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5.1 INTRODUCTION

Combinatorial methods (CM) and high-throughput measurements of relevant
chemical and physical properties, when combined with the informatics approaches
of data mining and automated analysis, allow for efficient development of struc-
ture—processing—property relationships. The benefits include efficient characteriza-
tion of novel regimes of thermodynamic and kinetic behavior (knowledge discov-
ery) and accelerated development of functional materials (materials synthesis and
discovery). Although historically applied to pharmaceutical research, there is in-
creasing interest in applying CM to materials science, as indicated by recent reports
of combinatorial methodologies for a wide range of organic/polymeric materials
[1-17].

Interface directed phase segregation and phase-separated microstructure are im-
portant properties of thin (1 to 1000 nm) polymer blend films. A precise under-
standing of phase separation phenomena in confined or reduced dimensions is cru-
cial for the preparation of nanometer scale functional materials from
multicomponent polymer blends. However, phase behavior in thin films is inherent-
ly complex due to its dependence on a large number of parameters, including mole-
cular mass, polymer-polymer and polymer-surface interactions, temperature (7),
composition (&), and film thickness (&) [1-3,18-25]. In addition, these multiple
variables interact in a complex fashion by phenomena that include surface segrega-
tion of one blend component, shift of the phase boundary with film thickness
[18,21], substrate interactions, film viscosity increases or decreases relative to the
bulk [4,5], and coupling between phase separation and surface deformation modes
[23]. A simple estimate of possible variable combinations based on realistic ranges
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of temperature (15°C < 7 < 180°C, AT = 2°C), mass fraction (0 < ¢ < 1, Adb =
0.01), and thickness (1 nm < i < 1000 nm, Ak = 15 nm) yields nearly 1.5 million
unique 7-&-h data points for a single polymer blend pair. The additional depen-
dence on time, variations in molecular mass and chemistry, copolymerization, and
extension to multicomponent mixtures causes the magnitude of unexplored variable
space to become overwhelming. Faced with the large number of variable combina-
tions and interactive phenomena, unraveling the 7-¢—/ dependence of the Kinetics
and thermodynamics of thin-film phase behavior is indeed a challenging task using
the conventional one-sample for one-measurement approach.

Early efforts in combinatorial materials science used sputtering methods to pre-
pare composition-gradient libraries for measuring the phase behavior of ternary
metal alloys [25] and other inorganic materials [26]. However, limitations in com-
putational capability and robotics for instrument automation have severely limited
the benefits of combinatorial materials characterization until recently [10-17,25].
The primary limitation to characterizing polymer thin films with combinatorial
methods has been a shortage of techniques for preparing libraries with systematical-
ly varied composition &, thickness A, and processing conditions, e.g., 7. In a previ-
ous study, we reported a 7-gradient heating stage and a velocity-gradient coating
procedure that was used to prepare T-h gradient film libraries to investigate dewet-
ting and block copolymer segregation in nanoscale polymer films [7-9]. Here, we
apply the gradient technique to investigate the thickness dependence of binary poly-
mer-blends phase separation in nanoscale thin films.

We briefly review recent advances in applying CM to library design and charac-
terization of polymer-blends phase behavior and characterization. We present appli-
cations of several novel CM developed by the authors for the preparation of 7. &, &,
and surface energy (y,,) continuous polymer film libraries. We focus in particular
on the novel library preparation and high throughput screening steps, since these
have been the principal limiting factors in CM development for polymers. The use
of continuous-gradient libraries in the measurement of fundamental properties is
described for polymer-blends phase behavior.

5.2 PREPARATION OF POLYMER THIN-FILM LIBRARIES

5.2.1 Overview

In investigations of polymer films and coatings libraries with variations in &, A, T,
and, v.,. we have found that the deposition of films with continuous gradients of
these properties is a convenient and practical alternative to the deposition of li-
braries containing discrete regimes. However, this experimental design has the as-
sociated caveat that the scale of the continuous gradients in these libraries should
accommodate point measurements and prevent cross talk between the measurement
elements. Of course. the introduction of chemical, thickness, and thermal gradients
drives nonequilibrium transport processes that will eliminate the gradients over
very long periods of time. The timescale and lengthscale over which gradient li-
brary measurements are valid are determined in part by the magnitude of these
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Polymer Solution

Figure 5.1 Schematic of the combinatorial experimental method for preparation of thick-
ness gradients. The substrate is accelerated across the knife-edge, creating a gradient in film
thickness.

transport fluxes. In most cases high molecular mass' (M,, > 10000 g/mol) polymers
have relatively low transport coefficients, e.g., diffusivity, and high viscosity. Thus
the mass transport, flow length, and time scales are often several orders of magni-
tude less than those of the measurements, allowing properties to be measured near
equilibrium.

5.2.2 Thickness-Gradient Libraries

A velocity-gradient knife-edge flow coater [14—-17], depicted in Figure 5.1, was de-
veloped to prepare coatings and thin films with a continuous thickness gradient. A
50 L drop of polymer solution (mass fraction 2% to 5%) was placed under a knife-
edge with a 2.5-cm-wide stainless-steel blade, positioned at a height of 300 pum and
at a 5° angle with respect to the substrate. A computer-controlled motion stage
(Parker Daedal) moves the substrate under the knife-edge at a constant acceleration,
usually 0.5 to 1 mm/s?. This causes the stage velocity to gradually increase from
zero to a maximum value of 5 to 10 mm/s. The increasing substrate velocity results
in a progressive increase in the residual fluid volume passing under the knife edge
(inertial effect) giving films with controllable thickness gradients. Figure 5.2 shows
an h-gradient obtained immediately after flow coating for polystyrene (PS) as a
function of solute concentration on a 4-inch Si substrate. The immediately evident
variation in shade shows the systematic variation of film thickness from approxi-
mately 20 nm to 100 nm across the substrate. Thin film thickness-dependent phe-
nomena can be investigated from nanometers to micrometers employing several /-
gradient films with overlapping gradient ranges. The relatively weak thickness and
temperature gradients do not induce appreciable flow in the polymer film over the
experimental timescale. [14,15] A unidirectional Navier—Stokes model for flow
over a flat plate estimates lateral flow at a characteristic velocity of 1 pm/h at 7'=
135°C, in response to gravitational action on the thickness gradient [27]. This small
flow is several orders of magnitude slower than the flow induced by the physical
phenomena that these libraries are designed to investigate, such as dewetting [15]

!According to ISO 31-8, the term “molecular weight™ has been replaced by “relative molecular mass,”
symbol Mr. The conventional notation, rather than the [SO notation, has been employed for this publica-
tion.
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Figure 5.2 (a) A gradient thickness film on a 4-inch Si substrate immediately after flow
coating. The knife-edge and the translation stage are shown. The variation in color of the film
corresponds to thickness changes from 20 nm to 100 nm, approximately. (b) Thickness, &
(nm) vs. x position on substrate (mm), for various h-gradient film libraries composed of poly-
styrene (M,, = 1800 g/mol) on Si as a function of mass fraction PS in the toluene coating so-
lution. Standard uncertainty in thickness is +£3 nm. (Courtesy of the National Institute of
Standards and Technology, Gaithersburg, MD.)

and phase separation [14]. To check for flow, we examined thickness-gradient li-
braries before and after annealing at T > T, as shown in Figure 5.3 for a PS film
(M, = 1800) on Si/SiO,. The difference of thickness gradients across the 2-cm * 3-
cm library area before and after annealing was within a standard uncertainty of £1.5
nm [15].

5.2.3 Composition-Gradient Libraries

Three steps are involved in preparing composition gradient films: gradient mixing
(Figure 5.4a), gradient deposition (Figure 5.4b), and film spreading (Figure 5.4c).
Gradient mixing utilizes two syringe pumps (Harvard PHD2000)* that introduce
and withdraw polymer solutions (of mass fraction x; = xz = 0.05 to 0.10) to and
from a small mixing vial at rates / and W, respectively. Pump W was used to load
the vial with an initial mass M, of solution B (M, = 1 g). The infusion and with-
drawal syringe pumps were started simultaneously under vigorous stirring of the
vial solution, and a third syringe, S, was used to manually extract = 50 L of solu-
tion from the vial into the syringe needle at the rate of S = (30 to 50) pL/min. At the
end of the sampling process, the sample syringe contained a solution of polymers 4
and B with a gradient in composition, Vx ,, along the length of the syringe needle.

*Certain equipment and instruments or materials are identified in the chapter in order to adequately spec-
ify the experimental details. Such identification does not imply recommendation by the National Insti-
tute of Standards and Technology, nor does it imply the materials are necessarily the best available for
the purpose.
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Figure 5.3 Thickness gradients for PS (M, = 1800) on Si/SiO, before and after heating at
135°C for 2 h. There is no observable change in the gradient due to flow during annealing.

The relative rates of / and J were used to control the steepness of the composition
gradient, e.g., dx,/dr. The sample time, t,, determines the endpoint composition of
the gradient. The gradient produced by a particular combination of /, W, S, M, and
t, values was modeled by a mass balance of the transient mixing process, given
elsewhere [21]. This balance predicts that the composition gradient will be linear
only if / = (W + §)/2, a prediction supported by Fourier transform infrared (FTIR)
measurements of composition. An 18-gauge needle long enough to contain the sam-
ple volume ensured that the gradient solution did not enter the syringe itself. This
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Figure 5.4 Schematic of the composition-gradient deposition process involving (a) gradi-
ent mixing, (b) deposition of stripe, and (c¢) film spreading. (Figure courtesy of the National
Institute of Standards and Technology, Gaithersburg, MD.)
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prevented turbulent mixing that might occur upon expansion of the solution from
the needle into the larger-diameter syringe.

Under the influence of the gradient in the syringe needle, Vx,, molecular diffu-
sion will homogenize the composition. However, the timescale for molecular diffu-
sion is many orders of magnitude larger than the sampling time. For example, con-
sider gradient solutions of PS (M,, = 96.4 kg/mol, M, /M, = 1.01, Tosoh Inc.) and
poly(vinylmethyl ether) (PVME) (M,, = 119 kg/mol, M, /M, = 2.5) in toluene, a sys-
tem used to characterize the ¢-gradient-deposition procedure [14,28]. For a typical
b-gradient with Ad = 0.025 mm™', dbps and dpyye change negligibly by 0.004%
and 0.001% in the 5 min required for film deposition.? Fluid flow in the sample sy-
ringe remains in the laminar regime, preventing turbulence and convective mixing,
as discussed elsewhere [14].

The next library preparation step (Figure 5.4b) is to deposit the gradient solution
from the sample syringe as a thin stripe, usually 1 to 2 mm wide, on the substrate.
This gradient stripe was then spread as a film (Figure 5.4c) orthogonal to the com-
position gradient using the knife-edge coater described earlier. After a few seconds
most of the solvent evaporated, leaving behind a thin film with a gradient of poly-
mer composition. The remaining solvent was removed under vacuum during an-
nealing, described in the next section (7-gradient annealing). Because polymer melt
diffusion coefficients, D, are typically of order 107'> cm?/s, diffusion in the cast
film can be neglected if the lengthscale resolved in measurements is significantly
larger than the diffusion length, V/Dt. Composition-gradient films of blends of
PS/PVME [21] and poly(p,L-lactide) (PDLA; Alkermes, Medisorb 100DL; M, =
127,000 g/mol, M, /M, = 1.56)/poly(e-caprolactone) (PCL, Aldrich, M,, = 114,000
g/mol, M,/M, = 1.43) [29] were used to test the &-gradient procedure. The compo-
sition variation was typically verified by FTIR spectra measured with a Nicolet
Magna 550 and were averaged 128 times at 4 cm™! resolution. The beam diameter,
500 pm (approximate), was significantly larger than the diffusion length of 3 pm
(approximate) for the experimental timescale. Films 0.3 to | pm thick were coated
on a sapphire substrate and a translation stage was used to obtain spectra at various
positions on the continuous d-gradient. Figure 5.5a shows typical FTIR spectra for
a d-gradient film of PS/PVME. As position is scanned along the film, a monotonic
increase in PVME absorbances, and a corresponding decrease in PS absorbances, is
observed. For the PS/PVME blend, compositions were measured based upon a di-
rect calibration of the = 2820 cm ! peak using known mixtures, yielding £(2820
em ') = 226 + 3 A/he, where A = absorbance for this peak, /4 is the film thickness
measured in micrometers, and ¢ is the molar density of PVME in moles per liter.
For PDLA/PCL system, &(v) values for pure PDLA and PCL were determined over
the C—H stretch regime of (2700 to 3100) cm™!, based upon &,(v) = A(v)/(ch).
where A, is the absorbance for each peak. Unknown PDLA/PCL mass fractions

*The diffusive flow rate of PS and PVME were calculated as J = Lwr>D,p(dd,/dx) ..., where p is the so-
lution density, » = 2.3 mm is the syringe diameter, and L = 4.2 mm is the length of the fluid column in the
syringe. We estimate Ady, as (J1)/(x, L7rp), where x, = 0.08 is the total polymer mass fraction in solu-
tion.
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Figure 5.5 (a) FTIR spectra at various positions x (mm) along a ¢-gradient PS/PVME li-
brary, as described in the text. PS absorptions decrease and PVME absorptions increase, mo-
notonically. as one samples spectra across the film. (b) Mass fractions dpyy and dpey vs.
position, x (mm), for typical PCL/PDLA and PS/PVME d&-gradient libraries. Composition of
PS/PVME blends is calculated by calibration of the » = 2820 cm ' PVME absorption. Coat-
ing parameters were: PS/PVME (/ = 0.51 mL/min, W = 1.0 mL/min, § = 20 pL/min, M, =
1.57 mL, sample time = 94 s) and PDLA/PCL (I = 0.76 mL/min, W = 1.5 mL/min, S = 26
pL/min, M, = 1.5 mL, sample time = 95 s) Unless otherwise indicated by error bars, standard
uncertainty is represented by the symbol size. (Figure 5.5b courtesy of the National Institute
of Standards and Technology, Gaithersburg, MD.)

were determined to within a standard uncertainty of 4% by assuming the observed
spectra were linear combinations of pure PDLA and PCL spectra, e.g.. 4, =
h(oeppp acppra T (1 — a)epercper) and o is related to the mass fraction PDLA. Fig-
ure 5.5b shows typical composition gradients for PDLA/PCL blends coated from
CHCl; and PS/PVME blends coated from toluene. Essentially linear gradients were
obtained and the endpoints and slope agree with those predicted from mass balance
[14]. It is possible to create gradient films with wider composition ranges than those
shown in Figure 5.5, by sampling the mixing vial, Figure 5.4a, for longer times.

5.2.4 Temperature-Gradient Libraries

To explore a large temperature (7) range, the /- or ¢-gradient films are annealed on
a T-gradient heating stage, with the T-gradient orthogonal to the h- or d-gradient.
This custom aluminum 7-gradient stage, shown in Figure 5.6, uses a heat source
and a heat sink to produce a linear gradient ranging between adjustable endpoint
temperatures. Endpoint temperatures typically range from 160 + 0.5°C to 70.0 +
0.2°C over 40 mm, but are adjustable within the limits of the heater, cooler, and
maximum heat flow through the aluminum plate. To minimize oxidation and con-
vective heat transfer from the substrate, the stage is sealed with an O-ring, glass
plate, and vacuum pump. Each two-dimensional 74 or ¢ parallel library con-
tained about 1800 or 3900 state points, respectively, where a “state point™ is defined
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Figure 5.6 Schematic of the temperature-gradient stage, highlighting a typical temperature
range investigated.

by the T, h, and & variation over the area of a 200 optical microscope image: A7 =
0.5°C, Ah =3 nm, and Ad = 0.02. These libraries allow T, h, and ¢-dependent phe-
nomena, e.g., dewetting, order—disorder, and phase transitions, to be observed in
situ or post-annealing with relevant microscopic and spectroscopic tools.

5.2.5 Surface-Energy Gradients

In many polymer-coating and thin film systems, there is considerable interest in
studying the film stability, dewetting, and phase behavior on substrates with surface
energies varying between hydrophilic and hydrophobic extremes. Therefore, a gra-
dient-etching procedure has been developed in order to produce substrate libraries
with surface energy, v,,, continuously varied from hydrophilic to hydrophobic val-
ues [30]. The gradient-etching procedure involves immersion of a passivated Si-
H/Si substrate (Polishing Corporation of America) into an 80°C Piranha solution
[31] at a constant immersion rate. The Piranha bath etches the Si-H surface and
grows an oxide layer, SiO,/SiOH, at a rate dependent on 7 and the volume fraction
H,SO, [31]. A gradient in the conversion to hydrophilic SiO,/SiOH results from
one end of the wafer with increasing time of exposure to the Piranha solution along
the length. After immersion, the wafer is withdrawn rapidly (=10 mm/s), rinsed
with deionized water. and blow-dried with nitrogen.

We have also developed a simple method for chemical modification of chlorosi-
lane self-assembled monolayers (SAMs) on Si surfaces by exposure to a gradient in
UV-ozone radiation to create stable surface energy gradient substrates. Typical
deionized water contact angles are shown in Figure 5.7. By preparing several gradi-
ent substrates covering overlapping ranges of hydrophilicity, it is possible to screen
a large range in surface energy, from hydrophilic (6w = 0°) to hydrophobic (6w =
90°) values of the water contact angle. In another procedure for varying substrate
energy, mixed SAMs of alkanethiolates are deposited with a composition gradient
[32]. In this procedure, w-substituted alkanethiolates with different terminal groups,
e.g.. —CH; vs. —COOH, cross-diffuse from the opposite ends of a polysaccharide
matrix deposited on top of a gold substrate. Diffusion provides for the formation of
a SAM with a concentration gradient between the two thiolate species from one end
of the substrate to another, resulting in controllable substrate energy gradients. The
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Figure 5.7 Deionized water and dioido methane contact angle versus spatial position (mm)
for a gradient UV oxidized SAM substrate. The method allows a systematic variation of con-
tact angles and corresponding surface energy across the substrate.

polysaccharide matrix is removed after a period of time, halting the diffusion
process. These gradient SAM substrates were subsequently used to investigate the
effect of surface energy on phase separation of immiscible polymer blends [33].

5.3 UNCERTAINTY AND STATISTICAL CONSIDERATIONS OF
LIBRARY MEASUREMENTS

A potential drawback of the method is that the polymer-surface libraries are not
composed of distinct sample areas, but rather have continuous gradients in ¢ and
annealing 7. These gradients induce variance in observed properties, which is not
an issue with uniform samples. Many properties measured with combinatorial li-
braries are obtained from microscope images [optical, fluorescent, atomic force
(AFM),] or spectroscopy (UV, FTIR). Thus it is important to understand how un-
certainties associated with the gradients and the lateral resolution affects properties
measured on the libraries. Figure 5.8 demonstrates how a combinatorial library is
divided into a grid of “virtual” measurement sites (e.g., microscope images) of
lengthscale L. The T and ¢ for each measurement site is taken as the average <7>
and <d> over the length L. Because gradients are present on the library, each mea-
surement site has systematic variances Ad and AT that increase as the measurement
lengthscale L increases. Hence lower measurement resolution (lower L) results in
lower Ad and AT. A typical 500-pm * 500-pm image would have reasonable vari-
ances of Ad = 0.01 and AT = 0.3°C. The number of measured features decreases as
L decreases, causing an increase in measurement uncertainty.

A key question to be answered is how to select the optimum measurement scale
L. reflecting a balance between counting statistics, Ad and A7. The effects of these
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Figure 5.8 Distribution of discrete measurement sites of resolution L = L over a continuous

gradient library. Measurement sites have average 7" and ¢, with gradient variance AT and
Ad.

contributions on the variance about the mean of any property <p> within a measure-
ment site 1s accounted for using a standard uncertainty propagation,

A<p> = (0<p>/aN)AN + (0<p>/a AT + (d<p>/dd)Ad. (5.1)

Here <p> is a function of 7, ¢, and the number of observations made in the mea-
surement site, N ~ L?. It is assumed that the number of features (microstructures,
cells, etc.) can be counted exactly, so that AN = 0. The partial derivatives can be es-
timated from finite difference approximations of the measured data, e.g., d<p>/0T =
(Xp(Tyy. b)) — Ep(T,. &))V[N(T .y — T))]. The values of Ad and AT are Ad = m,L
and AT = myL, where m; and my, are the slopes of the linear gradients, known from
the library preparation procedure. Making these substitutions shows that the error
propagation for property p scales as

A<p>~ (mp+my)/L. (5.2)

Constants have been removed in order to reveal only the dependence on gradients
and the measurement scale, L. Equation (5.1) demonstrates that the uncertainty of
any property measured on the libraries at a given ¢ and 7 will decrease if the mea-
surement scale L is increased (because more features are counted) and if the magni-
tude of the gradients is decreased (reducing ¢ and 7" uncertainty). Thus the follow-
ing guidelines will be followed during experimental design and data analysis: (1) L
will be made as large as possible while still being able to resolve features of inter-
est, and (2) the gradient slopes will then be adjusted to attain an acceptable uncer-
tainty (<1%) in the measured property. The preceding analysis considers only
uncertainty contributions from the library gradients. Additional sources of uncer-
tainty, treated later, arising from the culturing and assay steps themselves, are also
present for uniform conventional samples.
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5.4 FUNDAMENTAL PHASE BEHAVIOR AND PROPERTIES OF
POLYMER-BLEND FILM LIBRARIES

5.4.1 Composition Gradients for Phase Boundary

Figure 5.9 presents a photographic image of a typical temperature-composition li-
brary of the PS/PVME blend (just discussed in the composition-gradient prepara-
tion section) for 16-h annealing time. As Figure 5.9 indicates, the lower critical so-
lution temperature (LCST) cloud-point curve can be seen with the unaided eye as a
diffuse boundary separating one-phase and two-phase regions. Cloud points mea-
sured on bulk samples with conventional light scattering are shown as discrete data
points and agree well with the cloud-point curve observed on the library [14,34].
The diffuse nature of the cloud-point curve reflects the natural dependence of the
microstructure evolution rate on temperature and composition. Near the LCST
boundary the microstructure size gradually approaches optical resolution limits (1
pwm), giving the curve its diffuse appearance. Based upon a bulk diffusion coeffi-
cient of D = 1017 m?/s, the diffusion length (V'Dt) for a 2-h anneal is 270 nm. In
Figure 5.9 each pixel covers about 30 pwm, which is over 100 times the diffusion
length, and ¢-gradient-induced diffusion has a negligible effect on the observed
LCST cloud-point curve. The combinatorial technique employing 7-¢ polymer-
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Figure 5.9 Digital optical photographs of a PS/PVME 7-¢ library after 91 min of anneal-
ing, showing the LCST cloud point curve visible to the unaided eye. The library wafer di-
mension is 31 mm » 35 mm and the film thickness varies from approximately 400 to 600 nm
from low to high dpg values. White circles light-scattering cloud points measured on separate
uniform samples. (Figure courtesy of the National Institute of Standards and Technology,
Gaithersburg, MD.)
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blend libraries represents a powerful means for rapid and efficient characterization
of polymer-blend phase behavior in orders of magnitude less time than with con-
ventional light- or neutron-scattering techniques. A large database of phase behav-
ior of a host of binary polymeric mixtures, and the influence of additives, fillers, or
other processing variables can be thus generated with tremendous implications for
application of multicomponent-blend films.

5.4.2 Influence of Substrate Surface-Energy

The presence of an interface in an ultrathin polymer-blend film guides or even sig-
nificantly alters the phase-separation process. Confinement between the air and
substrate interfaces and the preferential wetting of the components at the walls de-
termines the in-plane and the surface-directed compositional distribution and the
spatial scales. Genzer et al. have shown a wetting reversal transition from a sym-
metric three layer to an asymmetric two-layer structure with a change in substrate
surface energy using compositional depth profiling with forward-recoil spectrome-
try (FRES) [33]. The segregation of a particular component to the polymer—sub-
strate interface is governed by the interfacial energy resulting in a change in the
compositional distribution and blend-phase microstructure. Other work points at the
substrate dependence in the time evolution of the phase-separated morphology for
Si, Au, and Co interfaces [35]. Gradient substrates with systematic variation of sur-
face energy were used to probe the influence of surface energetics of the phase be-
havior of a model LCST PS/PVME blend at the critical composition of ¢pg = 0.2.
Figure 5.10 shows AFM images (30 pum * 30 pm) of a PS/PVME film having a
fixed thickness & = 57 nm cast on a substrate with a gradient in surface energy. The
surface-energy gradient was obtained by gradient UV ozonolysis of an octyl-

6 = 32.50 68=390 6 = 55.50 6 =640 6 =75.40

¥ =36 mJ/m2 = =63 mJ/m2
Surface Energy Gradient Direction

Figure 5.10 Blend-phase morphology dependence on surface energy. AFM images of
PS/PVME blend film (dbps = 0.2) at a constant thickness /# = 57 nm on a SAM gradient ener-
gy substrate. A nonmonotonic change in the lateral scale of phase separation is evident as we
span surface-energy space. Maximal scale seen for 6 = 55° corresponding to a surface energy
of 48 mJ/ m?. (Figure courtesy of the National Institute of Standards and Technology,
Gaithersburg, MD.)
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dimethylchlorosilane SAM (32.5° < O,0 < 75.4% 36 mI m? <y, < 63 mJ m 7).
The phase-separation process has developed to long times (7' = 145°C) where “pin-
ning” occurs. It is evident from Figure 5.10 that the pattern scale varies nonmonoto-
nically with the surface energy of the substrate. The surface structures of the an-
nealed films were mapped using AFM, preprogrammed to uninterruptedly map out
a total of approximately 100 scans over the phase-separated film regions of interest.
Automated image analysis includes radially averaging the isotropic fast Fourier
transform (FFTs) of the AFM height-topography images to give the in-plane scale
of phase separation, A\. We observe that the pattern scale (\) is maximum for an in-
termediate characteristic value of y* = 48 mJ m2 (6 = 55°) that is nearly indepen-
dent of h. We tentatively assign this value of y* = 48 mJ m 2 to the surface energy
where both polymer components of the blend have a similar polymer—substrate in-
teraction and the effective film thickness is maximal with the depletion of the sub-
strate—polymer boundary layer. Measurement of polymer—substrate interactions is
key to understanding the stability and phase behavior of polymer with blend films
on surfaces. The continuous-gradient approach provides this information in an effi-
cient manner without involving numerous substrates with creating incremental vari-
ations of surface energy and characterizing the surface energy of each substrate.

5.4.3 Film-Thickness Gradients

Figure 5.11 shows the progressive change of scale of the late stage of phase separa-
tion morphology with increasing film thickness for the PS/PVME film at fixed sur-
face energy, v,, = 63 mJ m2. This h-gradient range is low enough (<200 nm) that
surface-directed spinodal decomposition is suppressed, and phase separation occurs
laterally [24]. In addition, & > 2R, where R, = 8 nm, is the estimated radius of gyra-
tion of the polymers. Hence the film is not confined completely to two dimensions,

0=3250 7=63mJdm?2

57 nm 76 nm 80 nm 96 nm

Film Thickness Gradient Direction

Figure 5.11 Blend-phase morphology dependence on film thickness. AFM images of
PS/PVME (¢pg = 0.2) blend-phase morphology at a constant surface energy v,, = 63 mJ/ m?
for a gradient thickness film. A systematic increase in the lateral scale of phase separation is
evident with film thickness. (Figure courtesy of the National Institute of Standards and Tech-
nology, Gaithersburg, MD.)
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but is in a transition regime between a three-dimensional (bulk) and two-dimen-
sional geometry. Figure 5.11 shows that thickness has a profound effect on mi-
crostructure size, film topography, and roughness. A bicontinuous lateral mi-
crostructure superimposed upon a topography of peaks and valleys is observed at
all si-values. This bicontinuous structure is consistent with phase separation in the
spinodal regime, and the peak and valley topography has been attributed to surface-
tension differences between PS-rich and PVME-rich regions. The pattern scale X is
determined by FFTs of the AFM height images of the patterns. No statistically sig-
nificant variation of A was determined by changing scan dimensions. We observe a
linear increase of A with increasing film thickness, 4. There have been some recent
studies to indicate this behavior in phase separation in thin films [36-38]. However,
other work has also suggested nonlinear trends depending on the blend chemistry
and experimental conditions [36]. Care must be taken to generalize results, since
the behavior can change significantly with substrate surface energy or in other film-
thickness regimes where changes in phase-separation kinetics are anticipated. The
nonmonotonic variation of lateral scale with substrate surface energy suggests a
possible explanation for the variance in observed experimental trends for different
chemistries. The combinatorial approach allows us to rapidly scan for both sub-
strate surface-energy variations and film-thickness changes in this case [39].

5.5 CONCLUSIONS

To allow more efficient measurement of phase behavior over large ranges of 7—b—h
parameter space, we report novel combinatorial library preparation and high
throughput screening methods for nanoscale polymer-blend thin films. The benefits
include efficient characterization of large regimes of thermodynamic and kinetic
behavior (knowledge discovery) and accelerated development of functional materi-
als (materials discovery). This is accomplished by coupling sample libraries con-
taining hundreds to thousands of variable combinations with high throughput mea-
surements. Although historically applied to pharmaceutical research, there is an
ongoing movement to apply this methodology in materials characterization and de-
velopment, as indicated by recent reports for inorganic and organic or polymeric
materials. In this chapter we have presented recent advances in which combinatori-
al methodologies have been used for efficient measurement of chemical and physi-
cal properties of polymer blends over large regimes of variable space. Methodolo-
gies for phase-behavior characterization allow for the discovery of new models for
structure—processing—property relationships in polymer blends. Several recent de-
velopments were presented in the combinatorial characterization of polymers
blends phase behavior and properties using high throughput libraries of films and
coatings using continuous-gradient polymer libraries with controlled variations in
temperature, composition, thickness, and substrate surface energy. The use of these
new library techniques facilitates characterization of polymer-blend phase behav-
ior, and more generally multicomponent polymeric materials.

More recently, the continuous-gradient high throughput approach has been used
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for mapping phase behavior of olefinic [40]. as well as nanocomposite polymer
blends [41], as representative blend systems of commercial importance. These stud-
ies demonstrate the utility of the continuous-composition-gradient methods for in-
vestigating industrially important and relevant problems in phase-separated and
multicomponent polymeric materials, an approach that is likely to be adopted wide-
ly by the plastics and materials manufacturing industries in the future.
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