shift of
composition of the PS-5-MH towards the spherical window, may prevent the migration of the
SAP at the top interface by trapping it within the spherical MH/MHF domains. Finally, a
transition from FCO spheres (PNjpA2Fy) to moderately well-ordered HEX perpendicular
cylinders is observed for the combination of a PNj9Ay cross-linked underlayer with 10 wt%
of PS-b-MH SAP additive (PNj9A3F19) as highlighted by the GISAXS ¢, cut (Figure 70)
with a \/3q* peak more intense than for PNygA19F19, and PNygA9F2 (Figure 7m,n) but

showing less order than for PNggA¢Fi9 and PNggAoFy (Figure 7k,l). Increase to 20 wt% of
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PS-b-MH SAP additive (PNjgAzF2) does not further improve the control over the
orientation as an ill-defined structure containing a majority of in-plane HEX cylinders is
observed (Figure S31 in the ESI). As discussed previously, the presence of AGA in the
PNj9A10, PNypAz and PNypA3¢ underlayers might induce the formation of a MH wetting
layer that lowers the volume fraction of MH and thus shifts the PS-b-MH structures from
cylindrical towards spherical morphologies. Extended segregation of the MH chains at this
particular interface is expected for cross-linked underlayers with higher AGA content which
in turn greatly influences the action of the SAP additive. It is worth mentioning that the
presence of the cross-linked underlayers or the addition of the partially-fluorinated SAP
additive did not significantly modify the lattice period or d-spacing values, defined by d =21/
q*. Indeed, while the reference sample SiO;Fy has a d value of 11.4 nm, the slight variations
observed for the other samples (d = 9.9-10.8 nm) are mainly related to the different

morphologies and orientations observed (see Table S3).
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Figure 8. Morphology diagram of self-assembled PS-b-MH thin-films as a function of the
substrate and PS-b-MHF SAP additive content. Red cylinders represent out-of-plane HEX
cylinders morphology, yellow cylinders represent in-plane HEX cylinders morphology, green
spheres represent FCO spheres morphology, orange spheres represent BCC spheres
morphology.
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CONCLUSIONS

This work demonstrates the efficient and versatile tuning of the morphology and orientation
of the self-assembled microdomains of high-y PS-b-MH thin films by controlling their
interfacial properties using cross-linked underlayers of distinct composition and/or a phase-
preferential partially-fluorinated PS-b-MHF SAP additive. To do so we have synthesized a
library of cross-linkable statistical copolymers with different contents of photo-cross-linkable
azide and AGA units. The influence of the chemical/physical properties of the cross-linked
underlayers on the self-assembly of PS-b-MH thin films was demonstrated. While HEX in-
plane cylinders are obtained on silicon substrates, epitaxial order-order transitions to HEX
out-of-plane cylinders, as well as FCO and BCC spheres are observed when the amount of
AGA units in the cross-linked underlayers was increased from 0 to 30 mol%. Despite having
comparable wetting properties, the distinct composition of the cross-linked underlayers is
most likely responsible for the different morphologies and orientations observed for PS-b-MH
thin films. Besides, a phase-preferential PS-b-MHF SAP additive designed to segregate at the
top interface of PS-b-MH thin films and reduce the surface energy of the MH block was
shown to induce an orientation switch of PS-b-MH thin films from HEX in-plane cylinders to
HEX out-of-plane cylinders. Finally, the interplay between different cross-linked underlayers
and various amounts of PS-b-MHF SAP additive on the self-assembly of PS-b-MH thin films
was investigated. The ability of the SAP additive to segregate at the top interface was
described, depending on the composition of the underlayer and the self-assembly promoted by
the underlayer. In particular, it was highlighted that the combination of a highly cross-linked
underlayer and an SAP additive resulted in a better ordering of HEX perpendicular cylinders
than employing the SAP additive on silicon substrates. However, in the presence of SAP
additive, the introduction of AGA units in the cross-linked underlayers proved to be
detrimental to the self-assembly into HEX out-of-plane cylinders. Therefore, several self-

assembled nanostructures with distinct orientations and morphologies could be obtained in
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thin film by simply tuning the interfacial properties of a single cylinder-forming PS-b-MH
(Figure 8). Several combinations of cross-linked underlayer and SAP additive allowed the
formation of HEX out-of-plane cylinders, which have the desired perpendicular orientation
required for many applications in the field of nanotechnologies. We believe that the order of
these HEX perpendicular cylinders could be further optimized. Additional studies regarding
the self-assembly of PS-b-MH with (i) a cross-linked underlayer of poly(4-vinylbenzyl azide)
homopolymer, (ii) cross-linked underlayers and BCP of different thicknesses and/or (iii)
further loading of the SAP additive to screen the effects of cross-linking density, embedded
solvent and segregation at the top interface, are currently undergoing. Another perspective is
to further investigate the extent of orientational control provided for thicker films, for which
the interfacial fields produced by the cross-linked mats and the SAP additive are expected to
decrease with increasing BCP film thickness. The uSVA conditions for the self-assembly of
pure PS-b-MHF and PS-b-MH/PS-b-MHF thin films should also be investigated. Finally, this
general strategy relying on the control of top and bottom interfaces in PS-b-MH thin films

could be advantageously extended to other relevant high-y BCPs.

EXPERIMENTAL SECTION

Nomenclature. The nomenclature used for the cross-linkable statistical copolymers is as
follows: PNnA,, where n and p indicate the molar percentages of azide and carbohydrate
groups, respectively. The molar percentage m of styrene in the polymerization medium is thus
implicitly given by m = 100 — (n + p). The nomenclature used for self-assembled thin-films is
as follows: PNhApFg, for thin films deposited on cross-linked underlayers PN,A,, where n
and p indicate the molar percentage of azide and carbohydrate groups, respectively, and g the
percentage of PS-b-MHF in the thin-film (g = 0, 10, 20 or 100%). SiO.F,, for thin films
deposited on pristine silicon substrates, where q indicates the percentage of PS-b-MHF in the

thin-film (q = 0, 10, 20 or 100%).
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Materials. 4-Vinylbenzyl chloride (1, 90%), styrene (2, >99%), 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic ~ acid (3, 98%),  2,2'-azobis(2-
methylpropionitrile) (AIBN, 98%), sodium azide (NaNs3, 99.5%) and propylene glycol
monomethyl ether acetate (PGMEA, 99.5%) were purchased from Merck. 1 and 2 were
passed through a short column of basic alumina to remove the inhibitor. The synthesis of
glucosamine acryloyl (AGA, 4),1 and polystyrene-b-maltoheptaose (PS-b-MH, M, = 5.7 kg
mol ™, owm = 016, b = 1.05),[39] were described elsewhere. Cross-linkable azide-
functionalized polystyrene PNoggAg was synthesized as previously reported.”*”! 3,3,3-
Trifluoropropionyl chloride (5, 98%) was purchased from FluoroChem and used as received.
Silicon wafers (500-550 um thick with a native oxide layer of ca. 1-2 nm) were purchased
from Siltronix (France). The silicon substrates were cut into approximatively 2 x 2 cm?
pieces, treated by oxygen plasma during 15 min and rinsed with THF before use.

Nuclear Magnetic Resonance. 'H (500 MHz), "*C (125 MHz) and °F (375 MHz) NMR
spectra were recorded on a Bruker Avance 500 spectrometer. Chemical shifts are reported in
part per million (J, ppm) relative to hydrogenated solvent residual peaks ('H: &= 7.26 ppm
for CHCl3, 5= 2.50 ppm for DMSO, 6= 8.03 ppm for DMF; °C: §=77.16 ppm for CHCl3, &
= 39.52 ppm for DMSO). Abbreviations for peak multiplicity are given as follows: s for
singlet, d for doublet, t for triplet, m for multiplet and b for broad.

Size Exclusion Chromatography. Size exclusion chromatography (SEC) experiments
were carried out in chloroform at 22 °C and at a flow rate of 1.0 mL min' using a system
equipped with a Shimadzu RI-10A Refractometer, an Agilent PLgel Sum MIXED-C Column
(300 x 7.5 mm) and an Agilent PLgel um Guard pre-column (50 x 7.5 mm). Chloroform
solutions of the cross-linkable statistical copolymers at 4 mg mL™' were filtered through
poly(tetrafluoroethylene) (PTFE) filters with 0.45 um pore size. M, values and chain

dispersities P were calculated using a calibration curve obtained from polystyrene standards.
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FTIR Analysis. FTIR analyses were carried out using a Thermo Scientific Nicolet iS10
FTIR spectrometer equipped with a Smart iTR ATR accessory at a resolution of 4 cm™'. A
small quantity of cross-linkable statistical copolymers was deposited on the ATR diamond.
Transmitted /(v) and incident Iy(v) beam energies were converted into a spectrum in
absorbance A4 using the ATR correction: 4A(v) = —(v /1000) x log[/(v)/Io(V)] where v is the
wavenumber in cm ',

General Procedure for Reversible Addition-Fragmentation Chain Transfer (RAFT)
Copolymerization, Synthesis of PN;gA;. A solution of 1 (288 mg, 1.70 mmol), 2 (1.41 g,
13.6 mmol), 3 (15.5 mg, 4.25 x 10 mmol), 4 (396 mg, 1.70 mmol) and AIBN (3.4 mg, 2.1 x
10? mmol) in DMF (8.6 mL) was transferred into a glass ampule which was thoroughly
deoxygenated by three freeze—pump—thaw cycles and sealed under vacuum. The solution was
heated at 60 °C for 72 h. The crude mixture was then transferred into a round bottom flask
and NaNj (221 mg, 3.40 mmol) was added. The solution was stirred overnight at 45 °C and
then introduced into a dialysis membrane (Spectra/Por from Spectrum Labs with a molar mass
cut-off of 3.5 kg mol ™). It was then successively dialyzed against ca. 500 mL of DMSO,
EtOH/DMSO 1:1 (v/v), EtOH, EtOH/H,O 1:1 (v/v) and finally H,O under gentle stirring at
room temperature during at least 6 h each. Solvents or solvent mixtures were renewed every
3h. The resulting precipitated solid was recovered, freeze-dried and PN;pA9 was obtained as
a slightly orange powder (487 mg, DP, = 90, x = 23 %, M, = 29.4 kg mol' eq PS, P = 3.1).
'H NMR (500 MHz, DMSO-ds, 8): 7.52-6.77 (5H, b, Hy, Hy), 6.75-5.85 (5H, b, H., H;), 4.94
(1H, b, Hy,), 4.44 (1H, b, Hyp), 4.29 (2H, s, Hy), 3.79-2.98 (6H, bm, H;, H;, Hy,, H,, H,),
2.40-0.62 (9H, bm, H,, H,-, H,, Hy").

Synthesis of PN;9A;. The general procedure for RAFT copolymerization was applied to 1
(127 mg, 0.75 mmol), 2 (546 mg, 5.25 mmol), 3 (6.8 mg, 1.9 x 10 mmol), 4 (349 mg, 1.50

mmol), AIBN (1.5 mg, 9.4 x 10~ mmol), DMF (4.1 mL) and NaNj3 (97.5 mg, 1.50 mmol) to
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obtain PNygA, as a slightly orange powder (150 mg, x = 15 %, DP, = 60, M, = 15.2 kg mol ™
eq PS, P =3.5). '"H NMR (500 MHz, DMSO-ds, 9): 7.52-6.77 (5H, b, Hy, Hr), 6.75-5.85 (5H,
b, He, Hi), 4.94 (1H, b, Hy,), 4.44 (1H, b, Hyp), 4.29 (2H, s, Hy), 3.79-2.98 (6H, bm, H;, H,,
H., Ho, Hy), 2.40-0.62 (9H, bm, H,, H,-, Hy, Hy').

Synthesis of PN;9A3. The general procedure for RAFT copolymerization was applied to 1
(144 mg, 0.85 mmol), 2 (530 mg, 5.10 mmol), 3 (7.8 mg, 2.1 x 107 mmol), 4 (594 mg, 2.55
mmol), AIBN (1.7 mg, 1.1 x 10 mmol), DMF (5.1 mL) and NaN3 (111 mg, 1.70 mmol) to
obtain PN;9As as a slightly orange powder (144 mg, x = 11 %, DP, = 44, M, = 10.4 kg mol
eq PS, ® =3.7). "H NMR (500 MHz, DMSO-ds, 8) 7.52-6.77 (5H, b, Hg, Hy'), 6.75-5.85 (5H,
b, He, Hi), 4.94 (1H, b, Hy,), 4.44 (1H, b, Hyp), 4.29 (2H, s, Hy), 3.79-2.98 (6H, bm, H;, Hy,
H,, H, H,), 2.40-0.62 (9H, bm, H,, H,, H,, Hy); °C NMR (125 MHz, DMSO-ds, )
174.71 (1C, Cp), 144.90 (2C, C.), 132.75 (1C, Cy), 128.72-124.96 (5C, Cq4, Ce, Cr), 96.34
(1C, Cip), 90.71 (1C, Cyy), 76.37-53.51 (4C, Cj, Cy, Cy, Co,), 61.65 (1C, Cy), 53.51 (1C, Cy),
49.96-40.41 (4C, C,, Cy, Gy, Cy).

Synthesis of PS-b-MHF. A solution of PS-b-MH (1.00 g, 3.96 mmol of hydroxyl groups)
in anhydrous pyridine (10 mL) in a flame dried flask equipped with magnetic stirrer was
maintained at 0 °C and 5 (54 pL, 0.53 mmol) was added. The reaction was slowly allowed to
reach room temperature and left overnight. The solvent was removed under vacuum and the
crude product was dissolved in a small amount of THF and precipitated in methanol to
remove the residual salts and remaining pyridine. After drying at 45 °C in an oven overnight,
a brownish-yellow powder of partially fluorinated PS-b-MHF was obtained (1.0 g, 93 %). *H
NMR (500 MHz, DMF-d-, ¢&): 7.90-7.71(1H, m, H;), 7.61-6.92 (3H, b, H;, Hy), 6.92-6.37 (2H,
bm, Hy), 6.12-3.18 (10H, bm, OH, Hy, Hy, Hm, Hn, Ho, Hp, Hg, CH2CF3), 2.47-1.16 (3H, bm,

He, Hy), 1.16-0.54 (9H, bm, Ha, Hp, He, Hg); *°F NMR (375 MHz, DMF-d;, ¢): -52.56 (3F,
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C4C(O)OCH,CF3), —55.42, -56.98 (3F, C2C(O)OCH,CF3, C3C(O)OCH,CF3), —62.85, —
63.80 (3F, C6C(O)OCH,CF3).

Spin-coating. Spin-coating of the cross-linkable statistical copolymers, and BCP solutions
was performed using a Polos Spin 150 apparatus. The processing parameters for each sample
are detailed further below.

Cross-linking. Cross-linking of the underlayers was performed using a Honle UVA Cube
400 equipped with a UV lamp. Samples were placed at 12 cm from the UV light source and
irradiated for 30 min. They were afterward annealed at 180 °C for 10 min to ensure total
consumption of azide groups and evaporation of any residual solvent.

Microwave annealing. Microwave annealing (USVA) was performed with a Biotage
Initiator 2.5 microwave synthesizer equipped with an infrared sensor (accuracy: 5 °C). The
annealing solvent mixture (0.7 mL THF/H,O 3:1 w/w) was introduced into microwave
reaction vials (0.5-2 mL type, Biotage).[3 TA glass support was put inside of the reaction vial
as a sample holder during the annealing process. The vial was then sealed with a cap after
placing a spin-coated sample on the top of the sample holder. The solvent mixture inside the
vial was heated with 2.45 GHz microwave energy to reach the targeted temperature. The
heating process took approximately few minutes. The targeted temperature of 160 °C was
kept for an annealing time of 5 s with the help of the temperature feedback-control system of
the microwave synthesizer. The vial was then cooled down to 45 °C with air flow. The output
microwave power, the temperature of the vial and the pressure inside of the vial were
recorded by the microwave synthesizer.

General Procedure for the Preparation of Cross-linked Thin Films, Thin Film of
PNjoAy9. Solutions of PNjpA;p at 0.4-1.6 mg mL™"! were prepared in a mixture of
THF/PGMEA 2:1 (v/v), stirred and filtered through 0.45 pm PTFE filters. The solution was
spin-coated at 4000 rpm for 30 s followed by 15 s at 6000 rpm. After drying under ambient

conditions the films were cross-linked under UV irradiation for 30 min followed by a 10 min
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annealing at 180 °C. Cross-linking efficiency was controlled by recovery of the initial film
thickness after dipping the substrate into THF. The same process was applied to photo-cross-
linkable analogues PNypAz9, PN19A39 and PNggA,.

Thin Films of PS-b-MH. A solution of PS-b-MH at 1.2 mg mL ' was prepared in anisole,
stirred, and filtered through 0.45 um PTFE filters. The solution was spin-coated at 2000 rpm
for 30 s using either pristine silicon substrates or silicon substrates covered with ca. 15 nm
thick cross-linked underlayers of PNggAg, PNypAj19, PN1gAz and PNjypAjz. The films were
dried in the air prior to microwave annealing with 0.7 mL THF/H,O 3:1 w/w at 160 °C for 5
s.

Thin Films of PS-b-MH with PS-b-MHF SAP additive. PS-5-MH and PS-6-MHF (9:1
and 8:2 w/w) were dissolved in anisole to afford 1.2 mg mL ' solutions. The same processing
conditions as for the preparation of thin films of PS-b-MH were then applied.

Reflectometry. Mean values of film thicknesses were measured using a Filmetrics F20-
UV reflectometer, on at least ten different places on the sample.

Surface energy. Contact angle measurements were performed on the cross-linked
underlayers using a Kriiss Easy Drop DSA25 Goniometer with H,O and diiodomethane
(CH:Ib) as sensing liquids. The sessile drop method was used with a volume of 1 pL and the
given contact angle values were the mean of at least five different measurements at different
places of the sample. The surface energies were then deduced from the Owens-Wendt-Rabel-
Kaelbel (OWRK) method exploiting Young’s equation (equation 1):

Ys = Vs + yLcosf 1)
with ys the surface free energy of the solid, 5, the interfacial tension between solid and

liquid, y; the surface tension of the liquid and @ the contact angle. In the OWRK method, ys

and y; are split into a polar p and a dispersive d part (equations 2 and 3):

Vs = Vs? + Vs‘*j 2)
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vo=v, +vi (3)
Surface energies were calculated using a single linear regression with both components of

water and diiodomethane (Jp0” = 51.0 mN m ' and mzod =21.8mNm ", yomn’ =13 mNm"

!and 7CH212d =49.58 mN m_l) combining equations 1 and 4:

mfﬂ@+n—2gﬁﬁf+Jﬁﬁ5 4

Atomic Force Microscopy. Film surfaces were imaged by Atomic Force Microscopy
(AFM) under ambient temperature in tapping mode with a Bruker Dimension Icon atomic
force microscope. APP Nano silicon cantilevers with resonant frequencies of 200—400 kHz
were used. Unless otherwise specified, 500 nm % 500 nm images were recorded.

Synchrotron Grazing Incidence Small Angle X-Ray Scattering. The GISAXS
measurements were carried out at the NCD-SWEET Beamline at the ALBA Light Source
Synchrotron (Spain). A beam energy of 12.4 keV (1 = 1 A) was prepared using a Si (1 1 1)
channel cut monochromator and further collimated using an array of Be lenses. The GISAXS
2D patterns were recorded using a Pilatus1M 3 S detector (Dectris®), which consists of a 981
x 1043 pixels array with a pixel size of 172 ym % 172 um (H x V), recording and combining
two images for filling the intrinsic horizontal detector gaps. The scattering vector g was
calibrated using Silver Behenate as reference, obtaining a sample to detector distance of 4007
mm. The X-ray beam incident angle o; was set at 0.18°, fully penetrating the polymer layer
while minimizing the substrate signal. The scattering patterns were collected for 120 s to have
an adequate signal to noise ratio. All the presented GISAXS patterns are zoomed-in views
from larger patterns. The measured in-plane range was g, = -1.3-1.3 nm' and out-of-plane
range was ¢, = -0.6-2.2 nm"'. A detailed and comprehensive description of the GISAXS data

is given in the Supporting Information.
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ToC figure

» Phase preferential SAP additive
o High-x BCP
i Cross-linked passivation layer

o Tunable self-assembled
microstructure
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