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ABSTRACT: Blends of poly(2-vinylpyridine), polystyrene, and poly(methyl methacrylate) of four different
compositions (2:3:0, 3:2:0, 1:1:0, and 2:2:1 w:w:w) were spin-cast onto periodically (1 = 4 um) patterned
substrate (with two alternating stripes: Au attracting PVP and neutral self-assembled monolayer), and
resulting film morphologies (with inherent domain scale 0.2 4 < R < 1.8 1) were recorded with scanning
force microscopy and examined with Fourier transform analysis and the integral geometry approach.
The morphologies depend on not only spatial (R/4) but also compositional commensuration between blends
and symmetric pattern: A/2-substructures are present, in addition to A-structures, for isolated (2:3:0)
but not for continuous (3:2:0) PVP domains. This explains also the data for 1:1:0 blends which present a
transition from isolated to continuous PVP domains (for larger R values). In turn, interfacial compatibilizer
(PMMA in 2:2:1) results in the well-ordered A/2-substructures for both morphology types.

1. Introduction

Simple, low-cost approaches were proposed for mul-
ticomponent polymer films, simultaneously allowing for
the surface pattern-guided alignment of various (micro)-
phase domains, which might form various functional
elements of potential hi-tech devices:! Long-ranged
ordered microphase structures were obtained for sym-
metric? and asymmetric® block copolymers positioned
on the pattern. In turn, pattern-directed structure
formation reported for spin-cast (solvent-quenched)24~?9
or temperature-quenched*1°~13 binary blend films cor-
respond to symmetric (or critical)l~12 homopolymer
mixtures only. This limits domain patterns available for
potential applications.!415

Surface pattern replication is controlled by many
parameters, mainly by film thickness and the competi-
tion between surface and interfacial energy.!6-18 An-
other important problem is the commensuration be-
tween the pattern periodicity 4 and the inherent domain
scale R. According to the common viewpoint, valid until
recently, only for R matching 1 a well-ordered morphol-
ogy can be formed.25:7.8.10,11.19.20 Tf was shown, however,
that surface relief with A > R can align locally ordered
grains of block copolymers into structures with a long-
range order.?2! Also, our very recent results demon-
strated that spin-coated ternary blend films form well-
ordered lateral domains with the domain scale R ~ 1/222
(in accord with an earlier observation for ultrathin film
of temperature quenched binary mixture).12

In the present work, the issue of A/2-substructure
formation in the spin-cast polymer blends is examined
in the broader context of blend composition effects. The
morphologies formed depend not only on spatial (R/1)
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but also on compositional commensuration!? between
the binary blends and the symmetric pattern used, with
one of two alternating surface stripes attracting selec-
tively one (majority, minority, or symmetric) blend
component: In addition to primary A structures, 1/2-
substructures are present when the selectively adsorbed
polymer forms isolated (minority phase) but not con-
tinuous (majority phase) domains. For symmetric blends,
pattern replication is affected by the transition from
isolated to continuous domains, observed for (thicker)
spin-cast films with larger R values. The impact of
interfacial compatibilizer, present in ternary mixture,
on pattern-ordered morphologies (with well-ordered
substructures for both morphology types) is also ana-
lyzed.

Similarities and differences in the structures directed
by the surface patterns (with two stripes: Au wetted
by PVP57922 and neutral self-assembled mono-
layer®79:22-24) gre studied for spin-cast asymmetric (and
off-critical, 2:3:0 and 3:2:0) and symmetric binary blends
(1:1:0) and ternary mixtures (2:2:1) of the same model
polymer system (poly(2-vinylpyridine) PVP/deuterated
polystyrene PS/poly(methyl methacrylate) PMMA)23.24
with different ratio of its components (PVP:PS:PMMA).
To this end we have examined, by scanning probe
microscopy (SPM), film topographies reflecting overall
phase domain structures®”922 formed on the same
pattern for different casting conditions that varied the
inherent structural scale R (0.2 A < R < 1.8 1). The
recorded morphologies were analyzed quantitatively
with fast Fourier transform (FFT) analysis’-11:12.22 and
the recent extension2526 of the integral geometry ap-
proach.27:28

2. Experimental Section

Preparation of Polymer Films. Gold layers on Si wafers,
covered or patterned with self-assambled monolayer (SAM) of
hexadecanethiol [HS(CH3)15CHsl, formed homogeneous and
patterned substrates used in this study. The former were
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Figure 1. LFM (h) and AFM (a—g, i) images of PVP:PS:PMMA film blends 2:3:0 (a, b), 3:2:0 (¢, d), 1:1:0 (e, ), and 2:2:1 (g—1)
spin-cast onto homogeneous SAM substrate from THF solutions with constant spinning speed v = 5800 rpm and varied polymer

concentration cp = 4.1 (a, ¢), 5.4 (e), 6 (g, h), 7 (), 9 (1), and 18 mg/mL (b, d). In (a—g, 1) light areas are higher and dark are lower.
In (h) white, gray, and black regions correspond to PS, PMMA, and PVP, respectively.

obtained when the wafers were immersed in ethanol solution
of hexadecanethiol.?® The latter, produced by microcontact
printing method,?’ resulted in alternating symmetric stripes
of pure Au and SAM (with width of ca. 2 ym and periodicity 4
= 4.0(1) um)."22 The polymers used in the experiment were
poly(2-vinylpyridine) (PVP, glass transition point 7 = 357 K,
molecular weigh M,, = 115K, polydispersity index M/M, =
1.02), deuterated polystyrene (PS, T, = 373 K,3! M, = 174K,
M /M, = 1.03), and poly(methyl methacrylate) (PMMA, T =
379 K3 My, = 149K, M/M,, = 1.1), all purchased from Polymer
Standards Service, Mainz, and used as obtained to prepare
binary blends 2:3:0, 3:2:0, and 1:1:0 and ternary mixture 2:2:1
(mass fractions of PVP:PS:PMMA). For binary blends, the
critical PVP weight fraction ®c is equal to 0.54. The polymers
were dissolved in analytic grade tetrahydrofuran (THF), and
the blend films were prepared by spin-coating with homemade
coater or with a KW-4A apparatus, Chemat Technology,
controlled by coating speed w and total polymer concentration
¢p (w = 5800 rpm and 2.6 < ¢, < 18 mg/mL for binary blends;
1700 < w < 5800 rpm and 5.1 < ¢p < 27 mg/mL for 2:2:1). The
average film thickness, determined from AFM images taken
after partial film removal?* from the control and selected
experimental samples, ranged from 14 to 130 nm.

Surface Characterization. Topography and friction SPM
images of the cast thin films were collected in air at room
temperature by atomic (AFM) and lateral (LFM) force modes
of CP Park Scientific Instruments microscope (scan range up
to 80 um x 80 um) working in contact mode with a SisNy tip
and a typical load of 4 nN. LFM resolves domains rich in PVP,
PS, and PMMA.2432 The SPM data illustrate overall phase
domain structure, as confirmed for this system”920:22.24.32 Ly g
composition mapping mode of dynamic secondary ion mass
spectrometry (dSIMS)”?22 and by AFM combined with selective
dissolution of PVP and PS.7920.2432 In the former method, a
few composition maps of PVP (CN™ ions, m/z = 26, typically
with Rayleigh lateral resolution of ~120 nm) were collected
for successive depth values in the analyzed sample. The dSIMS
apparatus (produced by Vacuum Science Workshop) was
equipped with high-resolution ion gun (double lens, liquid
metal source, produced by Fei Co.) and quadrupole mass
spectrometer (Balzers) with a cylindrical mirror energy filter
at the entrance.?® All structures shown in the AFM/LFM
images were reproducible, independent of scan direction or
scan range. Images with different range were collected to
provide data optimal for image analysis. The blend films
formed on homogeneous and patterned substrates in the same
spin-casting conditions (w, ¢p) were recorded by SPM as pairs
of isotropic and anisotropic morphologies.

Image Analysis. The topographic (AFM) images were
examined numerically with Fourier analysis”?? and the inte-
gral geometry approach? using the software developed in our
laboratory.”222> For each AFM image its 2-dimensional fast
Fourier transform (FFT) was computed.”?? The FFT spectrum
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of isotropic morphology is characterized by an isotropic diffuse
ring with |k| = £*. The radial average P;(k) of the squared FFT
amplitudes was used to determine (Lorentz line fit) the radius
k* of the ring at its maximum and the inherent domain scale
R = 1/k*. The FFT image of anisotropic topography exhibits
two components: the ring and a slanting line of diffraction
peaks with k = nk; (n is an integer, |k;| = 1/A). The squared
FFT amplitudes of the k-region forming a narrow (4 pixels
wide) stripe along the nk; peaks were averaged to yield the
total power spectrum P(k). The isotropic contribution P;(k),
defined by the radial averaged data of the k-plane without
nk, stripe, was removed from P(%) to yield the spectrum P,(k)
of the anisotropic component, discussed in detail later. The
ratio P./P of the integrated power spectra P.(k) and P(k) was
used as a measure of morphological anisotropy. For each AFM
image of the surface (with bimodal height A-distribution
centered at [hi0and [&20, the Euler characteristic yr (con-
nectivity) of elevated regions (i.e., with local height & > ([&,0
+ [he)/2) was calculated.?® yg is defined as the difference
between the number of separated elevated and depressed
regions normalized by the analyzed area. For hierarchical
morphologies the yr values are computed for all and for
dominant (i.e., with the structures smaller than 15% of R
neglected) surface features.

3. Results and Discussion

3.1. Blends on Homogeneous SAM. Quasi-2D
Domain Structure. We start our discussion with phase
demixing in polymer film blends and focus later (next
paragraph) into adsorption-driven pattern-guided align-
ment of the demixed phases. The former process occurs
for the studied PVP:PS:PMMA blends?79-20:22724,32 gpin -
cast from a common solvent (THF) onto homogeneous
SAM substrate (Figure 1): None of the three polymers
(PVP, PMMA, PS) wets either the free surface or the
substrate®7.9:20.22-24.32 of the formed films (cast either
from high, THF, or low volatile solvent?0-32). These films
(with morphologies practically identical?®32 to those
obtained in 2D simulations of solvent-free mixture?) are
reported®7.9:20,22-24.32 {4 he quasi-2-dimensional systems
with lateral phase structure extending from surface
throughout the film to the substrate (realized in films
with symmetric neutral surfaces®). At late stages of
spin-casting, PVP and PMMA, which are both less
soluble in a common solvent (THF'),?23:36 solidify due to
solvent evaporation earlier than PS,23:36 leading to the
collapse of the initially THF-swollen PS-rich areas below
the level of PVP- and PMMA-rich phase. Thus, in the
final solvent-free film (Figure 1), PVP and PMMA
domains are elevated while PS-rich regions depressed,
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Figure 2. Inherent scale of lateral domains R formed by PVP:
PS:PMMA film blends 2:3:0 (open circles), 3:2:0 (solid circles),
1:1:0 (open triangles), and 2:2:1 (solid triangles) on homoge-
neous SAM substrate as a function of cp/w2. Solid lines
represent linear relations determined for binary and ternary
blends. The dashed line marks the spin-casting conditions (cp/
2 value) corresponding to the transition from isolated to
continuous PVP domains (observed for 1:1:0 and 2:2:1).

and the phase morphology is mirrored by the film
topography.579.20.22-24.32 Therefore, the phase distribu-
tion of these quasi-2D systems is revealed by topography
analysis,? 79202272432 congistent with the results of
complementary methods such as LFM,222432 mapping
dSIMS,"?22 and AFM combined with selective dissolu-
tion.57:9,20,23,24,32

Tunable Structural Scale R. During spin-casting
the polymers dissolved in THF form initially a homo-
geneous liquid film. Liquid flow, which is caused by a
balance between centrifugal and viscous forces, de-
creases film thickness and controls its final value A ~
cplw¥? 3739 (demonstrated for PVP:PS:PMMAZ22.24)  ad-
justed by spinning speed w and polymer concentration
cp in the solvent. Phase separation, initiated by evapo-
rating THF, takes place simultaneously with film thin-
ning and is terminated when solvent concentration is
so low that polymer molecules are no longer mobile. For
thicker films solvent drying and phase coarsening takes
place during a longer period of time leading to lateral
morphologies with a larger domain scale R (cf. Figure
la,b or Figure 1lc,d). A linear scaling relation R ~ h
between horizontal and vertical scales of the film
structure was concluded for the binary?® and ternary?*
blends PVP:PS:PMMA. To show how the inherent
domain scale R of both film blend types depends on the
spin-casting conditions (w,cp), we have plotted R as a
function of cp/w¥? (Figure 2). Four data sets correspond
to R values determined with FFT analysis for 2:3:0
(open circles), 3:2:0 (solid circles), 1:1:0 (open triangles),
and 2:2:1 films (solid triangles). All three binary blend
data sets are scattered (due to limited reproducibility
in w and cp) along the same linear relation marked by
solid line and described by linear coefficient 29.3 + 1.0
um mL rpmY?/mg. This might suggest (i) similar solvent-
quench paths and drying times when casting conditions
are fixed and (ii) final phase evolution regime of the
same spinodal-decomposition type for continuous and
droplet morphologies.*! In turn, the ternary mixture
data set is described by the linear relation (second solid
line in Figure 2) with much lower coefficient of 15.7 +
0.7 um mL rpmY2/mg. For constant casting conditions
the domain scale R is reduced considerably for the 2:2:1
films. To obtain for both blend types the morphologies
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with comparable lateral scale, the spinning speed w
must be reduced or polymer concentration cp increased
for 2:2:1 as compared with binary mixtures (cf. Figure
1i,f). The results presented in Figure 2 demonstrate
quantitatively that PMMA enhances compatibility of the
PVP:PS system.?? The interfacial energy is the driving
force in various phase coarsening regimes?#2 along the
solvent-quench path, and its reduction leads to slower
kinetics and hence to smaller morphological scale R for
fixed casting conditions (or longer coarsening time for
constant R). To reduce the interfacial energy, and as a
consequence of mutual incompatibility (expressed by
interaction parameters: ypspvp = 0.1 > ypspyma = 0.02,
ypverpMMa ~ 0.007),22 PMMA intercalates at the PS:PVP
interfaces?32¢ and separates PS- and PVP-rich phases
(Figure 1h).

Isolated and Continuous Domains. While the
phase separation process that takes place during spin-
casting®7—3943 is not completely resolved, different phase
evolution patterns®? (or their combinations)?6:29:32 have
been recognized: In addition to bulk coarsening confined
by film geometry into two dimensions?2544 (with
secondary phase separation allowed),244’ the final phase
arrangement can be affected by the (capillary, dewet-
ting) instability of phase-phase interface (breaking up
transient multilayer phase arrangement)?6:32:44:4647 and
by the (hydrodynamic, convective) instability?29:32:48:49 of
the free film surface. These commonly accepted features
allow us to explain the observed film morphologies
(Figure 1). When a longer film formation time is allowed
(with cp/w? > 0.09 mg/(mL rpm¥2)) the compositional
dependence of film topography (Figure 1b,d,f)i) suggests
that morphology formation mechanism is dominated by
bulk coarsening confined to two dimensions:23-25:44.50-52
Two droplet-type morphologies, dominated by PVP-rich
islands (blend 2:3:0, Figure 1b) or PS-rich holes (blend
3:2:0, Figure 1d), are separated by bicontinuous struc-
tures at intermediate composition (blend 1:1:0, Figure
1f)—matching the critical value ®¢ = 0.54. In turn,
hierarchical morphologies with two length scales (domi-
nant and secondary) are present in the blend films 2:2:1
(Figure 1g—1): Here the secondary structures of small
circular inclusions in the PS-rich depletions are at-
tributed??2 to the secondary phase separation process*®
effective in the fast formed PS-rich domains (with
transient composition far from equilibrium values),
where the solvent is depleted later and polymers are
mobile longer.

For thicker films quasi-2D phase coarsening takes
place during a longer period of time. As a result, self-
similar growing structures are observed”24%* for in-
creasing cp/w2: They are formed always for asymmetric
blends (2:3:0 and 3:2:0) with droplet-type morphologies
(Figures 1a,b and 1c,d), but in the 2:3:0 layers the self-
similarity of the morphology shown in Figure la is
somewhat affected for the longest film formation time
(Figure 1b) when first effects of free surface instability32
modify PVP domain coalescence on a scale larger than
the domains. In turn, for both mixtures 1:1:0 and 2:2:1
self-similar morphologies with bicontinuous dominant
structures (resembling these of Figure 1f,i) are formed
only for cp/w2 = 0.09 mg/(mL rpm¥2). Distinct dominant
structures with isolated domains are observed when the
films are formed more rapidly (Figure le,g,h). This
morphological transition is marked as the dashed line
in Figure 2. The circular droplets visible in Figure le,g,;h
suggest the effects of interfacial (capillary) instabil-
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Figure 3. LFM (a, g), AFM (b, f), and dSIMS (c—e) images illustrating the transposition of the substrate pattern Au/SAM (a)
into the films 1:1:0 (b—e) (cp = 14 mg/mL, v = 5800 rpm) and 2:2:1 (f—g) (cp = 9 mg/mL, v = 5800 rpm). Film topography (b, f)
reflects domain structure determined (another spots) at the distance z = 0 (g), 18 (c), 55 (d), and 92 nm (e) from air surface. Light
regions in (a) and (c—e) correspond to original Au stripes (covered with HS(CH3):5COOH to improve contrast) and PVP domains,
respectively. White, gray, and black regions in (g) correspond to PS, PMMA, and PVP, respectively.

ity?647 breaking up transient multilayer solvent-rich
phase arrangement (e.g., created due to different poly-
mer solidification rate).*64” Such a formation sce-
nario?47 can be supplemented?® by quasi-2-dimensional
phase coarsening, resulting in more elongated domains
present in addition to circular droplets. In turn, the
effects of free surface (convective) instability are here
not observed for the range of spin-casting conditions
used.40

3.2. Mixtures on Au/SAM Pattern. The organiza-
tion of lateral domains of PVP:PS:PMMA blends (Figure
3b—g) on the substrate with Au/SAM pattern (Figure
3a) is driven by strong affinity of PVP to the Au surface
regions® 792022 demonstrated earlier with different tech-
niques (depth profiling and imaging dSIMS,”%22 AFM
combined with selective dissolution®7%:20), A PVP-rich
phase (white and black regions in parts b—f and g of
Figure 3, respectively) forms on the Au stripes PVP
domains of the primary A-structure but can extend
elsewhere and/or direct PVP domains of the substruc-
ture (e.g., Figure 3f,g). The compliance of film morphol-
ogy with the periodic substrate pattern is described
below for four different mixtures (2:3:0, 3:2:0, 1:1:0, 2:2:
1). Its analysis is based on four topographic sequences
(exemplified by parts a—e, f—j, k—o0, and p—u of Figure
4, respectively) of spin-cast films “frozen” for increasing
both the drying time (i.e., thickness A ~ cp/w!?) and
inherent scale R of coarsening lateral domains (0.2 <
R/L < 1.8). Each sequence resembles structures evolving
during quasi-2-dimensional phase coarsening;?® how-
ever, the effects of interfacial and surface instabilities
are also relevant.5*

Blends 2:3:0. The first AFM image of this series
(Figure 4a) illustrates practically isotropic domains of
the size R/2 ~ 0.4 um with some weak traces of linear
domain arrays. The next figure (Figure 4b), correspond-
ing to R ~ 0.47 1, shows elongated PVP droplets in
register with an underlying pattern with periodicity 4
and located between them slightly smaller droplets of
a weak A/2-substructure. The coalescence*! of PVP
droplets is more effective along the Au stripes, resulting
in the primary A-structure. Other PVP droplets appear
with interdomain spacing R ~ A/2 away from the
primary structure, forming the substructure. This 4/2-
ordering effect is enhanced by the strips depleted in
PVP, adjacent to the primary structure and separating
it from the substructure. For longer drying times (Figure

4c,d) the coalescing PVP droplets forming the primary
structure become much more distinct than droplets
formed on neutral SAM stripes. In turn, Figure 4e
corresponding to R ~ 1.81 and the longest film formation
time shows large elongated PVP domains (due to initial
effects of free surface instability), comparable in size to
those observed on the homogeneous SAM substrate
(Figure 1b) but with the domains aligned along the Au
stripes.

Blends 3:2:0. This sequence starts, for R ~ 0.3
(Figure 4f), with almost isotropic morphology dominated
by polydispersive (in size) PS-rich holes (cf. Figure 1c)
surrounded by continuous elevated PVP-rich ribbons,
which show weak sporadic alignment along parallel
lines. The next AFM image (Figure 4g), corresponding
to R ~ 1/2, shows the Au stripes coated in their centers
by PVP ribbons intruding elsewhere to enclose larger
PS droplets and covered to their complete lateral
extension by small PS domains encircled by PVP-rich
elevations. Superfluous PVP material (major blend
component) forms numerous bridges between the eleva-
tions lined in register with the Au stripes. No 1/2-
substructures are formed midway between them. The
alignment of such linear elevations is improved for
larger R values (Figure 4h,i). Simultaneously, the
number of the bridges is reduced (Figure 4h) to reach
the minimum for the domain scale R almost matching
the pattern periodicity A (Figure 4i). When the inherent
scale R of domain structure is larger than pattern
periodicity A (Figure 4j), the bridges, linking the PVP
elevations above the Au stripes, are formed again, and
the periodic elevations become less ordered. For the
3:2:0 films quasi-2D phase coarsening is enhanced on
the pattern (e.g., compare hole density in films cast at
the same conditions: Figure 1lc and the framed region
of Figure 4g or in Figure 1d and Figure 4j). The relevant
mechanism includes the transport of PVP material to
the linear regions wetting Au stripes through continu-
ous PVP-rich tubes, driven by the curvature of phase
boundaries between PVP-rich and PS-rich phases (analo-
gously to hydrodynamic flow-driven wetting of blend
surfaces).? 57

Blends 1:1:0. The first image of this series (Figure
4k) illustrates a completely isotropic structure composed
of isolated circular droplets, only sporadically coalesced
into elongated domains. Both missing reaction to the
substrate pattern and the domain size R/2 ~ 0.6 um
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Figure 4. AFM images of film blends 2:3:0 (a—e), 3:2:0 (f—j), 1:1:0 (k—o0), and 2:2:1 (p—u) cast (w = 5800 rpm) from THF solutions
with different polymer concentration 2.6 < cp < 27 mg/mL to form morphologies with controlled inherent domain scale R < 1/2
(a,f,k,p,R~A2(0,g 1, 1),R>12(c,h,m,s),R~1(d,i,n,t),and R > 1 (e, j, 0, 0.

much larger than the dominant heterogeneity length58
(Am ~ 0.01 um, characteristic for the early stage of
spinodal decomposition in the melt) indicate that quasi-
2-dimensional coarsening is not very effective here and
support the scenario of interfacial instability. The
subsequent figure (Figure 41), corresponding to R ~ 1/2,
shows the elongated PVP domains of the primary
A-structure (in register with the periodic pattern of Au
stripes) and, located between them, smaller droplets
contributing to the 1/2-substructure (1/2-ordering effect,
cf. Figure 4b for 2:3:0). Quasi-2D phase coarsening,
which supplements structure formation due to inter-
facial instability,? results in the progressive (with R)
coalescence of PVP droplets most effective along the Au
stripes. The next AFM image (Figure 4m), although
with similar value of R ~ 0.564, shows different mor-
phology: Large elongated PVP domains, in register with
the substrate pattern, are often interconnected while
the small droplets of the 1/2-substructure are much less
frequent than previously. This morphological change
corresponds to that observed for the homogeneous
substrate (Figure le,f), where the (self-similar) bicon-
tinuous (dominant) structures appear for cp/w/2 > 0.09

mg/(mL rpmY2) (dashed line in Figure 2), reflecting the
decisive role of quasi-2D coarsening. The 1/2-substruc-
ture disappears completely for larger R values. Simul-
taneously, the continuity of the primary PVP-rich
elevations is improved while the number of bridges
linking them is reduced for the domain scale R matching
the pattern periodicity A (Figure 4n, cf. Figure 4i for 3:2:
0). When the scale R is larger than A (Figure 40), then
the bridges are formed again while the periodic eleva-
tions remain continuous along the Au stripes.
Blends 2:2:1. All AFM pictures (Figure 4p—u) show
here hierarchical morphologies with the secondary
structures (due to secondary phase separation) practi-
cally irrelevant for pattern transposition in contrast to
the dominant surface features discussed below. While
the sequences for binary mixtures of comparable struc-
tural scale R begin with almost isotropic morphologies
(Figure 4a,f k), this series starts with strongly aniso-
tropic structure (R ~ 0.3, Figure 4p): The more
elongated PVP-rich droplets are located on the periodic
Au stripes and order the less extended domains to form
the A/2-substructure (1/2-ordering effect, cf. Figure 4b,l).
Both the primary A-structure and the A/2-substructure,
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Figure 5. Total power spectrum P(k) (a) and the spectrum
P.(k) of anisotropic component (b), computed (along the peaks
nk;) for 2D FFT image (see the inset corresponding to Figure
4b). J, (n =1, 2, 3, 4) denotes the intensity of peaks positioned
at nk; (|k;)| = 1/4).

originating from interfacial instability, are well devel-
oped as a result of quasi-2D phase coarsening. The role
of the latter increases for the ternary 2:2:1 blend as
compared with binary mixtures since longer structure
formation times (larger cp/w'2 values in Figure 2) are
available to form morphologies with comparable R
value. Additionally, the transition into continuous (domi-
nant) film structures [observed at cp/w2 ~ 0.09 mg/(mL
rpm'2)] occurs here for smaller R values (R/A ~ 0.43,
Figure 4p,r) than in the films 1:1:0 (R/A ~ 0.55, Figure
41,m). Well-ordered elongated domains with the A/2-
periodicity (Figure 4r) are formed already after the
transition. Low energetic interfaces form extensive
substructures connected with the continuous linear
elevations of the A-structure. Such primary elevations
are linked by the bridges (Figure 4s), created by the
substructure domains extending into both neighboring
elevations when the interdomain spacing R is larger
than A/2. This picture is drastically modified (Figure 4t)
for the domain scale R matching the period 1 of the
substrate pattern, perfectly reproduced by the linear
elevations of the primary A-structure (cf. Figure 4i,n).
For R larger than A the bridges are formed again by
apparently too large domains of the A-structure (Figure
4u).

Fourier and Integral Geometry Analysis. The
Fourier analysis”22 is based on the 2D FFT image (e.g.,
see the inset in Figure 5) of AFM picture (here Figure
4b): The power spectrum P(k) (Figure 5a) computed
along the slanting line of diffraction peaks k = nk; (n
is an integer) includes the isotropic contribution (parts
of diffusive ring), which is removed (see Experimental
Section) to yield the spectrum P.(k) of anisotropic
component (Figure 5b). The ratio P,/P of the integrated
spectra P,(k) and P(k) measures the morphological
anisotropy. The spectrum P,(k) (Figure 5b) exhibits
several peaks positioned at nk; (|k;| = 1/1) and char-
acterized by absolute J,, = J(nk;) and relative intensities
I, = J,/3 mdm. These intensities are used to measure the
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order of lateral domains forming the primary A-structure
(I;) and the A/2-substructure (I3). Such an analysis,
performed for the topographic data, is representative
for the entire film morphology, the surface topography
as well as the domain structure. Such conclusions come
out from the comparison?22 of the intensities I,, obtained
for (AFM) topographic and (dSIMS) PVP distribution
maps recorded for binary” and ternary?2 PVP:PS:PMMA
films.

For all film blends the results of the Fourier analysis
(the ratio P,/P and the relative intensities I,,) are plotted
in Figure 6 vs the degree of commensurability R/A. The
films 2:3:0 with isolated PVP domains exhibit strong
anisotropy (large and nearly constant P,/P values,
Figure 6a) and weak 4/2-substructures with long-ranged
order confirmed by the Fourier peak intensities: I is
weakly larger than I for R ~ /2 and only slightly lower
than I; for R ~ A (Figure 6b). In turn, the films 3:2:0
with continuous PVP phase show no traces of the
substructure ordering (I3 < I; for both R ~ /2 and R ~
4, Figure 6d) and morphological anisotropy (Figure 6¢)
peaked at commensurate R and A, reflecting enhanced
domains compliance to the pattern. The situation in the
films 1:1:0 (Figure 6e,f) can be explained by the mor-
phological transition (at R/A ~ 0.55) from isolated (as
in 2:3:0) to continuous PVP domains (as in 3:2:0).
Ordered A/2-substructures [with maximal I = 0.57(6)
weakly larger than corresponding I; = 0.43(4)] are
destroyed (I < I), and the primary structures comply
strongly with the pattern (maximal P,/P value at R ~
A). In turn, for the ternary mixtures 2:2:1 (Figure 6g,h)
the well-ordered A/2-substructures are present for both
isolated [Io = 0.61(6), I; = 0.24(2), for R/A = 0.38] and
continuous PVP domains [I3 = 0.67(7) and I; = 0.11(1)
at R = 0.48 ] around the transition. For larger domain
scales, the dominant primary structures with the high-
est P,/P values are observed in the region R ~ 4.

The Euler characteristic yg of the film topographies,
yielded by the integral geometry approach,? is pre-
sented in Figure 7 as a function of the domain scale R.
The morphological measure yg reflects difference be-
tween surface density of distinct elevated and depressed
regions. Positive yg values, determined for the films
2:3:0 with (PVP-rich) islands (Figure 7a), are scattered
along the scaling relation (solid line) yg ~ 1/R2,2527 but
do not reflect any reaction of domain ordering for the
domain scale R comparable to the pattern period 1. In
contrast, the negative measure yg, reflecting 3:2:0 film
morphologies dominated by (PS-rich) holes, shows the
minimum |yg| — 0 for R ~ 1 (Figure 7b). The zero value
of the Euler characteristic yg, reflecting perfect pattern
transposition for commensurate R and 4, appears again
for all (open diamonds) and dominant surface features
(with small-scale corrugations neglected, solid squares)
of the films 1:1:0 (R ~ A, Figure 7c¢) and 2:2:0 (R ~ 1/2
and R ~ 4, Figure 7d), respectively.

4. Summary and Conclusions

We describe the transposition of the symmetric sub-
strate pattern, composed of alternating (with a microme-
ter period 1) stripes of neutral (SAM) and selectively
adsorbing regions (Au wetted by PVP), into the lateral
morphology of spin-cast (with varied structural scale R)
blends PVP:PS:PMMA (2:3:0, 3:2:0, 1:1:0, 2:2:1). Pattern
transposition depends not only on spatial (R/4) but also
compositional commensurationl’” between blend and
symmetric pattern: A/2-substructures are present, in
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plotted vs the degree of commensurability R/A. The data points marked by open diamonds and solid squares correspond to all and

to dominant surface features, respectively.

addition to A-structures, for isolated (2:3:0) but not for
continuous (3:2:0) PVP domains (Figure 6b,d), which
constitute minor and major blend component, respec-
tively. In films 2:3:0 droplet growth,*! pattern-guided
by selective adsorption, results in primary structures
formed at the expense of adjacent zones depleted in
PVP, which order the substructure domains (Figure 4b).
In turn, enhanced phase coarsening observed in films
3:2:0 (with no substructures) is plausibly related with
the hydrodynamic flow-driven wetting®®57 of the selec-

tive Au stripes involving PVP transport through con-
tinuous tubes of its majority phase (Figure 4g,h). These
different quasi-2D coarsening scenarios for isolated and
continuous PVP domains can explain pattern transposi-
tion in the films 1:1:0 (Figure 6f), where isolated
droplets (Figure 41) transform into continuous domains
(Figure 4m) for larger R values. When the films are
formed very rapidly, quasi-2D coarsening is initiated but
does not become dominant, and therefore isolated
droplets are present, originating from interfacial insta-
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bility.32:59 In turn, surface instability is not effective
here*? (only some initial traces are visible in 2:3:0,
Figure 4e). The transition from droplet to continuous
(dominant) morphology is observed also in the films 2:2:
1, but the well-ordered 1/2-substructures (Figure 6h) are
formed for both morphology types (Figure 4p,r). Inter-
facial active PMMA results in low-energetic lateral
interfaces which form well-developed substructures
(because, for comparable R, film formation in 2:2:1 is
longer, Figure 2). Such interfaces are more extended and
ordered for continuous PVP domains (in contrast to
binary blends). Continuous morphology of PVP-rich
phase enhances collective compliance to the substrate
pattern (Figures 6¢,e,g and 7b—d) when the scale R is
commensurate with pattern periodicity A (R/A ~ 0.5 for
blends 2:2:1 and R/A ~ 1 for mixtures 2:2:1, 1:1:0, 3:2:
0). Well-ordered elongated domains with the A/2-
periodicity formed in films 2:2:1 are related with blend
compatibility enhanced by PMMA whereas volume
fraction effects are excluded based on the comparison
with the mixtures 2:3:0 and 3:2:0.
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