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S
urface energy and surface chemis-
try play an important role in a num-
ber of chemical and biological

processes including adhesion,1,2

surface wettability,1,3,4 molecular
self-assembly,1,5�8 protein adsorption,1,9

and cell attachment, growth, and prolif-
eration.1 Understanding the role of sur-
face energy/chemistry in these processes
is therefore vital to engineering surface
coatings, fabricating templates from self-
assembling materials, and mimicking bio-
logical interfaces. Such applications re-
quire that a large parameter space of
surface energies and chemistries be ex-
plored, making combinatorial and/or
high-throughput approaches desirable.
Gradients in surface energy/chemistry
enable high-throughput studies because
a continuous range of surface energies/
chemistries can be explored on a single
surface, enabling faster screening and
discovery of materials and phenomena.
Additionally, surface energy/chemistry
gradients have been used to drive the
motion of water droplets on a surface,10

to probe polymerization kinetics,1 to di-
rect the movement of dendritic macro-
molecules on surfaces,11 and to study cell
migration.1

A number of methods exist for gener-
ating surface energy gradients, each hav-
ing benefits and drawbacks. As a result,
the method selected often depends on
the intended application.1 The most com-
mon chemistries employed in gradient
formation involve the attachment of or-
ganosilanes to silica or thiols to gold,
with silica being more commonly used
in applications requiring high thermal
stability and gold more commonly used
in biological applications. We briefly dis-
cuss some of the major work in this area

to illustrate the principles underlying sur-
face energy and surface chemistry gradi-
ent formation.

A single-component gradient typically
relies on the creation of a gradient in sur-
face coverage. For example, a hydrophobic
component can be deposited on a hydro-
philic substrate. Elwing et al. introduced a
liquid deposition technique to generate
such a gradient for protein adsorption stud-
ies.9 Chaudhury and Whitesides modified
this technique, using vapor deposition to
generate a gradient for driving the motion
of water droplets.10 Their method has since
been used by others to generate gradients
for controlling the motion of liquid drops on
surfaces12,13 and manipulating the grafting
densities of polymer brushes and
nanoparticles.1,14 Choi and Newby em-
ployed contact printing, which utilizes a di-
lute solution of the material to be printed
and an elastomeric stamp, to produce a
single-component gradient on a microme-
ter length scale.15 Kraus et al. expanded on
this idea, using mass transfer theory to
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ABSTRACT We utilize a vapor deposition setup and cross-diffusion of functionalized chlorosilanes under

dynamic vacuum to generate a nearly linear gradient in surface energy and composition on a silicon substrate.

The gradient can be tuned by manipulating chlorosilane reservoir sizes and positions, and the gradient profile is

independent of time as long as maximum coverage of the substrate is achieved. Our method is readily amenable

to the creation of gradients on other substrate surfaces, due to the use of vapor deposition, and with other

functionalities, due to our use of functionalized chlorosilanes. Our gradients were characterized using contact

angle measurements and X-ray photoelectron spectroscopy. From these measurements, we were able to correlate

composition, contact angle, and surface energy. We generated a nearly linear gradient with a range in mole

fraction of one component from 0.15 to 0.85 (34 to 40 mJ/m2 in surface energy) to demonstrate its utility in a

block copolymer thin film morphology study. Examination of the copolymer thin film surface morphology with

optical and atomic force microscopy revealed the expected morphological transitions across the gradient.

KEYWORDS: surface energy · surface chemistry · monolayer · gradient
morphology · block copolymer · thin film
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design stamps for generating gradients of different

shapes and steepness on longer length scales.16

To generate two-component gradients, these single-

component methods can be extended by backfilling

with a second component after the initial

deposition.16,17 Replacement lithography, in which mol-

ecules of an initial monolayer are desorbed from the

surface in a gradient fashion and the resulting empty

sites backfilled with a second component, has been

demonstrated with thiols on gold.1 Alternatively, a

single-component monolayer can be modified to intro-

duce additional functionality. Graded ultraviolet/ozone

(UVO) treatment of a hydrophobic monolayer has been

used to generate a gradient in hydrophilicity, with the

density of oxidized chain ends along the gradient being

proportional to the radiation exposure time.18 This tech-

nique has been used to study dewetting behavior of

thin polymer films,4 to examine the effect of surface en-

ergy on block copolymer phase behavior,5 and to intro-

duce alkyne functionalities suitable for “click chemis-

try” attachment of biologically relevant molecules.19

Hydrolysis and X-ray-induced chemical modification

have been used to produce chemical changes in mono-

layers on gold, but these techniques have not yet been

employed in a gradient fashion.20,21

Finally, a number of researchers have used polymer

or copolymer brushes to create surface energy gradi-

ents for block copolymer thin film studies. These gradi-

ents can be generated by grafting or synthesizing two

types of polymers on a surface in a gradient fashion or

by synthesizing statistical copolymers on the surface

with a gradient in composition.1 The latter method re-

quires manipulation of the monomer composition

above the substrate surface either by adding or by re-

moving a monomer during synthesis1 or by microfluidic

mixing of two monomers to generate a gradient in

monomer composition above the substrate prior to ini-

tiation.22 More recently, Elkasabi and Lahann used a

chemical vapor deposition polymerization in which

they cross-diffused monomers to the substrate surface

for reaction.23

Unfortunately, the above methods either provide

limited gradient tunability or involve complex pro-

cesses that are not easily adapted to new systems. The

liquid and vapor deposition techniques, as applied in

the literature, result in time-dependent and sigmoidal

gradient profiles that are not easily tuned.14 Further-

more, liquid deposition imposes an additional require-

ment of compatibility between the substrate and depo-

sition solvent. Contact printing affords gradient

tunability but requires understanding of mass transfer

to design suitable stamps and chemical compatibility

Figure 1. Device schematic. (a) Reservoirs and substrate are loaded into the Teflon insert. (b) Insert is loaded into the depo-
sition chamber. The deposition occurs under dynamic vacuum. Vacuum connections can be made at one or both sides of the
chamber. (c) Gap between the substrate and the insert cover is small compared to the length of the insert, as illustrated in
this cross-sectional view. (d) Schematic representation of setup used to generate the gradient discussed in this work.

TABLE 1. Static Contact Angle Measurements of Pure
Component Monolayersa

contact angle liquid benzyl silane monolayer methacryl silane monolayer

diiodomethane 40.9 � 0.5° 53.5 � 0.5°
ethylene glycol 52.3 � 0.8° 59.6 � 1.8°
water 78.4 � 1.1° 82.6 � 1.7°

aThe uncertainty represents one standard deviation of the data from repeated
measurements, which is taken as the experimental uncertainty of the
measurement.
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between the ink pad, the stamp, and the printing sur-

face. Replacement lithography is a time-consuming

process and, due to the desorption step, has been ap-

plied to thiol monolayers on gold but is not amenable

to surface reaction chemistries such as organosilanes on

silica. For many applications requiring processing at el-

evated temperatures (e.g., thermal annealing of poly-

mer films), thiol chemistry is undesirable because the

thiol molecules diffuse on the substrate surface24 or de-

sorb at relatively low temperature (�70 °C in air),25

and the fabricated gradient would be lost during pro-

cessing. The UVO treatment method enables formation

of linear gradients, but the oxidation process limits the

range of surface chemistries that can be created; some

functionalities (e.g., halogen, amine) could not be

formed by this process. Furthermore, these gradients

are susceptible to degradation, having a shelf life of

only a few days under atmospheric conditions or a few

weeks when stored in a cool, dark desiccator.26 Finally,
polymer brush approaches require an understanding of
polymer synthesis techniques and the associated com-
plex kinetic processes in order to achieve the desired
result.

In the present work, we present a controlled vapor
deposition method for the facile generation of two-
component gradients, overcoming some of the limita-
tions and difficulties associated with current methods.
We demonstrate the utility of this method by generat-
ing a linear gradient and using it to examine the phase
behavior of a cylinder-forming poly(styrene-b-methyl
methacrylate) (PS-b-PMMA) thin film, locating the ex-
pected morphological changes along the gradient.

RESULTS AND DISCUSSION
The gradients were created by vapor deposition of

functionalized chlorosilanes onto UVO-cleaned silicon
substrates under dynamic vacuum. The use of dynamic
vacuum establishes directional flow within the deposi-
tion chamber throughout the duration of the deposi-
tion process. Because we utilized vapor deposition, the
need for compatibility between the substrate and a
deposition solvent was eliminated, making the tech-
nique amenable to a variety of substrate surfaces, in-
cluding, potentially, polymer surfaces, which are often
incompatible with common organic deposition sol-
vents (e.g., toluene). The use of functionalized chlorosi-
lanes afforded tunability in surface chemistry, or surface
functionality, as well as surface energy range. For ex-
ample, gradients could be created with a relatively nar-
row surface energy range (�6 mJ/m2 in this work) for
high-resolution examination of morphology changes in
polymer films, or gradients with a larger surface en-

Figure 2. Peak-fitting of high-resolution XPS C 1s spectra for
(a) pure benzyl silane monolayer and (b) pure methacryl si-
lane monolayer. Insets in each figure show the structure of
the chlorosilane used to fabricate each monolayer.

Figure 3. Contact angle and surface energy characterization
of the gradient. Solid lines (O) indicate the data trend lines.
However, linear fits (not shown) to the diiodomethane con-
tact angle and surface energy data through the region of in-
terest also capture the trends well despite the slight curva-
ture in both sets of data. The error bars represent one
standard deviation of the data from repeated measure-
ments, which is taken as the experimental uncertainty of
the measurement.
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ergy range could be created for a broader survey, sim-

ply by changing the chlorosilane functionalities. Cross-

diffusion of the chlorosilanes resulted in a single-step

deposition process. Our device permits control of the

chlorosilane deposition profiles by manipulating chlo-

rosilane reservoir size and placement based on the rela-

tive vapor pressures of the components and the de-

sired gradient profile. We confined diffusion to a small

gap (�1.5 mm) above the substrate surface. The degree

of confinement also affects the chlorosilane deposition

profiles, making it another parameter that could be

used to tune the gradient profile. Additionally, the char-

acteristics of the gradient were independent of time as

long as maximum coverage of the surface was

achieved. The gradients were characterized with

static contact angle measurements and X-ray

photoelectron spectroscopy (XPS). We demonstrated

the utility of this device by generating a linear gradi-

ent and using it to examine the phase behavior of a
cylinder-forming PS-b-PMMA thin film. The orientation
of the block copolymer thin film morphology (parallel
or perpendicular relative to the substrate surface) is
known to depend on the substrate surface energy.2 We
located the expected morphological changes along
the gradient, thereby validating the utility of our gradi-
ents. Furthermore, our polymer-coated gradient behav-
ior is amenable to high-throughput thin film specimen
preparation techniques recently developed by Roskov
et al. and references therein.27

Device Used to Generate Gradient Monolayers. The device
used in gradient fabrication consists of a Teflon insert
and a vacuum chamber, as depicted schematically in Fig-
ure 1. The Teflon chlorosilane reservoirs and substrate
are loaded into the Teflon insert (Figure 1a), which is then
placed inside the vacuum chamber (Figure 1b). The in-
sert serves to confine vapor diffusion to a small gap (�1.5
mm) above the substrate surface (Figure 1c). The vacuum
chamber contains ports on either side such that vacuum
can be pulled from one or both ends, symmetrically or
asymmetrically (Figure 1b); the ports also could be used
to fill the chamber with an inert gas for deposition. The
gradient profile is most easily tuned by adjusting the size
and positions of the reservoirs. The specific setup used
to generate the linear gradient presented in this work
consisted of two 1/4== (6.35 mm) diameter reservoirs of
benzyldimethylchlorosilane (benzyl silane) and one 1/2==
(12.7 mm) diameter reservoir of 3-methacryloxypropyldi-
methylchlorosilane (methacryl silane), placed on either
side of the substrate, with the benzyl silane reservoirs
closest to the vacuum outlet (Figure 1d). These chlorosi-
lane functionalities were specifically chosen to mimic the
molecular structure of PS-b-PMMA, with the benzyl silane
being chemically similar to the PS block and the meth-
acryl silane similar to the PMMA block.

Pure Component Monolayer Characterization. Pure compo-
nent monolayers were generated with the same setup
described above, except that all reservoirs were filled
with a single component, either benzyl silane or meth-
acryl silane. The static contact angle characterization of
these monolayers with water, diiodomethane, and
ethylene glycol is given in Table 1. The two monolay-
ers were easily distinguished by diiodomethane and
ethylene glycol contact angles; however, the water con-
tact angles were too close in value to be useful for gra-
dient characterization. The surface energies calculated
from the diiodomethane and ethylene glycol contact
angles were 40.4 mJ/m2 for the benzyl silane and 33.9
mJ/m2 for the methacryl silane.

The pure component monolayers were further char-
acterized with XPS and were distinguishable by their
carbon 1s (C 1s) spectra, due to the carbon�oxygen
binding signal in the methacryl silane structure, as
shown in Figure 2. We fit the major components of
these spectra to generate the overall envelope of each
curve for later use in our gradient analysis. Survey spec-

Figure 4. (a) Curve fitting of a gradient point as a linear combi-
nation of the pure monolayer C 1s spectra. The mole fraction of
methacryl silane at this location was 0.54. (b) Composition char-
acterization of the complete gradient from XPS data with lin-
ear fit shown. Each data point represents a single measurement
along the gradient.
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tra and high-resolution oxygen 1s (O 1s) and silicon 2p
(Si 2p) spectra also were acquired; these spectra are pro-
vided in the Supporting Information (Figure S1). Only
the expected peaks from oxygen, carbon, and silicon
were located on the survey spectra. Both O 1s spectra
showed a single peak indicating that the carbon�

oxygen binding in the methacryl silane was not distin-
guishable from the silicon�oxygen binding in the na-
tive oxide layer of the silicon substrate. Likewise, the Si
2p spectra showed only the peaks for the oxide and
crystalline silicon.

Gradient Monolayer Characterization. The gradient was
initially characterized using static contact angle mea-
surements with diiodomethane and ethylene glycol as
probe fluids, and the corresponding surface energies

were calculated using a geometric mean combining

rule proposed by Owens and Wendt28 (details in Meth-

ods). These results are shown in Figure 3. A linear fit (not

shown) to the diiodomethane (DiIM) contact angle

data captures the trend well (r2 � 0.98), despite the

slight curvature in the data. The ethylene glycol (EtGly)

contact angle clearly has a nonlinear profile. However,

both sets of contact angle measurements indicate that

the gradient is primarily benzyl silane at the beginning

(position �0 cm, with diiodomethane and ethylene gly-

col contact angles close to 41 and 53°, respectively)

and primarily methacryl silane at the end (position �6

cm, with diiodomethane and ethylene glycol contact

angles close to 53 and 61°, respectively). The surface en-

ergy decreases nearly linearly across the substrate from

the benzyl silane end to the methacryl silane end, as ex-

pected since PS has a slightly higher surface energy

(�43 mJ/m2) than PMMA (�41 mJ/m2).29

The composition of the gradient also was character-

ized with XPS. Multiple locations along the gradient

were sampled, and the C 1s spectrum from each loca-

tion was fit as a linear combination of the pure benzyl

silane and pure methacryl silane monolayer spectra, as

shown in Figure 4a. The composition at each location

was estimated from the relative contributions of each

curve to the overall fit. All gradient C 1s spectra, fits, and

associated errors are provided in the Supporting Infor-

mation (Figure S2). Figure 4b shows the change in com-

position, given by mole fraction of methacryl silane,

across the gradient. In agreement with contact angle

measurements, the gradient is primarily benzyl silane

at the beginning and methacryl silane at the end, with

the composition changing linearly in between those

two locations. The positions of the data points were

shifted �4.4 mm to account for differences in setting

of the “zero” positions during XPS and contact angle

data collection. The first XPS data point was excluded

in fitting the linear trend line because it was outside the

range of positions for which contact angle data were

collected.

Thus, the contact angle/surface energy and XPS/

composition characterization of the substrate surface

indicate that the gradient generated with our con-

trolled vapor deposition method is linear. If we exam-

ine the sigmoidal profile observed in the implementa-

tion of traditional diffusion-based gradient methods,

we note that the middle portion of this profile is nearly

linear. We believe that the geometric constraints and

dynamic vacuum applied in our method result in di-

rected deposition that enables us to capture the linear

portion of the traditional concentration profile. Addi-

tionally, we can adjust the geometry (e.g., reservoir sizes

and positions) to manipulate the steepness of the lin-

ear profile and produce a gradient that is primarily ben-

zyl silane at one end of the substrate and methacryl si-

lane at the other end.

Figure 5. (a) Correlation between surface energy and com-
position. (b) Comparison of composition determined from
diiodomethane contact angle with composition determined
by XPS for each data point along the gradient. The compari-
son follows the expected y � x trend line, validating the
use of diiodomethane contact angle as an estimator of com-
position for the two-component system studied.
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With these results, we correlate surface energy with

composition and find the nearly linear (r2 � 0.98) rela-

tionship shown in Figure 5a. This correlation enables us

to target desirable surface energies by manipulating

monolayer composition or, conversely, to deduce the

surface energy for a targeted monolayer composition.

Furthermore, as both diiodomethane contact angle

and composition are nearly linear functions of position

(Figure 3 and Figure 4b), composition can be inferred

from contact angle measurements by interpolating be-

tween the pure component monolayer values accord-

ing to the following equation: xm � (� � �b)/(�m � �b),

where xm is the mole fraction of methacryl silane, � is

the diiodomethane contact angle at a gradient point or

of a mixed monolayer, and �b and �m are the contact

angles of the pure benzyl silane and pure methacryl si-

lane monolayers, respectively. The compositions calcu-

lated from diiodomethane contact angles using the

Figure 6. Optical and atomic force microscopy of PS-b-PMMA films on silicon (a�d), benzyl silane monolayer (e�h), and
methacryl silane monolayer (i�l). Optical micrographs (a,e,i) show island/hole features. AFM height images (b,f,j) and corre-
sponding sections (c,g,k) show that the difference between the high and low regions is �24 nm, or 1 � L0, confirming that
these are island/hole structures. AFM phase images (d,h,l) reveal parallel microstructure on all of these films. The di-
iodomethane (DiIM), ethylene glycol (EtGly) and water contact angles, and the surface energy (�s) of each surface are pro-
vided for reference.
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above equation correlate well with the compositions

determined experimentally from XPS, following the ex-

pected y � x trend line with an r2 � 0.99 (Figure 5b).

Thus, we validate the use of diiodomethane contact

angle as an estimator of composition for this two-

component system.

Block Copolymer Thin Film Study. Uniform thickness thin

films of a cylinder-forming PS-b-PMMA block copolymer

were flow coated on the fabricated pure component and

gradient monolayer substrates. The thickness of all films

was �70 nm, as measured by interferometry (�2.9 � L0,

where L0 is the bulk domain spacing). Films were an-

nealed under vacuum at 170 °C for 24 h and then im-

aged with optical and atomic force microscopy (AFM).

On UVO-cleaned silicon with native oxide, we ob-

serve island/hole formation, indicative of parallel struc-

tures. Island/hole formation is identified by optical mi-

croscopy (Figure 6a) and verified by AFM height

imaging and sections (Figure 6b,c). The parallel micro-

structure is clear from AFM phase imaging (Figure 6d).

Since the native oxide is preferential for the PMMA

block, the island/hole formation and parallel micro-

structure are expected.

On the pure monolayer samples, we also observe is-

land/hole formation and parallel microstructures (Fig-

ure 6e�h and i�l). These structures are expected be-

cause the benzyl silane should be preferential for the PS

block and the methacryl silane should be preferential

for the PMMA block.

We examined three points along the gradient

sample and found that a wide range of monolayer com-

positions produced a relatively neutral surface, as indi-

cated by a transition from island/hole structures to fea-

tureless film in the optical micrographs and

Figure 7. Optical and atomic force microscopy of PS-b-PMMA film on gradient monolayer taken at positions 1.5 cm (a,b), 3
cm (c,d), and 5 cm (e,f) from the benzyl silane end of the gradient. Optical micrographs (a,c,e) show a lack of island/hole fea-
tures across the majority of the film, until position �5 cm. AFM phase images reveal perpendicular and parallel microstruc-
ture orientations corresponding to the lack of, or presence of, islands/holes, respectively. The composition (xm), the di-
iodomethane (DiIm) and ethylene glycol (EtGly) contact angles, and the surface energy (�s) at each position are provided
for reference.
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perpendicularly oriented microstructures observed in

the AFM phase images. At a position 1.5 cm from the

benzyl silane end of the gradient (xm � 0.24, �s � 39.2

mJ/m2), we observed some areas containing island/hole

structures but also far more featureless regions (Figure

7a). AFM phase imaging shows that the microstructure

is primarily oriented perpendicular to the substrate (Fig-

ure 7b). At a position 3 cm from the benzyl silane end

of the gradient (xm � 0.50, �s � 37.2 mJ/m2), the opti-

cal micrograph shows very few island/hole features

(Figure 7c) and AFM phase imaging reveals perpendicu-

lar structure (Figure 7d). At a position 5 cm from the

benzyl silane end of the gradient (xm � 0.83, �s � 34.5

mJ/m2), the density of island/hole features increases in

the optical micrograph (Figure 7e) and AFM phase im-

aging indicates a mix of regions with perpendicular

microstructure and regions that appear to be transition-

ing from perpendicular to parallel microstructure

(Figure 7f).

Having established the utility of this surface en-

ergy/chemistry gradient to produce the expected

morphological changes in a cylinder-forming PS-b-

PMMA thin film, our method can be readily applied

to mapping the phase behavior of PS-b-PMMA block

copolymers of differing molecular weights, composi-

tions, and morphologies and to generating gradi-

ents with different chemical functionalities to inves-

tigate the thin film phase behavior of other block

copolymer systems.

CONCLUSIONS
We have presented a single-step, vapor deposi-

tion method for generating two-component gradi-
ents with linear surface energy and composition pro-
files. For the given two-component system, the
gradient profiles were easily tuned by manipulating
reservoir size and position. Additionally, the charac-
teristics of the gradient were independent of time as
long as maximum coverage of the surface was
achieved. We created a gradient with chemical func-
tionalities that mimic the structures of PS and PMMA
and demonstrated the utility of the fabricated gradi-
ent in a PS-b-PMMA thin film morphology study in
which we identified the expected morphological
changes across the gradient.

By changing the functionalities of the chlorosi-
lane materials used, our controlled vapor deposi-
tion method can be used to create gradient surfaces
with a wide range of surface chemistries and sur-
face energies. Given the versatility and facile imple-
mentation of our method, we envision numerous ap-
plications including the investigation of surface
energy/chemistry effects on block copolymer thin
film self-assembly, both for PS-b-PMMA and for other
copolymer systems, studies of wettability and adhe-
sion, and deposition of chemically reactive moieties
that enable additional surface chemistry/functional-
ization. We anticipate the use of our gradient
method for the development of nanotechnologies
in the chemical, physical, and biological sciences.

METHODS
Materials. Benzyldimethylchlorosilane (CAS 1833-31-4) [ben-

zyl silane] and 3-methacryloxypropyldimethylchlorosilane (CAS
24636-31-5) [methacryl silane] were obtained from Gelest, Inc.
and used as received.30 Toluene was argon-purged and further
purified by passage through a neutral alumina column and a Q5
catalyst column before use. Silicon wafers (N�100	, Wafer World,
Inc.) were rinsed with toluene, placed in a UVO cleaner (model
342, Jelight Co., Inc.) for 1 h, then re-rinsed with toluene prior to
use. Deionized (DI) water for contact angle measurements was
purified with a Milli-Q reagent water purification system. Di-
iodomethane (99
%, stabilized, Acros Organics) was used as re-
ceived. Ethylene glycol (99.5%, analysis grade, Acros Organics)
was dried by vacuum distillation over sodium hydroxide (certi-
fied ACS grade, Fisher Scientific) and stored on molecular sieves
(Type 4A, 8-12 mesh beads, grade S14, Fisher Scientific) in a des-
iccator under vacuum. Poly(styrene-b-methyl methacrylate) (PS-
b-PMMA) was obtained from Polymer Source, Inc. and had a
number average relative molecular mass of Mn � 47 700 g/mol
(Mw/Mn � 1.04) and a PS volume fraction of fPS � 0.77 (calculated
using homopolymer densities at 140 °C).31 The bulk morphol-
ogy was hexagonally packed cylinders with a domain spacing
of 24 nm as characterized by small-angle X-ray scattering and
transmission electron microscopy.

Contact Angle. Water, diiodomethane, and ethylene glycol
static contact angles were measured using a First Ten Ång-
stroms (FTÅ) 125 contact angle measuring system. Liquid drops
(2 �L) were dispensed and placed on the surface with a Distri-
man pipet. Angle analysis was performed using FTÅ software
and the drop shape method applied after the drop shape had
stopped changing (0.1 s for water, 0.3 s for diiodomethane, and

0.8 s for ethylene glycol). Thus, equilibrium contact angles were
obtained for use in surface energy calculations. Reported contact
angles were averaged over multiple spots from multiple
samples; error bars represent one standard deviation of the
data from repeated measurements, which is taken as the experi-
mental uncertainty of the measurement.

Surface energies were calculated using the Owens�Wendt
method,28 an extension of the Good�Girifalco geometric mean
approximation method.32 Using the combining rule supplied by
this method, the following set of equations was solved simulta-
neously:

(1 + cos(θ))γL,DiIM ) 2(√γS
DγL,DiIM

D + √γS
PγL,DiIM

P)

(1 + cos(θ))γL,EtGly ) 2(√γS
DγL,EtGly

D + √γS
PγL,EtGly

P)

where �L is the liquid surface tension, with dispersive
components �L

D and polar components �L
P, for diiodomethane

(DiIM) or ethylene glycol (EtGly), and �S is the surface energy,
with dispersive component �S

D and polar component �S
P. The

liquid surface tensions (mN/m) used in these calculations were
�L,DiIM � 50.8, �L,DiIM

D � 50.8, �L,DiIM
P � 0, �L,EtGly � 48.0, �L,EtGly

D �
29.0, �L,EtGly

P � 19.0.
X-ray Photoelectron Spectroscopy (XPS). XPS measurements were

carried out at the National Institute of Standards and Technol-
ogy on a Kratos AXIS Ultra DLD spectrometer at a vacuum of 8
� 10�9 Torr with a monochromatic Al source and power of 140
W. Survey spectra were collected over a binding energy range
from 1100 to 0 eV with a step size of 0.5 eV using a pass energy
of 160 eV and a 100 ms dwell time. High-resolution scans (O 1s, C
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1s, and Si 2p) were collected using a step size of 0.1 eV and a
pass energy of 20 eV. Sweep times and number of sweeps were
60 s � 3 sweeps (O 1s), 120 s � 10 sweeps (C 1s), and 60 s � 3
sweeps (Si 2p). A charge neutralizer was operated at a filament
current of 1 A and a charge balance of 1.5 V to prevent sample
charging. We sampled four points on each pure component
monolayer and 13 points along the gradient monolayer. Bind-
ing energies were calibrated with respect to C 1s at 285.0 eV. Af-
ter subtraction of a Shirley baseline, all spectra were fitted us-
ing 70% Gaussian/30% Lorentzian peaks. The fitting parameters
were peak position, full width at half-maximum, and intensity.
Initial estimates for binding energy peak locations were based
on homopolymer spectra found in the literature.33 The four C 1s
curve fits for each of the pure component monolayers were av-
eraged to generate the final pure component monolayer curves
used to fit gradient monolayer spectra. The gradient C 1s spectra
were fit as linear combinations of the pure component mono-
layer curves; the error associated with each fit was calculated by

∫ (y - ŷ)dx

∫ ydx

where y � ŷ is the residual and y is the intensity at each binding
energy, x.

Polymer Film Preparation. Uniform thickness PS-b-PMMA films
were cast on the modified substrates by flow coating34 from a 3
mass % solution of polymer dissolved in toluene. Our films were
flow coated with 50 �L of solution, a gap height of 200 �m,
and a velocity of 11 mm/s to achieve a desired film thickness of
�70 nm. Film thickness measurements were obtained using a
Filmetrics F20-UV interferometer operated in reflectance mode.
The films were dried under vacuum by slowly increasing the tem-
perature up to 80 °C and holding at 80 °C for 15 h prior to high-
temperature annealing at 170 °C for 24 h.

Optical and Atomic Force Microscopy (AFM). Optical microscopy im-
ages were collected on a microscope equipped with a CCD cam-
era at 50� magnification. Tapping mode AFM images were col-
lected using a Veeco Dimension 3100 atomic force microscope
with a Nanoscope IV control unit. Silicon probes (Nanosensors)
with a resonant frequency between 146 and 236 kHz and a force
constant between 21 and 98 N/m were used to image the poly-
mer films.
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