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Abstract

The thin film morphology of binary blends of triblock copolymers (poly(isoprene-block-
styrene-block-(2-vinylpyridine)) ISP after solvent vapor annealing (SVA) was investigated
using AFM, GISAXS and TEM. Although bulk samples of binary ISP blends exhibit tetragonal
pattern, thin films led either to tetragonal pattern or hexagonal pattern, depending on the
annealing time. These transitions were attributed to the formation of non-synchronized wetting
layers of | and P, leading to a variation of the inner composition in | and P during SVA.
Surprisingly, the hexagonal morphology exhibited centered hexagons of | and surrounding
hexagons of P, which is not predicted nor observed for neat block copolymer samples. Although
the system must adopt the lowest P/S interface, our results suggest that the effect of chain length
with marked difference in the studied blends is playing a major role. Particularly, the presence
of long chains of | favors the formation of | domains with bigger size, in order to keep their

conformation entropy loss as small as possible.



Introduction

Microphase separation of linear ABC terpolymer has been the object of numerous works [1-
16]. The formed structures and their domains of stabilization depend strongly on the blocks
volume fractions and the incompatibility of the blocks with each other ([4-8]). In the case of
non-frustrated (i.e. the incompatibility between the end-blocks is higher than the
incompatibility between the middle and end blocks) linear polymers, these materials self-
assemble into simple ordered structures with spherical, cylindrical, gyroid and lamellar
domains. Whereas cylindrical domains are arranged exclusively into a hexagonally packed
structure for diblock copolymers, three types of cylindrical morphologies are predicted for
triblock terpolymers [4, 5].

The first one corresponds to a core-shell version, arranged in hexagonal packing (Figure
1a). In this case, one end-block (e.g. A) is the major component and constitutes the matrix in
which core (end-block C)/shell (middle-block B) cylinders are formed. This concerns highly
asymmetric non-frustrated linear triblock copolymers [4, 5, 9].

The second type of morphology corresponds to cylinders consisting in one end-block
(e.g. A) arranged in hexagonal packing in a matrix of B, the other end-block (C) being miscible
with the middle-block (B) or forming interstitial domains in the matrix (Figure 1b). This
concerns triblocks with B as major component, distinct proportions of A and C and intermediate
segregation conditions [4, 5]. For example, Tureau et al. [10, 11] observed for PI-PS-PMMA
(ISM) cylinders of I arranged in hexagonal pattern in a matrix of SM.

The last one is the tetragonal structure, with alternating A and C cylinders within B
matrix, observed for triblock with middle-block B as the major component and ratio of volume
fractions of end-blocks is near unity (Figure 1c) [5,6]. For example, Mogi et al. [12] explored
this structure with two kinds of cylinders formed by the two end-blocks for PI-PS-P2VP (ISP)

system.



Beside the structures predicted above, the formation of a double hexagonal structure was
repeatedly experimentally reported in the literature, whereas up to date, no arrangement with
distinct A and B cylinders in a double regular hexagonal structure was predicted to our
knowledge (Figure 1d). Brinkmann et al. [13] observed in PS-PB-PMMA (SBM) triblocks
having a (0.21:0.57:0.16) (S:B:M) composition, the formation of a new hexagonal morphology
with S and M cylinders in a matrix of B (7 M cylinders forming centered hexagons and 6 S
cylinders forming hexagon around each M cylinder). Such pattern was also described by Asai
et al. [14] for ISP system with a composition (1:S:P) (0.12:0.67:0.21), in which P cylindrical
domains were arranged in centered hexagons and each P domain was surrounded by 6 |
cylindrical domains. For ISP system, lzumi and al. [15] studied bulk system of binary ISP/S
blends, the parent triblocks being all gyroid with composition between (0.13: 0.55: 0.32) and
(0.34: 0.55: 0.11). Adding S homopolymer led to blend composition (0.25-0.10: 0.65-0.67:
0.08-0.24) and cylindrical structures. | and P were co-arrayed in a tetragonal symmetry up to a
critical ratio of P/l that depended on the molecular mass of the homopolymer S (e. g. a ratio of
1 was observed for Mn=12 kg.mol™). Above this ratio, cylinders of | and P were organized
within a double hexagonal structure, where P cylinders form centered hexagons and | block
form 6 cylinders surrounding the previous ones. Asai et al. [14] demonstrated that blends of two
terpolymers with a selected symmetric composition (volume fraction of S between 0.54 to 0.69)
lead to alternating rods in a tetragonal structure. Moreover, if end-blocks are composed of a
blend of short and long chains, the rods are no longer cylindrical domains but have non-constant

mean curvature. [16, 17]



Figure 1. schematic representations of the different ordered structures with cylindrical
domains for linear, non frustrated ABC triblock terpolymer (A-block, B-block, C-block
respectively in yellow, grey and blue).

a) Hexagonal packing of core (C-block) shell (B-block) cylinders in a matrix of A;

b) Hexagonal packing of (C-block) cylinders in a matrix of AB;

c) Tetragonal packing of A-block and C-block cylinders in a matrix of B;

d) Double hexagonal packing of A-block and C-block cylinders in a matrix of B.

For a) b) and d), another version of this structure exists by replacing A by C and C by A.
For c), four unit cells are shown for clarity.

In thin films, the cases are even more complex, since the limited amount of polymer and the
enhanced effects of the interfaces lead to stabilization, destabilization and also to orientation of
the structures. In addition, solvent swelling, thermodynamics, kinetics make the situation even
more complex.[18] In PI-PS-PFS (ISFS) system, Chuang et al. [19] demonstrated that neat
copolymer with a (1:S:FS) (0.25:0.65:0.10) exhibits in thin films either square-packed patterns
of I and FS cylinders with a composition (0.165:0.67:0.165) or FS-S core-shell cylinders in a
hexagonal symmetry in a matrix of | with a composition (0.35:0.51:0.14). Addition of S leads
to a (0.16:0.78:0.06) composition in volume and a stabilization of square pattern. In ISP thin
films, Guliyeva et al. [20] demonstrated that, for the blend of two ISP triblocks studied by Asai
et al. [16] with a symmetric composition (0.20:0.60:0.20), the square pattern is preserved in the
inner part of the film under THF vapor annealing, producing rods perpendicular to the surface
for short annealing time and rods parallel to the surface for long annealing time. It was shown
in this paper that similarly to the bulk, the end-blocks domains are in this case no longer

cylinders but rods with flat interface.



The problematic we address here is the structuration of block polymer blends with near
symmetric composition in thin films, with a focus on the possible evolutions from tetragonal to
double hexagonal morphology, due to the thin film effect. We also examine the effect of block
chains length difference within the blends. For that purpose, we blended two triblocks of ISP
with S as the major block, one with a very long chain of | and the other with a long chain of P.
We selected two blends compositions already studied in bulk in previous work by Asai et al.

[14] showing tetragonal structures in the bulk.

Materials and methods

Poly(isoprene-block-styrene-block-(2-vinylpyridine)) triblock terpolymers (ISP) were
synthesized by anionic polymerization following a protocol described elsewhere [21]. These
ISP X and ISP Y terpolymers have been studied in details by Asai et al. [14] and their molecular
and morphological characteristics extracted from this work are presented in table 1. Two binary
blends based on ISP X and ISP Y were prepared. The blending characteristics and the

corresponding compositions are described in table 2.

Mn O1: Ps: Pp bulk structure
kg.mol‘l Ni:Ns:Np
(@) @ [©) 4) ©®)
ISP X[14] | 223 |0.12:0.67:0.21| dcc=70 nm o NN
357:1996:625 | D=l9nm | o S NN
De=32nm | © DRXO" e o J
oo B8 ‘i
ISP Y[14] | 264 |0.42:0.56:0.02| d=95nm @
1649:2007:72 | Li=48 nm , -
Ls=47 nm .
Dp=12 nm .
Tablel. Molecular characteristics of the used block copolymer and their bulk structure. [14]
@ M, molecular weight, @ ¢ volume fraction; N block length in number of Flory repeating
units; ® dec center to center distance for the cylinders of the centered hexagon; D cylinder
diameter. These characteristic lengths are deducted from TEM experiments ¥ schematic
representation with 1 in yellow, S is grey and P is blue; © representative TEM image, TEM
scale bar =100 nm.




All the used solvents were purchased from Sigma Aldrich and Roth Sochiel and used as

received.
blended blen_dmg vqumg fractlon schematic of block length ratios
polymers proportion (v/v) (I:S:P)
XIY 60/40 0.26:0.62:0.12 x oS
Cx4.6 -
XY 85/15 0.17:0.66:0.17 Y 72
Table 2: Blending conditions, volume fraction and blocks length ratios

Solutions of blends were prepared by dissolving polymers in solvent (1,2-dichloroethane) and
were stirred for at least 2 hours. Si(100) substrates (kindly provided by STMicroelectronics Co)
of 10*10 mm?2 were cleaned by sonication in tetrahydrofuran (THF), ethanol and acetone for 10
minutes each. Then the solutions were deposited by spin-coating on Si substrates at 3000 rpm
for 30 seconds. The film thicknesses, measured by visible spectral reflectometry using F20 by
Filmetrics, ranged from 100 to 120 nm. The accuracy of the determination of the thickness by
visible spectral reflectometry was verified on polymer films using Atomic Force Microscopy

(AFM) measurement of the depth of a scratch line.

After the deposition, a solvent vapor annealing (SVA) post-treatment was performed. For that
purpose, the films were exposed to toluene vapor in a closed glass vessel (1L) containing 3 mL

of solvent at 30°C and the structures evolution depending on exposure time was detected.

AFM in the tapping mode was carried out in air with AFM Dimension Icon model (Bruker
ICON) and silicon cantilevers RTESP300 from Bruker were used. All the displayed AFM

images are height images processed with Gwyddion.

Transmission electron microscopy (TEM) was performed with a Philips CM20 operated at an
accelerating voltage of 200 kV. For that purpose, the films were removed from the Si/SiO;
substrate by flotation at the surface of 0.5 M NaOH solution for more than 5 h. NaOH attacks

the native silica layer and leads to the detachment of film fragments from the substrate. These
7



fragments were washed by distilled water to remove NaOH traces and were transferred onto a
TEM grid (for top view analysis) or on a rigid plastic substrate, 1 mm thick (for sectional view
analysis). This plastic substrate was covered by another rigid plastic substrate and the resulting
sandwich (with the fragment to be observed in the middle) was cut by ultramicrotome. The
obtained sections were transferred onto grids. All the grids were dried at RT for 1 day and were
stained. Two staining steps were performed for selectively revealing the domains, namely OsO4
staining for I and I, exposure for P domains. The same staining protocol was carefully followed
for all the samples in order to be able to compare the characteristic distances measured on
different staining images. These distances were averaged on a minimum of 10 measures and

the standard deviation estimated to at most £ 3 nm.

GISAXS experiments were performed on the “Xeuss” Xenocs X-ray scattering setup on thin
films stained by I, to increase the electronic density contrast. The two-dimensional GISAXS
patterns were recorded using a high sensitivity low noise 2D detection (Pilatus 300K hybrid
pixel) placed at a distance of 2329 mm from the sample, perpendicular to the X-ray beam
(parallel beam at 8042eV) with a grazing incidence angle of 0.17° close to the critical angle of

the films. The diffraction patterns were recorded, and in-plane GISAXS profiles were extracted.

Surface tensions of blocks and substrate were determined using the Owens Wendt approach.
Contact angles of 3 liquids (namely deionized water, dilodomethane and ethylene glycol) were

performed using GBX Digidrop apparatus on I, S, P homopolymer films and substrate surfaces.

Results and discussion
The morphology evolution after toluene vapor exposure was first followed as a function of
exposure time using AFM. To address the observed nanostructured patterns, GISAXS, TEM

and AFM analyses were combined.



X/Y 85/15 blend

As a function of time, the morphology of the 85/15 X/Y film evolved from disorganized (as
spun) to a hexagonal, then square pattern and then disorganized morphology as shown in Figure
2 and SI-1. This last morphology originates from a swelling of the film that allows passing

through the order-disorder transition.

X/Y 85/15 blend hexagonal pattern

Figure 2a displays the AFM image of a surface exhibiting the hexagonal pattern. Despite
numerous defects impairing the long-range order, the hexagonal arrangement is evident from
this image, at least on a local length scale. The center-to-center distance between holes is
evaluated to 72 nm. Figure 2b displays a TEM top-view image after successive selective
staining by OsO4 and l,. This procedure stains | domains in black, P in dark grey and lets S
unstained (light grey). The presence of black dots is due to gold nanoparticles used for other
experimental purposes (including tomography, not shown here). On TEM image, round black
domains of | adopt a centered hexagonal pattern. Each | domain is surrounded by 6 round dark
grey domains of P. This morphology will be designed thereafter by “centered hexagons of I”.
The center-to-center distance between two | domains is evaluated to 77 nm, the diameters of |
and P domains are evaluated to 27 and 28 nm. The GISAXS pattern obtained on film after I,
staining presents peaks with an extension parallel to the g axis (SI-2a). This is the signature of
a homogeneous composition of the film perpendicularly to the substrate in agreement with the
TEM-section view image (Figure 2c) which shows rods extending perpendicularly to the
surface. The in-plane profile (Figure 2d) presents three main peaks at 0.090, 0.157 and 0.316
nm™ corresponding to the (10) (11) and (22) diffraction peaks in ratio V3 and V12 to the first
one of a hexagonal pattern in plane with a cell unit length of 70 nm in agreement with AFM

and TEM results.
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Figure 2: a), b), ¢), d) X/Y 85/15 blend thin films after SVA in toluene for 5h leading to a
hexagonal pattern; e), f), g), h) for 10h leading to a square pattern; with a), ) AFM images
and b) f) TEM top-view images after staining by OsO4 and I.. The schematic representations
of the unit cells with I in black, P in dark grey and S in light grey are superimposed on the
TEM images; c) g) section view TEM images; d), h) in-plane GISAXS profiles after film
staining by I,

X/Y 85/15 blend square pattern

Figure 2e displays AFM image exhibiting a square pattern in the surface with a center-to-center
distance between the features evaluated to 69 nm. This is consistent with TEM top-view image
obtained after selective successive staining by OsO4 and |2, presenting round black domains of
I adopting a square pattern (Figure 2f). Each | domain is surrounded by 4 round dark grey
domains of P. I and P networks are interwoven. The characteristic distance is 69 nm and I and
P domains sized respectively 32 and 30 nm. TEM section view exhibited rods perpendicular to

the surface (Figure 2g). This is in agreement with the GISAXS pattern performed on film after
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staining by I> presenting peaks with an extension parallel to the g, axis (see SI-2b). The in-plane
profile (Figure 2h) presents two main peaks at 0.093 and 0.132 nm™ corresponding to (10) and

(11) in ratio V2 of a square pattern in plane with a cell unit length of 68 nm.

X/Y 60/40 blend
Under toluene exposure, thin film of X/Y 60/40 evolved through different types of
morphologies in surface (displayed Figure 3 and in SI-3) starting from disorganized

morphology to square pattern, then hexagonal pattern and finally to disorganized film.

1000.0
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Figure 3: a), b), ¢) X/Y 60/40 blend thin films after SVA in toluene for 10 h leading to a
square pattern; d), e), f) for 15h leading to a hexagonal pattern; a), d) AFM images; b), e)
TEM top-view images after staining of | and P (the schematic representations of the unit cells
with I in black, P in dark grey and S in light grey are superimposed on the TEM images:for
clarity, the shape of the domains are shown circular whereas evidence of non-CMC interfaces
are seen on the TEM images.); ), f) in-plane GISAXS profiles after film staining by I».
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X/Y 60/40 blend square pattern

Figure 3a displays AFM image of X/Y 60/40 film exhibiting a square pattern with a
characteristic distance of 80 nm. TEM top view image (Figure 3b), after selective successive
staining by OsO4 and I, exposures, shows two interwoven networks with a cell length of 81 nm
of round black domains (1) and dark grey domains (P) into an unstained matrix (S). | and P
domains exhibit marked difference of sizes, | domains diameter being higher than those of P
(42 nm versus 33 nm). The GISAXS pattern obtained on this film after I, staining presents
continuous Bragg rods with an extension parallel to the g, axis (see Sl-4a) revealing the axial
extension of the structure perpendicularly to the surface. The in-plane profile (Figure 3c)
presents four main peaks at 0.078, 0.113, 0.156, 0.177 nm™* corresponding to (10), (11), (20)
and (21) diffraction peaks in ratio V2, 2 and 5 to the first one, in total agreement with a
tetragonal pattern with the cylinders perpendicular to the surface plane within a unit cell length

of 81 nm.

X/Y 60/40 blend hexagonal pattern

Figure 3d displays AFM image of a film exhibiting a centered hexagonal pattern of depressions,
each depression being surrounded by 6 bumps hexagonally arranged. The center-to-center
distance of the depression is evaluated to 95 nm. Figure 3e displays the TEM top-view image
after successive staining by OsO4 and I.: round black domains of | adopt a centered hexagonal
pattern. Each | domain is surrounded by 6 grey domains of P. This morphology will be designed
thereafter by “centered hexagons of I”. The distance between | domains is evaluated to 100 nm
and reported in table 3. In this case, the | domains have a diameter (50 nm) at least twice the
one of P domains (25 nm). The GISAXS pattern obtained on film after I, staining presents

peaks with an extension parallel to the g, axis (see SlI-4b), signature of a homogeneity of the
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film perpendicularly to the substrate. The in-plane profile in Figure 3f presents two main peaks
at 0.068 and 0.120 nm™ corresponding to (10) and (11) in ratio V3 in agreement with a

hexagonal pattern in plane with a cell unit length of 91 nm.

Transition pathway from hexagonal towards tetragonal pattern and vice-versa

Before discussing the origin of the ordered phases, one has to note that both blends reach a
disordered state for longer annealing time (>20h), with no evidence of short and long range
order. This suggests that an order-disorder transition was reached during SVA, resulting from
a major swelling degree (the fast evaporation freezes the system into a more or less disordered
state). This suggests that the morphologies we will now discuss are not at equilibrium, but

represent Kinetically defined transitory structures.

For the two blends, Table 3 summarizes the characteristics of the morphologies in bulk
(obtained from previous work [14]) and in thin films (obtained in this work). In thin films, the
characteristic distances measured in AFM, TEM and GISAXS are all in well agreement and
allow to calculate the apparent composition of each phase (I, S and P) based on simple
geometric considerations (see SI-5). The overall composition of the block copolymer in the film
being constant, the variation of the apparent volume fraction determined by TEM can only be
explained by a selective migration of one block towards the interface, forming a uniform
wetting layer (non-observable on a top-view TEM micrograph) and depleting the inner portion

of the film from this block. In turn, this will modify the morphology, as we will explain below.

blend X/Y 85/15 XY 60/40
SVA, SVA, SVA, SVA,
bulk [14] | toluene, toluene, bulk [14] toluene, toluene,
5h 10h 10h 15h
observed . : . :
structure - @\@@ ;_ ) \'.; ) \', ‘ > \_. ® ® ®
@ 9@’ ,_\@, @ @ Do tle
() o—aQ V4 A (]
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AFM | dec 72 69 80 95

e | 0 73% 77 69 87> 81 100

Dy 34 27 32 50* 42 50

De 34 28 30 34* 33 25

GISAXS | 4. 70 68 81 91
|:S:P

apparent |0.17:0.66:0.17|0.11:0.65:0.24| 0.17:0.68:0.15 | 0.26:0.62:0.12 |0.21:0.66:0.13| 0.23:0.66:0.11
composition
Table 3: Characteristic distances (in nm) of the different observed patterns for X/Y 85/15,
X/Y 60/40; dc center to center distance for the cylinders of the centered hexagon or center
to center distance of | (P) cylinders in the square pattern ; D cylinder diameter. For clarity,
the shapes of all domains are represented by circular features, which may not reflect the actual
geometry (see for example Fig. 5). (1:S:P) volume fraction of the bulk and observed patterns
in thin film (1 in yellow, S in grey and P in blue). *In bulk, the composition of the observed
patterns is the same that the blend composition. In thin film, the given composition is
determined from the TEM distances (apparent composition).

X/Y 85/15 blend

The X/Y 85/15 blend with a (1:S:P) native volume fraction of (0.17:0.66:0.17) was previously
studied by Asai [14]. In good agreement with predictions (volume fraction of the middle-block
between 0.60 and 0.66 and equal volume fractions of both end-blocks), this blend exhibited in
the bulk a tetragonal morphology. The cylinders of | and P have the same size (34 nm) as
schematized in table 3. In the thin film version of this blend, the tetragonal morphology
transitioned to an intermediate double hexagonal structure in the early stage of the toluene vapor
annealing, with a modification of its apparent composition (0.11:0.65:0.24). This composition
is depleted in | compared to the initial one (0.17:0.66:0.17). This could be explained by the
tendency of | to segregate to the surface and to form a wetting layer at the interface film/air [22,
23] due its lowest surface energy. The surface energies of I, S, and P were herein determined
on homopolymer films using contact angle measurements of different liquids and were
estimated to 32, 40 and 47 mJ.m for I, S and P in agreement with the literature [23, 24]. The |
segregation at the interface film/air consequently induces an inner composition of the films with

a lack of I.
14



We observed centered hexagons of | cylinders (surrounded by P cylinders) in this work,
whereas Asai obtained centered hexagons of P cylinders (surrounded by I cylinders) for the
linear triblock terpolymer X (1:S:P) with a similar composition (0.12:0.67:0.21) [14]. To explain
these discrepancies, the stabilities of these two double hexagonal morphologies (centered
hexagons of P versus centered hexagons of 1) must be considered. As yxs-p is higher than ys.i
(xs1=0.06; ysp= 0.1; y1-p=0.2 [25]), the system tends to limit the amount of P/S interface
compared to the I/S interface and thus to increase the ratio (Ir) between the 1I/S interface area
and P/S interface area. From the interfacial energy standpoint, the most favorable system
corresponds to centered hexagon of P (highest value of Ir in the figure 4a in good accordance

with the morphologies reported literature. [14,15]

Increased stability

Increased stability
a) X/Y 60/40 ‘fﬁr (limitation of P/S interface) b) (creation of larger | domains)
25 ~  X/Y85/15 A A eap 25T a0V,
NG e._0
, L ISPX @ el L6 2 Y H
pr{O) -
15 | ol e 15 s
= -~ e o - 8
1 b - - R AN e {07
;/. * ) ‘?;g ; T SO~(OF
05 ) 0.5 [/ uae™"" &%
A o 7=
0 L 1 I 1 ) 0 =
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 25
Vr Vr

Figure 4: a) interface area ratio between 1/S and P/S interfaces (Ir) versus I and P volume
ratio (Vr) b) | and P diameters ratio (Dr) versus | and P volume ratio (Vr) for the three
different proposed morphologies on the right of each graph (I in yellow, S in grey and P in
blue). These results are obtained using only geometric considerations. The triangle and star
symbols represent the positions of the X/Y 85/15 and 60/40 respectively, calculated from the
TEM data. The circle represent the situation deduced from the native composition of the ISP
X (it is not displayed in part b) since the conformational entropy (no segment with different
chain length) does not concern this system).

In our case, we obtained centered hexagons of I, which corresponds to the less favorable system
from the interfacial energy standpoint. This can be seen in Figure 4a since the Ir values

corresponding to the centered hexagons of I are below the values corresponding to the centered
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hexagons of P (the red triangle and star points represent the positions of the X/Y 85/15 and
60/40 respectively, calculated from the TEM data). However, chains with different sizes are
present in each cylindrical domain since the studied system is a blend of two block copolymers
with different compositions. In the X/Y studied blends, we mixed ISP X (I 357 and P 625
repeating units) with ISP Y (1 1649 and P 72 repeating units). In this X/Y 85/15 blend, I domains
contain both chains of 357 units (85 %) and chains of 1649 units (15%). Consequently, we
suggest that the system tends to adopt | domains as large as possible because it favors the
location of the longest chains in the largest domains, to keep their conformational entropy loss
as small as possible. The double hexagonal morphology with centered hexagon of | gives larger
diameter for the |1 domains than for P domains (highest value of ratio between the 1 and P
diameters (Dr) as in Figure 4b. It can be suggested that this “size effect” overcomes the P/S
interface minimization, favoring the formation of a double hexagonal morphology with
centered hexagon of I. Very interestingly, these results suggest that the presence of a moderate
amount of long I chains (15%) induces an inversion of morphology, from centered hexagons of
P to centered hexagons of I. For comparison purpose, in the ISP X case [14] with a composition
of (0.12:0.67:0.21) and centered hexagons of P, | has 357 units and P 625 units: the shortest
chains locates in the smallest domains of | and the longest ones in the biggest ones (P domains).
The diameter of | domains is half the diameter of P domains. In this case, the interfacial stability
is in good accordance with entropic considerations since the size of the domains are consistent

with the size of the chains.

For longer annealing time, the segregation of P at the interface substrate/film occurs [22],
lowering the proportion of P in the inner film, which compensates for the depletion of | that
previously occurred in the first stages of the annealing. P is also prone to migration (towards
the substrate interface (the surface energy of the substrate being estimated to 46 mJ.m>[22])

but because | swells more, and faster than P2VP (as shown in SI-6), the formation of the wetting
16



layer of I will occur first. The apparent composition value at that stage (extracted from the
TEM) is now symmetric (0.17:0.68:0.15) and very close to the initial composition and drives
the formation of the native tetragonal morphology. Note that the domains have similar sizes
between hexagonal and tetragonal structures. This is in agreement with the fact that the size of

the domains is imposed by the size of the blocks and not the volume fraction in the blend.

X/Y 60/40 blend

In the case of X/Y 60/40 blend, the same interpretation of the morphological evolution upon
annealing can be given. The initial bulk volume fraction (1:S:P) is (0.26:0.62:0.12). Despite a
composition that would normally form a hexagonal pattern, a tetragonal morphology is formed
in bulk, with interwoven tetragonal arrays of | and P cylinders, the domains of | being much
larger (50 nm) than those of P (34 nm)[14]. This is again due to the size of I and P chains. |
domains contains 40% of chains of 1649 units whereas the maximal chain length in the P
domains is only 625 units. In this case, the formation of a tetragonal pattern corresponds to a
good balance between the limitation of the P/S interface (moderate value of Ir in Fig 4a) and
formation of I domains large enough to accommodate the longer I chains (intermediate values

of Dr in Fig 4b).

During the first stage of annealing, | segregation at the surface occurs first, which in turn
reduces the amount of 1 in the inner structure. However, this reduction lets the system with a
composition (1:S:P) (0.21:0.66:0.13) depleted in | but still within the range of a tetragonal
structure. Note that as previously, the | domains size (42 nm) is gouverned by the size of long
chains of I, which in this case represents 40% of long chains.

Further solvent exposure led to P segregation at the interface film/substrate and enhanced

proportion of I in the inner films projecting the system (0.23:0.66:0.11) outside the area of
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tetragonal structure, into the area of hexagonal one. Then again, the size of | domains is imposed
by the chains length and this leads to centered hexagons of I surrounded by domains of P. Thin
film stabilizes this structure although the composition is the same of the bulk which exhibits a
tetragonal pattern. This phenomenon has been already observed for an ISP terpolymer which

exhibits in bulk a gyroid pattern and in thin film evolves to a tetragonal morphology [25].

In order to verify the central role of the length of the I chains in the formation of the
morphology, we considered a blend of a ISP triblock and IS diblock with a (1:S:P) volume
proportion of (0.20:0.59:0.21) in which both | and P chains are within the same range of
repeating units number. This time, as show in SI-7, this blend led in thin film to a cylindrical
morphology with centered hexagon (with a characteristic distance of 84 nm) of cylinders of P
(diameter of 36 nm) surrounded by cylinders of | with a diameter of 27 nm leading to an (1:S:P)
apparent composition (0.18:0.65:0.17). In this case, the interface area of P/S is less than the
interface area of I/S (Interface ratio =1.5). The diameter ratio of the I and P domains is 0.75,
compatible with the block lengths of I and P (59% with 96 units and 41% with 576 units for |
chains; P domains contain chains of 513 units). This confirms the central role of the long chains
of I in the inverted morphology observed previously. The presence of IS diblock allowing S to

fill the space between the | domains is another favorable factor to observe this morphology.

Another point that has to be discussed is the shape of domains. It was demonstrated in previous
works, that blending block copolymers exhibiting a bimodal distribution leads to non constant
mean curvature (non-CMC) interface, e.g the domains are no more cylindrical but present flat
interfaces [26]. This is particularly visible for the square pattern of X/Y 60/40, | domains have
clearly a square base as shown in figure 5a. The location of the blocks is proposed in figure 5b.

This example is the most striking one in this study, but for all domains with a bimodal
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distribution of chains, the different locations of the blocks and the packing frustration impose

the shape of the domains.

Figure 5: a) 150*150 nm TEM image of square pattern for X/Y 60/40 thin film (I in black,
Sin grey and P in dark grey) and schematic representation

Conclusion

The morphology of blends of ISP linear block copolymer was investigated in thin film upon
solvent vapor annealing. Unreported morphologies were obtained, with marked differences
compared to the bulk morphology. A double hexagonal morphology was formed, with centered
hexagons of | and surrounding hexagons of P, which is not predicted nor observed for neat
block copolymer samples. In this thin film configuration, the formation of non-synchronized
wetting layers of | and P leads to modification of the inner composition of the film, driving the
observed transitions. Although the system must adopt the lowest P/S interface, our results
suggest that the presence of long chains (here the I chains) is playing a major role, favoring the
formation of |1 domains with bigger size, in order to keep their conformation entropy loss as

small as possible.
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