Langmuir2007,23, 3355-3362 3355

Substrate Surface Energy Dependent Morphology and Dewetting in an
ABC Triblock Copolymer Film

Thomas H. Epps, lll,* Dean M. DeLongchamp, and Michael J. Fasolka*
Polymers Diision, National Institute of Standards and Technology, Gaithersburg, Maryland 20899
Daniel A. Fischer
Ceramics Diision, National Institute of Standards and Technology, Gaithersburg, Maryland 20899
Erin L. Jablonski
Department of Chemical Engineering, Bucknell kirsity, Lewisburg, Pennsydnia 17837

Receied September 15, 2006. In Final Form: December 15, 2006

A gradient combinatorial approach was used to examine the effect of substrate surface energy on the morphology
and stability of films of a poly(isoprenk-styreneb-ethylene oxide) triblock copolymer that exhibits an alternating
gyroid morphology in the bulk. Atomic force microscopy data across our surface energy (water contact angle) library
suggest a transformation to predominantly surface parallel lamellae with an antisymmetric ordering. For substrate
water contact angles below e film exhibited autophobic dewetting from an adsorbed half-period triblock copolymer
monolayer at longer annealing times. X-ray photoelectron spectroscopy and near edge X-ray absorption fine structure
analysis along gradient specimens indicated that the substrate surface energy governed the composition profile of the
monolayer, and this variation in chemical expression was key to whether the film was stable or autophobically dewet.
These observations demonstrate that enthalpic interactions, in addition to entropic considerations, can play a major
role in autophobic dewetting of block copolymer films.

I. Introduction that govern their behavior, and much of this parameter space

remains uncharted. In particular, while strides have been made

. . in understanding the bulk phase behavior of ABC triblock
structured materials, the self-assembly of which can be tune_d by opolymers—13 ittle is known about their thin film behavior
molecular parameters such as overall molecular mass, constltuenf § '

volume fractions, and segmental interaction paramététs ndeed, with the exception of a few notable studiesy
. L 9 pa - experimental observations of ABC triblock behavior in thin film
this sense, linear ABC triblock copolymers, which consist of

three polvmer species. are particularly promising. since the geometries are sparse, and fundamental questions remain. Can
poly pecies, are particuiarly p 9, SINCE MNEY 110 interesting symmetries that ABC triblocks exhibit in the bulk
offer amorphological and chemical diversity not found in diblock

conolvmer svstems. ABC triblocks can form triolv periodic and persistin thin films? Or, as illustrated in Figure 1a, do they shift
muplti 3{ cont)i/nuous ﬁetwork moroholodies whigrilhpave superior to different motifs? How will parameters and constraints such

Py ¢ . . phologies, /€ SUpE as thickness, substrate surface energy, and annealing affect the
mechanical attributes relative to their one- and two-dimensional

! . ABC film structure and stability?
counterparts (lamellae and cylindérsind can potentially be . .
T L . As aforay into these matters, we examine how substrate surface
harnessed for advanced technologies, including ion-conduction

membranes and templating applications. Three examples ofenergyaffectsthethim‘ilm behavior of a poly(isoprdmetyrene-

periodic and multiply continuous networks reported in the triblock b-ethylene oxide) (ISO) triblock copolymer (Figure 1b). The

X . - bulk morphology of the copolymer is alternating gyroid
literature are the coreshell gyroid?® the orthorhombic (@) ] o . . :
network® and the alternating gyroitl.In addition to these (14:32, &™), consisting of interpenetrating gyroid nets of poly-

S . . . (isoprene) (PI) and poly(ethylene oxide) (PEO) in a matrix of
ZE]:;S%?églrlatlgeestructureswerefound|n asingle ABC triblock poly(styrene) (PS}13 To facilitate our study, we employ a

The same diversity that makes ABC triblock copolymers ) 5,,uki. 1 Seki, M.; Matsushita, Y3. Chem. Phy000 112(10), 4862-

compelling also increases the number and complexity of factors 486s.
(8) Epps, T. H., lll; Cochran, E. W.; Hardy, C. M.; Bailey, T. S.; Waletzko,
R. S.; Bates, F. SMlacromolecule2004 37, 7085-7088.

Block copolymers provide the opportunity to design nano-
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a) In the case of ABC triblocks, this situation is expected to be
Lamell more complex, since the substrate can have favorable interactions
amefiae Free Cylinders with one or multiple block&425

The second body of research concerns film dewetting
phenomenon, and two major forms of polymer dewetting have
been highlighted in the literature. In the most common scenario,

a9

Substrate the polymer dewets directly from the substrate surface. This

process can occur via different routes but is generally driven by

a unfavorableenthalpicinteractions between the substrate and the
Film Instability polymer?627|n the second scenario, polymer films can dewet

from a monolayer of material (chemically identical to the film)
that is grafted or otherwise attached to the substaf@.This

is called autophobic dewetting or pseudodewetting. As formulated
by Liebler for the case of a homopolymer film atop a
homopolymer brush of identical composition, autophobic dew-

b) etting is typically driven by the lower conformationahtropy
fo ,:..P'27 of chains that are grafted (or otherwise adsorbed) to the surface
S compared to the untethered material in the rest of thefiithis
) ' entropic driving force for autophobic dewetting in polymer melts
foro = 0.17 ™= fos = 0.56 is of major importance, as opposed to in small molecule systems

, o , _ where dewetting is typically enthalpy drivéh3> Several
Figure 1. (&) Schematic illustration of the possible effects of free- o504 rchers have observed and examined polymeric autophobic
surface and substrate interactions on the thin film morphology of

block copolymers that exhibit triply periodic nanostructures in the deWetting in a variety of systenis.“2 For example, Reiter and
bulk. (b) lllustration of the ISO triblock copolymer molecule showing Sommef®3 reported autophobic dewetting in poly(ethylene
approximate volume fractions. oxide) films annealed on SiGsurfaces. In this system, strong

. ) . o _ pinning interactions between the polymer and oxide significantly
gradient combinatorial approach similar to that used by Smith requced the conformational entropy of chains nextto the surface.
et al. to examine films of a symmetric Rfpoly(methyl In this work, the authors noted variations in the rate of dewetting
methacrylate) dlplock cppolynférand by Ludwigsetal.tostudy 55 5 function of position. Because no differences in the surface
a_PSb-poly(2-vinylpyridine)b-poly(tertbutyl methacrylate)  tensjon in the monolayer could be discerned, they hypothesized
triblock 1°Our combinatorial libraries express an extensive range 4t these variations were due to local differences in the strength
of surface energies on a single substrate and thus provide &y gyrface interaction, which presumably changed the confor-
comprehensive map of the effect of this parameter on substrate+y stional entropy of pinned chains. Liu and co-workéesamined
supported 1SO films The I1SO thin film structure and surface autophobic dewetting in PS films deposited on atPSsly(2-

chemistry are characterized across the library by a variety of i,y oy ridine) monolayer, which presented a surface of tethered
methods, including optical microscopy, atomic force microscopy pg'chains. In this study, the role of conformational entropy was

(AFM), X-ray photoelectron spectroscopy (XPS), and near edge gemonstrated by changing the molecular weight of the PS

X-ray absorption fine structure (NEXAFS) spectroscopy. homopolymer, and dewetting occurred when the length of the
When our rgsults are congldere(_j, discussed below, two Mal0lfree PS chains was much greater than those in the adsorbed
bodies of previous work provide guidance and background. First,

is the extensive literature describing the influence of interfaces - :

K . . . (24) Pickett, G. T.; Balazs, A. @lacromol. Theory Simull998 7 (2), 249-
on the morphology of diblock copolymer films, which is g5
summarized in two recent review articks°In most cases, the (25) Ludwigs, S.; Krausch, G.; Magerle, R.; Zvelindovsky, A. V.; Sevink, G.

i i i J. A. Macromolecule®005 38 (5), 1859-1867.
substrate (or free) surface drives preferential wetting of the block (26) Reiter, GPhys. Re. Lett. 1992 68 (1), 75-78.

with the lower interfacial energy (or surface energy), resulting  (27) Geoghegan, M.; Krausch, €rog. Polym. Sci2003 28 (2), 261-302.
in microdomains that are oriented parallel to the substfat®. (28) Gay, C.Macromolecules1997, 30 (19), 5939-5943.

Surface parallel microstructures show two general forms. In 21&%?) Reiter, G.; Auroy, P.; Auvray, IMacromolectled 996 29 (6), 2150
“symmetric” systems, the same block resides at both the substrate (30) Shull, K. R.Faraday Discuss1994(98), 203-217.

and free surface, and the surface parallel ordering exhibits a neat,  (31) Yerushaimirozen, R Klein, J.; Fetters, | Stiencel 994 263 (5148),
A—B/B—A periodicity. “Antisymmetric” systems involve dif- (32) Wyart, F. B.: Martin, P.; Redon, Cangmuir1993 9 (12), 3682-3690.

ferent blocks at the free and substrate surface. In this case, a (33) Ferreira, P. G.; Ajdari, A.; Leibler, LMacromoleculesl998 31 (12),

_neri i ; ing 3994-4003.
half-period monolayer resides at the substrate, sothe film layering (34) Zisman, W. A. Relation of the equilibrium contact angle to liquid and

proceeds like B-A/A—B/B—A. If the substrate chemistry iS  solid construction. IrContact Angle, Wettability, and Adhesidfowkes, F. M.,

“neutral”,i.e., it has no preferential interaction with either block, Ed.; ACS Advancesin Chemistry Series; American Chemical Society: Washington,
; : f 23 DC, 1964; Vol. 43, pp +51.

the domains can orient normal to the substrate intefag¢¥: (35) Degennes, P. GRev. Mod. Phys1985 57 (3), 827-863.

(36) Reiter, G.; Sommer, J. BPhys. Re. Lett. 1998 80 (17), 3771+-3774.

(17) Smith, A. P.; Sehgal, A.; Douglas, J. F.; Karim, A.; Amis, BMacromol. (37) Hamley, I. W.; Hiscutt, E. L.; Yang, Y. W.; Booth, @. Colloid Interface
Rapid Commun2003 24 (1), 131-135. Sci. 1999 209 (1), 255-260.
(18) Fasolka, M. J.; Mayes, A. Minnu. Re. Mater. Res2001, 31, 323—355. (38) Limary, R.; Green, P. H.angmuir1999 15 (17), 56175622.
(19) Segalman, R. AMater. Sci. Eng., R005 48 (6), 191-226. (39) Reiter, G.; Sommer, J. W. Chem. Phys200Q 112 (9), 4376-4383.
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diblock. Green and co-workers provide one of the first and a) b)
subsequent reports of autophobic dewetting in pure diblock film  gypstrate
systems8441n these works, PS-b-PMMA films dewet from a Sample Film

half-period monolayer residing on an SiGurface, but only
when the diblock film was heated above its orddisorder
transition temperature. Because the bulk of the film is disordered
under these conditions, the phenomenon is qualitatively similar
to the case reported by Liu et al. and Hamley et al., who reported
autophobic dewetting in ABA triblock film&’ The common
theme inthese studies is that no variations in the surface chemistry
of the pinned layer are observed (or really even possible), so
entropy is necessarily the primary driving factor. As we discuss
below, our I1SO triblock copolymer films on a surface energy
gradient are different in this respect and thus may present a new
twist on autophobic dewetting behavior in block copolymer
systems. In addition, we observe autophobic dewetting upon
annealing at 120C, which is slightly below the polymer’s bulk
order—disorder transition temperature of 12@.13

Carbon

Il. Experimental Section

Materials. The poly(isoprends-styreneb-ethylene oxide) (ISO)
triblock copolymer examined in this study was synthesized by
sequential anionic polymerization at the University of Minnesota.
The polymer number average molar mass and volume fractions were
M, = 14 500 g/mol andp; = 0.27,fps = 0.56, andfpgo = 0.17,
respectively. Detailed synthesis and characterization data for the
ISO copolymer studied in this work can be found elsewhere (along
with details of the bulk morphology characterizati§A§.The bulk
morphology is an alternating gyroid, with an oreelisorder transition
temperature of 124C and a bulk domain spacing of 22 rifh.

T

Figure 2. Schematic illustration of the film removal technique used
to examine the bottom surface of the triblock thin films. (a) A thin
carbon buffer layer is sputter-coated on the polymer film. Then, a

Fabricatio.n of.Sub.strate Surface Energy Library. Surface 25 mass percent poly(acrylic acid) (PAA) in water solution is poured
energy gradient libraries were produced using previously reported on top of the carbon layer, and the PAA is dried at %D and

procedures? Silicon wafers (NCLOOL) Wafer World, Inc.J° were 5 o0r0yimately 50% relative humidity overnight. (b) The film is
rinsed with ethanol and conditioned for 40 min in a commercial emoved from the substrate using a razor blade under the edges of
ultraviolet ozone (UVO) cleaner (model 342-220, Jetlight Co., Inc.) the hardened PAA, leaving the SAM on the silicon substrate. The
prior to use. The wafers were then exposedioctyldimethyl- film with a PAA/carbon backing is then flipped over and placed on
chlorosilane (ODS, Gelest, Inc.) vapor bh toform a self-assembled a specimen mount for XPS and NEXAFS analysis.

monolayer (SAM) on the substrate surface. The modified surface

was thoroughly washed with toluene and dried. A custom-built |55 holymer solution in toluene was spread with knife blade fixed
motorized stage was employed to translate the coated substratey; 500,m above the substrate surface. Blade velocities were set to
beneath a UV wand lamp (184.9 and 253.7 nm) projected through achieyve film thicknesses of approximately 40 and 9 nm, where
a2mmwide slitaperture. The SAM was exposed to a UVO radiation inicknesses were measured by AFM scratch tests. Films were
gradient by acceleration under the slit; the distance between thegg mm in length-enough to cover the entire 30 mm surface energy
substrate and the wand lamp was set to 1 mm, and exposure timeﬂbrary.

were programmed using commercial software (Labview, National

" Films were annealed under vacuum in an oven at 42Gor
Instruments) to ramp from 0.1 to & s. Water and diiodomethane éntervals between 1 and 12 h. Ultimate annealing times were limited

due to potential degradation of the PI block. The oven was flushed
and back-filled with argon three times immediately after inserting
samples. Upon removal from the oven, specimens were immediately

measuring system and converted to surface energies by following
established procedurés* Water contact angles ranging from°90

to 10 (surface energies from 26 to 70 m3jrwere generated over

a 30 mm region on a single substrate. quencheq ona m?tal plat”e. . .

Film Specimen Preparation.Uniform thickness triblock films Analysis of the “bottom” surface of ISO films (i.e., next to the
were deposited on the ODS-modified substrate using the flow-coating substrate) was achieved by a film-peeling technique that exposed
technique, which is described in the literatéfé8 In short, this this |_nterface, as_lllustrated in Figure _2. This process, described in
method creates films by spreading a layer of polymer solution over detail elsewheré&involved (1) evaporating&10 nm layer of carbon
a substrate with a knife blade. Film thickness is determined by the Onto the polymer film, (2) pouring a 25 mass % poly(acrylic acid)
velocity of the knife blade, the polymer solution concentration, the (PAA) in water solution on top of the carbon layer, (3) drying the
gap between blade and the substrate, and the volume of solution?AA at 50°C and approximately 50% relative humidity, and (4)

deposited into this gap. For our specimensyB@f a 1.5% by mass removing the polymer film from the silicon/SAM substrate using
the PAA/carbon backing as a support. Peeled specimens were

(44) Arceo, A.; Green, P. F. Phys. Chem. B005 109 (15), 6958-6962. transferred to a sample mount (PAA side down) for surface chemical
(45) Julthongpiput, D.; Fasolka, M. J.; Zhang, W. H.; Nguyen, T.; Amis, ~analysis.
E. J.Nano Lett.2005 5 (8), 1535-1540. Optical and Atomic Force Microscopy. Optical micrographs

(46) Certain equipment and instruments or materials are identifed in the paper . . . : :
in order to adequately specify the experimental details. Such identification does Werg acqm.red with a Nikon Optiphot-2 compoun.d microscope
notimply recommendation by the National Institute of Standards and Technology, €quipped with a CCD camera (JAI CV-S3200). Tapping mode AFM
nor does it imply the materials are necessarily the best available for the purpose.measurements were performed using a Dimension 3100 microscope

(47) Stafford, C. M.; Roskov, K. E.; Epps, T. H.; Fasolka, MR&. Sci.
Instrum. 2006 77 (2), 023908.

(48) Meredith, J. C.; Smith, A. P.; Karim, A.; Amis, E. Mlacromolecules (49) Fasolka, MJ.; Harris, D. J.; Mayes, A. M.; Yoon, M.; Mochrie, S. G.
2000 33 (26), 97479756. J. Phys. Re. Lett. 1997 79 (16), 3018-3021.
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with a Nanoscope IV control unit (Digital Instruments, Inc.). Silicon
probes with a nominal spring constant of 40 N/m (NanoDevices,
Inc.) were used to image the polymer films.

X-ray Photoelectron SpectroscopyXPS measurements were
carried out using a Kratos Axis 165 spectrometer at a vacuum of
6 x 1071 Torr with non-monochromatic Mg & radiation. The
X-ray power was 144 W. Measurements were done in hybrid mode
using electrostatic and magnetic lenses, with a step size of 0.1 eV
and sweep time of 60 s. All spectra were recorded in the fixed
analyzer transmission (FAT) mode with a pass energy of 40 eV and

an average of 10 scans for each element analyzed. Binding energies

were calibrated with respect to C 1s at 284.6 eV. Data processing
was done using Vision processing software (Kratos). After subtraction
of a linear background, all spectra were fitted using 60% Gaussian/
40% Lorentzian peaks. The fitting parameters were peak position,
full width at half-maximum, intensity, and the Gaussian fraction.
Initial estimates for binding energy peak locations were based on
homopolymer spectra found in the literatd®eArgon ion etching
was conducted for 5 min at an initial argon chamber pressure of
1x 1077 Torr.

Near Edge X-ray Adsorption Fine Structure Spectroscopy.
Near edge X-ray absorption fine structure (NEXAFS) spectroscopy
measurements were conducted on the U7A (NIST) material
characterization beamline of the National Synchrotron Light Source
at Brookhaven National Laboratory. Spectra were collected with the
incident beam at the magic angle (59.7elative to the sample to
remove any polarization dependence of the NEXAFS intensities.
The NEXAFS spot size was approximately 1 Aiithe experimental
standard uncertainty in the peak position w&@.15 eV, and the
relative uncertainty in the NEXAFS intensity was less tHa2fb.

InaNEXAFS measurement, soft X-rays are preferentially absorbed

by the sample when the incident radiation is at the appropriate energy

to allow the excitation of a core shell electron of a specific atom
(C or O) to an unoccupied molecular orbital. Auger electrons or
photons are emitted when the excited core electron decays. By
application of a negative voltage entrance grid bias at the partial
electronyield detector, electrons of low kinetic energy can be rejected.
In this case, a detector bias6260 V was used to probe the electrons
emitted within 2 nm of the sample surface. A more detailed
description of NEXAFS spectroscopy can be found in the literéture.

NEXAFS spectra were fit to a linear combination of PI, PS, and
PEO homopolymer spectra acquired using the same detector bias
Fitting was performed using a constrained Levenbévigrquardt
nonlinear least-squares optimization. The homopolymer spectra wer
baseline (pre-edge) normalized to zero; the sum of the coefficients
was typically=~1, indicating similar photon extinction and electron
mean free path for both homopolymer and triblock copolymer
samples.

I1l. Results and Discussion

Figure 3 illustrates our library design and its relationship to
the macroscopic ISO film structure observed before and after
annealing. As shown in Figure 3a, the surface energy gradient
spans substrate water contact angtegs( from 90° to 1C°. A
reference region at the rightmost portion of the library retains
a Oys~ 90° because it was not subjected to UVO treatment.
Figure 3b shows an ISO film in the as-cast state. This optical

€A
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Figure 3. (a) Schematic illustration of the gradient substrate surface
energy library. The total length of the surface energy gradient is 30
mm. The dark blue area to the right of the dashed line depicts where
the substrate reverts#, s~ 90°; this region was used as a reference
to ensure library consistency. (b) Optical image of the as cast polymer
film. (c) Optical image of same polymer film followgn2 h of
annealing at 120C. Dewetting is observed fak, s < 70°. (d) (left)

FM phase micrograph showing featureless terraces, consistent with
a surface-parallel lamellar microstructure, observed across the
preannealed library and for annealed films whéygg > 70°. This
image was acquirefl, s~ 86° after 8 h ofannealing. (right) Optical
micrograph of dewetting film af,, s ~ 60° after 2 h annealing at
120°C.

lateral nanostructures in these terraces, which is suggestive of
a shift from the polymer’s bulk (alternating gyroid) form to a
surface parallel lamellar morphology in thin films, a result of
interfacial interactions that propagate orientations of polymer
domains parallel to the substrate surfatds Figure 3d (left
panel) demonstrates, the lamellar ordering persists for sdvgeral
periods, and for cases whefg,s > 70°, we observed this

image demonstrates that this 40 nm film is stable and continuousmorphmOgy in films annealed for up to 12 h. Because Pl is the
across_the library. To examine the prean_nealed film further, AF_M lowest surface energy species in the ISO system, it necessarily
analysis was conducted along the library at representative rasiges atthe free surface. This, in concertwith block connectivity,
locations. In each case, AFM topography micrographs revealedis consistent with surface parallel lamellae having an internal

terraced films with a uniform step heighitof ~ 16 nm, which o qering of -S—0/0—S—1I, as illustrated in Figure 5e and
is slightly compressed relative to the bulk spacing. AFM phase discussed in more detail later.

micrographs of similar regions consistently showed a lack of . o ) .
Figure 3c shows the film library aft@ h of annealing. This

opticalimage shows a stable (lamellar) film on more hydrophobic

(50) Beamson, G.; Briggs, [High Resolution XPS of Organic Polymers
John Wiley & Sons: New York, 1992.

(51) Jablonski, E. L.; Prabhu, V. M.; Sambasivan, S.; Lin, E. K.; Fischer,
D. A.; Goldfarb, D. L.; Angelopoulos, M.; Ito, Hl. Vac. Sci. Technol., BO03
21 (6), 3162-3165.

(52) Xu, T.; Hawker, C. J.; Russell, T. Macromolecule2005 38(7), 2802~
2805.
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Figure 4. (a) Optical micrograph of polymer film followim8 h of
annealing at 120C. The vertical line highlights the sharp transition
between film wetting and dewetting, foundgts~ 70°. (b) Optical
microscopy image of dewetted film@}, s~ 30° after 8 h ofannealing
at 120 °C. The dewetted structure is representative of film
morphologies observed féy, s < 70°. The droplet pattern indicates
“slippage” of the film, a key sign of autophobic wetting.

(higher 6,,5) substrates, and partial film dewetting when the
substrate is more hydrophilic (lowéy; 5, shown in greater detail

in Figure 3d (right panel). Afte8 h of annealing, this trend
persists, but film dewetting is apparently complete. Our observa-
tions indicate that dewetting does not occur until the sample is
annealed for ledasl h and appears to reach steady state after 3

Langmuir, Vol. 23, No. 6, 208359
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Figure 5. Film structures after short annealing times. (a) Optical
microscopy image a,, s = 52° after 1 h of annealing. The edges

of this patch of terraced film form tendrils that have pinched droplets,
indicative of slippage. (b) AFM topography micrograph at the edge
of the film patch shown in part a. (c) AFM scratch test in region
of film from part a. The red line indicates the location of a height
cross section across the scratch and surface in contact with the
dewetted droplets. The blue line indicates the location of a height
cross section across the scratch and film surface prior to dewetting.
(d) AFM cross section collected along the colored lines in part c.

h. As demonstrated in Figure 4a, the transition between the stableStep changes in height show transitions from surface of scratch to

film and the dewetted region is quite sharp and occut, gt

70°. Figure 4b shows a more detailed image of the dewetted ISO
film morphology in a region wher@,, s~ 30°. This micrograph
shows droplet polygons that have resulted from the formation,
growth, and impingement of holes as the film dew@dt%’;a
“snapshot” of this process aft2 h ofannealing is seen in Figure
3d (left panel). In addition, the dewetted film morphology exhibits
a distribution of droplets within the polygons. The radial
arrangement of these droplets is likely due to “slippage”
effects?8:37.5354which can result when a film dewets from a

surface of wetting layer (red line) and surface of polymer film (blue
line). (e) Cartoon of proposed film cross section. The structure of
the adsorbed monolayer is discussed in the text.

film patch) exhibits build-up of higher, multiple period terraces,
that narrow and then break off into droplets as the dewetting
progresses. This process is likely related to the slippage
phenomenon noted above. AFM topography micrographs along
the dewetting front (see Figure 5b) reveal that terraces are 16 nm
in height, and AFM phase images in this area (not shown) indicate
that terraces lack lateral nanostructuring, again indicative of a

compliant surface, e.g., an adsorbed polymer monolayer. Thissyrface parallel lamellar film microstructure. “Scratch” tests were

droplet structure is indicative of an autophobic dewetting process.
Similar late-stage droplet morphologies were observed for all
values offy s < 70°.

To examine the film morphology and dewetting process further,

used to resolve features of the film structure. For these tests, we
used a razor blade to remove a strip of film. Subsequent AFM
analysis of the edge of the scratch allows for determination of
local variations in the film thickness using the exposed substrate

we return our atten“on to Observations made at Shorter annealin%s areference. Scratch tests in the range of surface energy where

times when the film exhibits partial dewetting féy s < 70°.
Figure 5 shows optical microscopy and AFM data from films
after 1 h ofannealing in an area wheég, s ~ 52°. The optical

the film is stable § s > 70°) allow us to conclude that the bulk
of the film is supported by a monolayer that is approximately
Lo/2 thick and that the structure exhibits an antisymmetric

micrographin Figure 5a shows the coexistence between aterracegnorphology. For §.,s < 70°), a different scenario results, as

film and dewetted droplets at this level of annealing. This

shown in parts ¢ and d of Figure 5. In this case, the scratch runs

micrograph suggests that the dewetting front (at the edge of thethrough a patch of terraced film and an adjacent area exhibiting

(53) Ajdari, A.; Brochardwyart, F.; Degennes, P. G.; Leibler, L.; Viovy, J. L.;
Rubinstein, M.Physica A1994 204 (1—4), 17—-39.
(54) Reiter, G.; Khanna, RPhys. Re. Lett. 200Q 85 (13), 2753-2756.

droplets (Figure 5c, AFM micrograph). Film heights were
measured along the red (dewetted area) and blue (lamellar film)
lines. As demonstrated by the cross-section data in Figure 5d,
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and illustrated in Figure 5e, step heights along these lines indicate
that both the film and dewetted droplets rest on a surface adsorbed
monolayer that issLo/2 thick. This verifies that autophobic
dewetting is occurring. Similar observations were made across
the entire library wheré,,s < 70°. In addition, we note that
AFM phase micrographs of the exposed wetting layer do not
exhibit lateral structure.

To our knowledge, there are no previous reports of autophobic
dewetting in ABC triblock thin films; however, the fact that
autophobic dewetting is exhibited by an ABC system is not in
itself surprising. As demonstrated in our work and other
reportst>16.25 ABC films can exhibit adsorbed layers at the
substrate, and as observed with diblock fih&such monolayers
can create the entropic conditions necessary to drive autophobic
behavior. What makes our observations unique is the strong
dependence of the dewetting behavior on the substrate surface
energy, and the sharp transition between autophobic dewetting
and a stable film at a particular surface contact angle,d.gs,
~ 70°. If we apply the hypothesis of Sommer and Reté?for
the case of PEO homopolymers to our system, the behavior of
our ISO triblock could entirely be due to changes in the
conformational entropy of the monolayer induced by variations
in the substrate interaction. However, if this were the case, we
would find systematic changes in the thickness of the ISO
monolayer along our library, but these were not observed.
Moreover, measurements of the surface chemistry of the 20 60
monolayer suggest that a purely entropic explanation is not 8. . (°)
adequate for our ISO triblock, and thetthalpicnteractions can w.s
also play a significant role in the autophobic dewetting of this Figure 6. (a) XPS survey scan of polymer wetting layeats ~
system. We discuss this analysis in more detail next. 10 |f0|!0vggg_l_?]h fc_)lfaryneagl)ing a:hl'ZI?CF'Q X(;:’S Sam.F)'e'tO'det‘?Ct?r

- - angle is 90. The film is ~9 nm thick. Red curve is scan prior to

For surface chemical analysis of the absorbed monoI{iyer, Weetc%ing with argon ions. Blue curve is scan following 5pmin of
employed XPS and NEXAFS spectroscopy @ 9 nmthick etching with argon ions. (b) XPS data of film similar to that in part
(~Lo/2) 1SO film, which was deposited on a surface energy a displaying oxygen and carbon mass concentrations on the top
library identical to that illustrated in Figure 3a. The film was surface of the polymer wetting layer as a functionfgfs. XPS
annealed fo6 h at 120°C. Measurements of the free surface of sample-to-detector angle was °300xygen and carbon mass
the film (hereafter “top” surface) were conducted on films residing
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concentrations are indicated by blue and red points, respectively.
on the substrate. NEXAFS analysis of the substrate/monolayer
interface (hereafter “bottom surface”) was enabled by peeling
the film from the substrate, as described in the Experimental

Error bars represent 2 standard deviations.

to reside near the top surface as the substrate becomes more
hydrophobic. Mass conservation in the film implies the reverse

Section and Figure 2. trend on the bottom surface of the monolayer, which is PEO rich
Figure 6 displays XPS data from the top surface of the ISO at |ow 6,, s and has increasing levels of hydrocarbon segments
monolayer film library. Argon ion etching of the film allowed 35 the substrate becomes more hydrophobic.
us to determine the film composition near the bottom surface. NEXAFS spectroscopy (Figure 7) allows us to more directly
Figure 6a shows XPS survey scans of the film area wlgke  examine the chemistry of the bottom surface of the polymer
~ 10°. Binding energy peaks at 286, 533, and 744 eV were used etting layer and to resolve the relative concentrations of the
to determine relative concentrations of carbon, oxygen, and two hydrocarbon blocks (PS and PI). Differentiation of the PS
Silicon, reSpeCtiVely. Analysis of data acquired before etChing and Pl carbon b|nd|ng energy peaks is not possib|e using the
(red curve) indicates that the top surface of the adsorbed monolayeron-monochromatic XPS source, while NEXAFS spectroscopy
is rich in the hydrocarbon blocks, i.e., PS and/or PI. The O and permits differentiation of all three segment types in the 1SO
Si signals closely match SiCstoichiometry, so they can be  copolymer, as demonstrated by spectra obtained from individual
attributed to Si@contamination resulting from wafer sectioning.  homopolymer samples in Figure 7a. Intensities of the~1s*
After ion etching (blue curve) the oxygen signal cannot be peak at 285 eV are key to discriminating between the three
accommodated by SiOstoichiometry. Therefore, near the polymer blocks. Linear combinations of these homopolymer
substrate the wetting layer is rich in the PEO block. This spectra are used to determine the composition of heterogeneous
concentration profile is reasonable, since the PEO block is systems!like our ISO triblock. For example, Figure 7b displays
expected to segregate to the hydrophilic substrate in this regionthe measured spectra data and calculated fit for the bottom surface
while lower surface tension hydrocarbon blocks will segregate of the ISO monolayer afl, s = 79°. The excellent agreement
to the free surface. between these measured data and the fit is representative of the
Figure 6b summarizes C and O mass fractions at the top surfacNEXAFS analyses along the entire monolayer film library. Figure
as a function of), s along the library; these data were acquired 7c summarizes the molar compositions of PS and PEO segments
from an unetched film. A®,, s decreases, the C mass fraction as a function of), . As clearly demonstrated in this figure, the
increases and the O mass fraction decreases. This indicates thaholar fraction of PS at the bottom surface of the monolayer
the top surface is gradually enriched by hydrocarbon blocks asincreases as the substrate becomes more hydrophobic and varies
the substrate becomes hydrophilic, while PEO segments beginfrom 44%+ 2% at6f, s~ 10° to 79%+ 1% atf,, s ~ 88°. In
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Figure 7. (a) NEXAFS carbon K-edge spectra for PS, PIl, and PEO
homopolymer thin films. (b) NEXAFS carbon K-edge spectra for
the bottom surface of the ISO wetting layer&ts = 79° (blue

curve) and a composition fit curve (red curve). The fitted data allow
us to determine the molar composition of the film residing next to

the substrate. (c) NEXAFS data from the bottom surface of the ISO

monolayer showing PS and PEO composition as a functidh, gf
The film was annealed f® h at 120°C. The bottom surfaces were

exposed using the carbon evaporation/PAA method described in the

text. Error bars represent 1 standard deviation.

contrast, the molar fraction of PEO decrease8,asincreases,
varying from 35%+ 2% atfy s~ 10° to 14%=+ 1% atfy s~
88°.
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8,,¢ > 70°
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o lamellar motif

Figure 8. Cartoon of the ISO adsorbed monolayer composition
profile and interaction between the bulk film and this wetting layer
for water contact anglegeater thari70°. The bottom surface of the
monolayer is PSrich, as dictated by the relatively hydrophobic nature
of the substrate under this region of film. This leads to a top surface
rich in PI, providing a favorable interaction with a surface parallel
block copolymer microstructure.

8, < 70°

adsorbed
monolayer

next layer with
L, lamellar motif

monolayer

Figure 9. Cartoon of the ISO adsorbed monolayer composition
profile and interaction between the bulk film and the wetting layer
for water contact angleless than70°. The bottom surface of the
wetting layer is PEO rich, as dictated by the relatively hydrophilic
nature of the substrate under this region of film. This leads to a
PS-rich top surface, generating less favorable interaction with a
surface parallel block copolymer microstructure bounded by PI
“capping layers”.

8 and 9. Inherentto this understanding is the observed inclination
of our ISO triblock toward a surface parallel morphology in thin
films, which is shown schematically in Figures 5e and 8. Figure
8 illustrates the case for more hydrophobic substrate regions,
whereé,, s > 70°. 6, s~ 70° corresponds to a substrate surface
energy of approximately 40 mJA¥ which is close to the surface

Overall, the NEXAFS and XPS analyses demonstrate that the energy of PS (39 mJ/fn'’ Thus, the substrate interacts favorably
monolayer adjusts expression of the PI, PS, and PEO segmentsvith the PS block in the monolayer, forcing PS toward the
at both the top and bottom surfaces to accommodate substratesubstrate. Conservation of mass then requires the top surface of

interfacial interactions. Accordingly, in addition to possible

the monolayer to become enriched with PI segments, which is

changes in conformation entropy, the monolayer certainly an energetically favorable platform for the overlying surface
expresses measurable changes in its surface chemistry (and thysarallel film. Hence, the film is stable in this regime. As shown
surface energy), and we believe that this segmental expressiorin Figure 9, more hydrophilic substraté,¢ < 70°) preferentially

is essential to the autophobic dewetting behavior of this ISO attract PEO segments. This phenomenon results in a monolayer
system. In this sense, our understanding of the film behavior haswith a more PS-rich top surface, which is not as energetically
developed into two general cases, which are illustrated in Figuresfavorable for an overlying lamellar film that express the Pl block,
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as shown in Figure 9. Additionally, it is worth noting that the top of the monolayer is enriched with Pl, which forms an
annealing temperatures employed in this work (X2pare below energetically favorable platform for Pl-capped lamellae, so the
the polymer’s bulk orderdisorder transition temperature. Thus, film is stable. In contrast, as the substrate becomes more
enthalpic considerations still govern the film’s behavior, and the hydrophilic, the top of the monolayer becomes enriched with
unfavorable interaction between PS in the monolayer and Pl in PS, which is energetically unfavorable for lamellae, so dewetting
the overlying film drives dewetting. from the monolayer occurs. Previous treatments of autophobic
. dewetting in polymer melts have concentrated on systems in
IV. Conclusions which unfavorable entropic interactions between an absorbed
Our use of gradient combinatorial libraries allows us to very monolayer and the rest of the film are the dominant factor, and
systematically examine the effect of substrate surface energy onmost experimental work has focused exclusively on this effect.
the morphology and stability of a poly(isoprehestyreneb- The dominant role of enthalpic interactions in autophobic
ethylene oxide) triblock copolymer thin film. Our firstconclusion  dewetting of small molecules is well established, and previous
is that over the range of substrate surface energy we considere@gnsiderations of polymer autophobic dewetting have not
the polymer shifts from its bulk alternating gyroid morphology precluded enthalpic effects. However, our combinatorial mea-
to a surface parallel microstructurg in thir_1 film geometries. The gyrements of a triblock copolymer film provide direct evidence
observed lack of lateral features in the film suggests a surfaceha; ynfavorable enthalpic interfacial interactions can play a
parallel lamellar motif. The surface parallel ordering is anti- 4ominantrole in polymer autophobic wetting behavior. To our

symmetric, meaning in part that the film is supported by a half- nowledge, our observations represent the first experimental
period monolayer residing at the substrate surface. Our secon emonstration of this effect

conclusion is that the system undergoes a surface-energy-
dependent autophobic dewetting upon annealing. Films remain
stable on more hydrophobic substrates whiéyg > 70° but
undergo dewetting from the monolayer whéps < 70°. XPS

and NEXAFS measurements show that as the substrate change
from hydrophilic to hydrophobic, the bottom surface of the
monolayer gradually changes from a majority of PEO segments
to predominantly PS segments. As the amount and type of
segments pinned at the substrate change, the top surface of th
monolayer also changes in its chemical nature, and we believe
thatthisis the deciding factor between a stable film and autophobic
dewetting in our ISO system. Over hydrophobic substrates, the LA062707Q
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