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to Polymer Interfaces∗
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Abstract We present an overview of research conducted at the National Institute
of Standards and Technology aimed at developing and applying combinatorial and
high-throughput measurement approaches to polymer surfaces, interfaces and thin
films. Topics include (1) the generation of continuous gradient techniques for fabri-
cating combinatorial libraries of film thickness, temperature, surface chemistry and
polymer blend composition, (2) high-throughput measurement techniques for as-
sessing the mechanical properties and adhesion of surfaces, interfaces and films, and
(3) microfluidic approaches to synthesizing and analyzing libraries of interfacially-
active polymer species.
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1 Introduction: Surfaces and Interfaces in Polymer Science
and Engineering

The success of a huge range of polymer-based technologies, including advanced
coatings and adhesives, electronics materials, complex fluid formulations and bio-
materials, hinges on the ability to produce tailored polymer surfaces and interfaces.
This is because surface and interfacial properties govern key aspects of product
structure and performance, such as film and multilayer stability, mechanical reliabil-
ity, adhesion, expression of functional moieties, component dispersion, and domain
orientation, among others. Research dedicated to the understanding and engineering
of these factors is extensive, and has proceeded for a number of decades; this is due
to the fact that both the origins and effects of surface and interfacial properties are
complex, depend upon a large number of variables, and can be difficult to predict.
Both the importance and complexity of surface and interfacial science and engineer-
ing make them excellent targets for combinatorial and high-throughput approaches.
Indeed, some of the first uses of these methods for polymeric materials systems fo-
cused on the formulation and performance testing of coatings [1], the behavior of
which depend greatly on surface and interfacial effects.

Starting in the late 1990s, and continuing for the following 10 years, the National
Institute of Standards and Technology (NIST) built and executed a research pro-
gram that developed combinatorial methods aimed largely at addressing scientific
and engineering challenges in polymer surfaces, interfaces and thin films. The NIST
program, organized through the NIST Combinatorial Methods Center (NCMC,
www.nist.gov/combi), concentrated on meeting two measurement-related needs in
establishing combinatorial approaches for polymer surfaces and interfaces: the de-
sign and implementation of appropriate library fabrication and synthesis methods,
and the development of high-throughput testing techniques to asses these libraries.
This review surveys the research conducted through the NCMC with a focus on
methodology, technique development and descriptions of supporting case studies in
polymer surfaces, interfaces and films. The paper will start with a discussion of con-
tinuous gradient techniques, where NIST was a pioneer in polymer materials. The
fabrication of gradient libraries for surfaces and interfaces will be considered next,
including techniques for making continuous spreads in film thickness and composi-
tion, surface chemistry and surface energy and temperature. Application studies will
include film stability and wetting, polymer self-assembly, polymer brush behavior
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and measurements, biomaterials surface engineering. The next section will consider
NIST-developed high-throughput approaches to measuring surface, interface and
film performance properties. These include rapid measurement of film modulus, ad-
hesion, and interfacial strength. Applications examples include mechanical testing
of ultrathin film systems, ultrasoft polymers, engineering adhesives and relatively
weak adhesive interactions. The final section will consider microfluidic and continu-
ous microreactor approaches to polymer library fabrication and the high-throughput
measurement of such systems. The primary focus will be on methods to produce sys-
tematic libraries of interfacially-active polymer species, such as block copolymers
and macromolecular surfactants. Measurement applications will include microflu-
idic assessments of complex fluid structure, in particular solution self-assembly, and
of fluid mixture properties such as interfacial tension.

2 Continuous Gradient Library Techniques

A key challenge in combinatorial research is the creation of specimen libraries that
exhibit a diversity of composition, processing conditions and other parameters over
prescribed ranges. A common design for achieving this is the so-called “discrete”
library, which consists of a large collection of individual sub-specimens. The main
advantage of the discrete approach is the ability to incorporate a great number of dif-
ferent parameters in a single library – in this sense the design is versatile. However,
since the library parameter space is divided into discrete sub-specimens, each with
a single set of parameters, it is possible to “skip over” what may be important or
interesting combinations of variables. Another disadvantage is that the fabrication
of discrete libraries can depend upon complex, often expensive, equipment.

An alternate library design and fabrication strategy, and the one we focus on in
this article, is the continuous gradient [2]. In this scheme, diversity is created by
fabricating a specimen that gradually and continuously changes in a given param-
eter as a function of position (or as we will discuss later, as a function of time).
Two or three continuous gradients can be combined in a single system. An illus-
tration of a binary continuous gradient library can be seen in Fig. 1. Because they
are continuous, and there are no “gaps” in the parameter space, gradient libraries
present clear advantages for comprehensively examining and mapping the effect of
the graded properties. For example, a binary gradient library exhibits every possible
combination of the two graded parameters. As such, the gradient library design is
excellent for mapping property correlation, and for identifying optimal conditions
or critical phenomena that may exist only over a small range or at a specific param-
eter combination. Indeed, for materials scientists, gradient libraries can be a natural
experimental design, since they are quite similar to the phase diagrams they use to
represent two and three parameter systems.

A key aspect of gradient libraries is that they reside on a single substrate, and this
has several advantages. Foremost, gradient libraries yield an entire set of systematic
results from a single compound experiment. In this sense, they are “self-reporting”,
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Fig. 1 Illustration of a 2D
continuous gradient
combinatorial library that
exhibits gradual and
systematic changes in two
variables
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meaning that they can illuminate trends and express key results without extensive
analysis (our example of a single specimen phase diagram, discussed below, will
illustrate this point). Moreover, because the entire library undergoes identical pro-
cessing, “sample to sample” errors (inherent to combining single measurements on
individual specimens) can be reduced. Finally, gradient libraries can often be pro-
duced with simple, inexpensive equipment, which makes this approach accessible
to academic laboratories and small companies.

3 Gradient Library Fabrication Methods and Application
Examples

Gradient libraries generally assume a planar form, and are supported by a substrate.
Often the library is a material deposited onto the substrate as a thin coating, or it can
be achieved through chemical modification of the substrate itself. This geometry
naturally gears gradient libraries for the examination of thin films, coatings and of
the interfacial properties that govern these systems. At NIST, our goal was to create
a suite of gradient library fabrication technologies that would be a combinatorial
platform for examining polymer thin film physics phenomena including wetting and
stability, blend phase behavior, self-assembly, and confinement effects.

3.1 Flow Coating: Polymer Film Thickness Gradients

Film thickness can govern the morphology, stability, and surface-chemical expres-
sion of polymeric thin films. NIST researchers developed a process for producing
gradients, termed flow coating, which is a modified blade-casting technique [3–5].
Flow coater instrumentation and the flow coating process are illustrated in Fig. 2.
To create the library, a dilute solution of polymer in solvent (1–5% mass fraction)
is injected into the gap between a doctor blade positioned over a flat substrate
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Fig. 2 Flow coater for
creating polymer gradient
thickness libraries: A doctor
blade; B polymer solution; C
substrate; D thickness library;
E x-translation stage; F
y-translation stage (for
characterization).
(Reproduced with permission
from [13])

(e.g., silicon wafer) mounted on a computer-controlled translation stage. The
stage/substrate is accelerated beneath the stationary blade in the x-direction as
shown in Fig. 2. As the stage accelerates, increasing amounts of solution are de-
posited along the substrate. Subsequent solvent evaporation results in a gradient
polymer film thickness library. As demonstrated by Stafford et al. [5], the range and
slope of the thickness gradient can be precisely tuned through the stage velocity
profile, solution concentration, and gap height.

Films produced via flow coating can be from ≈20 to ≈1mm in thickness. A typ-
ical library will double in thickness over about 40 mm in length. In the range of
50–600 nm, libraries exhibit constant slopes of ≈1–10nmmm−1, depending upon
processing parameters. In the NIST instrument, thickness gradients are character-
ized via spot interferometry. In this scheme, stacked translation stages (including
the stage used to produce the specimen) raster the sample beneath the interfer-
ometer footprint, resulting in a 2D map of film thickness. With careful instrument
construction and operation [5], thickness libraries created via flow coating are lin-
ear along the x-direction, and level along the y-direction (to about 3% of the average
film thickness at a point x), but 2D thickness characterization may be necessary for
the most quantitative combinatorial analysis.

When used with polymer solutions in the few percent by mass range, the flow
coating instrument creates films that are comparable in thickness and roughness
to those created by spin casting, i.e. ranging from ≈10 to 500 nm thickness, with
root-mean-squared roughness ≤1nm. However, it should be noted that spin cast-
ing typically drives solvent from the system much faster than with flow coating
and this can affect the film morphology [6]. Recently, de Gans and coworkers [7]
demonstrated a “sector” spin casting technique for creating discrete polymer film
libraries. In this technique, a metal template is used to divide a round substrate
into pie-slice shaped sectors, into which a series of polymer solutions can be de-
posited and cast. By varying spin speed and solution concentration, a discrete film
thickness library could be built; moreover, the method can be used to cast discrete
compositional libraries of, for example, polymer blends. Another route for discrete
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film library fabrication is ink jetting, which has been explored by several groups [8–
11]. As with sector spin coating, this technique can be used to create compositional
spreads. However, ink jetting does not seem to offer the deposition control necessary
to produce well-behaved thickness libraries, since ink jetted spots typically exhibit
irregular thickness profiles due to “coffee ring” and other drying effects.

3.2 Gradient Hot Stage: Temperature Processing Libraries

Polymer thin film properties are often governed or modified by high-temperature
annealing and processing, with most phenomena (phase transitions, dewetting, melt-
ing etc.) occurring below about 300 ◦C. Accordingly, a temperature gradient with
modest range can create a useful map of the effect of temperature on polymer film
libraries. This concept has been examined in the literature [12], and in past decades
several companies have used this concept to produce gradient hot-stages for appli-
cations that include melting-point determination. In recent years, NIST researchers
designed a gradient hotstage with the aim of producing a flexible instrument that
could accommodate libraries of various lengths, and that had a tunable temperature
profile [13–15].

Figure 3 illustrates the NIST gradient hot stage design. The instrument con-
sists of an aluminum sample platen (10cm× 15cm× 0.5cm) perforated with two
slots (along x). Two aluminum blocks, fitted with heating/cooling channels, are
attached to the bottom of the platen through the slots. This set-up enables con-
trol of the inter-block distance, which allows the positions of the heating/cooling
sources to be matched with length of the specimen library. The blocks hold cylin-
drical heating cartridges or accommodate plumbing for fluid-mediated cooling.

Fig. 3 NCMC gradient hot stage: A sample platen; B slots for mounting/positioning of heat-
ing/cooling blocks; C block with channel for heating/cooling element with thermocouple ports
for temperature control; D thermocouple ports for gradient characterization; E ceramic blocks for
mounting hot stage; F block with cylindrical heating element and thermocouple installed. (Repro-
duced with permission from [13])
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Proportional–integral–derivative (PID) temperature controllers maintain the block
temperatures, measured through integrated thermocouples. By heating (or cooling)
each block to a constant temperature, a temperature gradient is produced across the
platen. Ceramic supports insulate the device, so it can be mounted on, for example,
a microscope translation stage or other observation instrument. The range and slope
of the temperature gradient are tailored through the block distance and the temper-
atures of the heating/cooling sources. Remarkably, for modest temperature ranges
(≈200 ◦C) the temperature profile is linear [14] along the gradient (x-direction),
and level perpendicular to the gradient (y-direction), so measurements of the tem-
peratures at the ends stage are sufficient to characterize the gradient. However, in
the NIST instrument, thermocouple ports drilled into the platen edge enable tem-
perature measurements along the gradient. Using this device, typical temperature
gradients span intervals of about 100◦C over a total range of room temperature to
about 300 ◦C.

In conjunction with both in situ and ex situ automated measurements, a gradient
hot stage can be a powerful tool for examining the role of temperature on film mi-
crostructure, morphology development kinetics, phase transitions and performance.
For example, Lucas et al. [15] recently used the NIST gradient hot stage to map
the effect of temperature processing on the structure and performance of organic
semiconductor films. In this study, polythiophene thin films were annealed on a
temperature gradient that crossed the bulk liquid-crystal transition of the material.
The resulting film library exhibited a range of morphologies across this transition,
which could be observed via atomic force microscopy (AFM) conducted along the
library. In addition, this team employed an automated probe station to measure the
field effect mobility along the specimen, resulting in a map of the material’s elec-
tronic performance. With this strategy, and using a single specimen, the authors were
able both to identify the annealing temperature that gave optimal performance, and
to determine how the mobility was correlated with film microstructure. In a similar
scheme, Eidelman and coworkers [16] used the gradient hot stage in conjunction
with automated Fourier transform infrared (FTIR) microspectroscopy and high-
throughput adhesion testing to map correlations between curing temperature, degree
of curing and surface tack of model epoxy adhesive formulations. By combin-
ing a temperature gradient, flow coating, and automated optical microscopy, Beers
et al. [14] were able to examine simultaneously the roles of temperature and thick-
ness on the crystallization rate of isotactic polystyrene. In this study, flow coating
was used to create a film thickness library of the polymer, which was placed orthog-
onal to a temperature gradient. Automated micrographs were collected across a grid
of points on the library, each of which represented a different combination of thick-
ness and crystallization temperature. Time sequences of crystallite growth were built
by repeating the cycle of micrograph acquisition over a few hours, which yielded a
2D map of crystallization rates as a function of thickness and temperature. In addi-
tion, analysis of the library via AFM and optical microscopy allowed the researchers
to observe several thickness dependent transitions in crystallite morphology.
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3.3 Surface Energy and Surface Chemistry Libraries

A key factor that governs the behavior of polymer thin films is its interaction
with an underlying substrate. In combination with other factors, surface energy
and chemistry of the substrate can cause film instability and dewetting, shifts in
thermodynamic and morphological transitions, changes in nano-domain orientation,
and modifications in the expression of chemical moieties at the substrate/film in-
terface and free film surface. In addition, surface energy/chemistry can affect the
mobility, growth and morphology of adsorbed cells in biological systems. NIST
researchers have developed two main strategies for creating libraries of substrate
surface energy/chemistry, which are useful for screening the effect of this factor on
the behavior of overlying films and other materials. First, we will discuss the use
of graded ultraviolet light–ozone (UV–ozone) exposure to fabricate surface energy
libraries, and some of the combinatorial studies that resulted from this capability.
Then, in the next section, we will consider more sophisticated surface chemistry
libraries fabricated through surface-initiated polymerization, and the use of these
graded polymer “brush” layers for high-throughput analysis.

It is well known that exposure of organic molecules to ozone generated from
ultraviolet–light (UV–ozone) can cause a variety of oxidative reactions – this
is the basis of UV–ozone surface cleaning devices. For alkyl chain molecules,
UV–ozonolysis leads first to the formation of oxygen containing moieties, typi-
cally starting at the chain ends, with the eventual consumptive oxidation of the
molecules at long exposures. Since the degree of oxidation is dependent upon
the UV–ozone dosage, this process can be harnessed to create a gradient surface
energy library. There are several ways to create the gradient in UV–ozone exposure
needed to accomplish such libraries. In one strategy, NIST researchers [17, 18]
used a UV–ozone flood source (185 and 254 nm light) to illuminate a planar sub-
strate through a graded neutral density filter, which systematically decreased the
amount of transmitted light as a function of position. The substrate was a native
oxide-terminated silicon wafer, treated with a self-assembled monolayer (SAM) of
n-octyldimethylchlorosilane (ODS).

As shown in Fig. 4a for an ODS treated substrate, the library exhibits a system-
atic change in water contact angle along its length. Roberson and coworkers [17]
also used more sophisticated contact angle measurements to yield the polar and
dispersive parts of the total surface energy (Fig. 4b). These measurements demon-
strate that the UV–ozone treatment changes the polar part of the surface energy,
while leaving the dispersive part relatively unchanged. Time-of-flight secondary ion
mass spectrometry measurements across the library show that the UV–ozonolysis
gradually imparts the hydrophobic, methyl-terminated, ODS SAM layer with a va-
riety of oxygen containing end-groups, but these were primarily –COOH terminated
species. The growing number of –COOH terminated species along the library results
in its increasing hydrophilicity (i.e. lower water contact angles) as shown in Fig. 4.

More recently, NIST researchers [13, 19] developed a device to more precisely
generate surface energy libraries using OV-ozonolysis. Pictured in Fig. 5, this de-
vice achieves graded UV–ozonolysis through a computer-driven translation stage,
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Fig. 4 Water contact angle
data (a) and surface energy
data (b) from a surface
energy library produced
through the graded
UV–ozonolysis of an ODS
self-assembled monolayer on
silicon. (Reproduced with
permission from [17])
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on substrates functionalized with hydrophobic SAM species. The sample stage accelerates the
specimen (blue) beneath a slit-source of UV light. (Reproduced with permission from [12])
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which accelerates the silanized substrate beneath a 185 nm/254 nm UV wand-source
projected through a 2 mm-wide slit aperture cut into the cylindrical lamp housing.
The gap between the aperture and the substrate is controlled through a micro-
positioner incorporated into the fixed lamp mount. Using these exposure-mediated
methods on ODS treated silicon, surface energy gradients can span any interval be-
tween 20mJm−2 and 75mJm−2, over a tunable length of 1–5 cm. Water contact
angles typically span 100◦ to less than 10◦.

The main advantage of this approach is the ability to determine the stage acceler-
ation profile via computer control [19]. As opposed to a graded density filter (which
represents a single static exposure “function”) any mathematical function can be fed
into the stage motion routine. This enables users to tune the length, steepness and
shape of the surface energy profile in the library. Indeed, this sort of control can
be used to create a well-behaved surface energy gradient profile, which can ease its
application in combinatorial screening. For example, this capability can be used to
create libraries that have a linear surface energy gradient, rather than the sigmoidal
surface energy profile that results from a linear exposure function (as in Fig. 4). In
this sense, this method also presents an advantage over techniques for creating sur-
face chemistry gradients via diffusion mediated deposition of SAM species (see for
example [20–22]), since these techniques also result in a steep, sigmoidal gradient
profile. However, diffusion techniques and controlled immersion methods [23] offer
the possibility of creating more chemically diverse mixed SAM gradient libraries
via the simultaneous graded deposition of two SAM species [24, 25], or through a
backfill sequence [26, 27].

The graded UV–ozonolysis approach to surface energy library fabrication is a
powerful tool for examining the role of substrate-polymer interactions on film phe-
nomena such as dewetting and block copolymer self-assembly. Ashley et al. [28],
used this approach to determine the surface energy dependence of the stability and
dewetted morphology of polystyrene films. In conjunction with an orthogonal tem-
perature gradient, and automated optical microscopy, this team was rapidly able to
map the dewetting behavior of five polystyrene specimens that varied in their molec-
ular mass. The library approach enabled the team to observe the surface energy and
temperature bounding conditions for film stability, since the dewetted portions of
the film could be easily screened. Indeed, the authors discovered that, for the range
of molecular mass they considered, these boundary conditions could be collapsed
to a common “master curve”, which suggests that a universal surface energy and
temperature-dependent dewetting behavior is exhibited by this system.

A number of researchers have used surface energy libraries to examine the
self-assembly of block copolymer species in thin films. It is well known that
substrate-block interactions can govern the orientation, wetting symmetry and even
the pattern motif of self-assembled domains in block copolymer films [29]. A sim-
ple illustration of these effects in diblock copolymer films is shown schematically
in Fig. 6. However, for most block copolymer systems the exact surface energy con-
ditions needed to control these effects are unknown, and for many applications of
self-assembly (e.g., nanolithography) such control is essential.
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To address this problem, Smith and coworkers [18] combined flow coating
and surface energy gradients to generate a single specimen that maps the effects
of film thickness and surface interactions on the self-assembly of polystyrene-
b-poly(methyl methacrylate) (PS-b-PMMA) thin films. This thin film library is
shown in Fig. 7. As demonstrated by this photograph of the specimen, the for-
mation of microscopic “island and hole” structures, which make areas of the film
hazy, make the library “self-reporting” via simple visual inspection. These surface
features only occur when the block domains are oriented parallel to the surface,
and they have a specific thickness-dependence, i.e. they disappear when the film
thickness is an exact integral (or n + 1/2 integral) of the equilibrium period (L0)
of the diblock self-assembly. Examination of the thickness-dependence enabled the
authors to determine the wetting symmetry of the surface-parallel self-assembly
in these areas (see Fig. 6 caption). Moreover, the range of “neutral” substrate
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surface energy is clearly indicated by the vertical band of film in which there is a
lack of hazy bands regardless of film thickness. This range of surface energy causes
the domains to orient perpendicular to the film surface. In this study, Smith et al.
used the method to examine rapidly the molecular mass dependence of the width of
the neutral surface region, which is a measurement of the diblock’s susceptibility
to surface interactions. Moreover, a separate gradient analysis of the thickness-
dependence of the “island and hole” structures in diblock films yielded observations
of a new labyrinthine form of this surface phenomenon [30].

Other teams used the surface energy gradient approach to examine the more
complex thin film self-assembly of three component triblock copolymers. For exam-
ple, Ludwigs et al. [31] used the technique to screen for surface energy dependent
morphological shifts in a PS-b-poly(vinylpyridine)-b-poly(tert-butyl methacrylate)
triblock films. Remarkably, in a single library experiment, the authors observed
that the system exhibited a perforated lamella motif in thin films regardless of the
substrate surface energy. This finding has interesting implications for lithographic
applications, since it indicates that this laterally structured nanopattern can be
formed on almost any smooth substrate material. More recently, Epps and cowork-
ers [32] performed a similar study of a polyisoprene-b-PS-b-poly(ethylene oxide)
triblock films. As with the work of Ludwigs et al., this examination showed that,
regardless of the surface energy of the substrate, the triblock formed a different mor-
phology in thin films to that in the bulk, in this case three-layered surface-parallel
lamella. However, the authors observed that, at long annealing times, the lamel-
lar films unexpectedly dewet the substrate over a specific range of surface energy.
Using a high-throughput technique developed to pluck film specimens from the li-
brary [33] the team could examine the buried film–substrate interface via automated
X-ray surface spectroscopy methods. Using this data, the unexpected phenomenon
was determined to be a form of surface energy dependent autophobic dewetting that
had not been observed previously. In both of these studies, it is unlikely that these
key observations could have been made as readily without the comprehensive scope
of the gradient library approach.

The UV–ozone gradient exposure approach can also be used to fabricate more
complex libraries. For example, Julthongpiput and coworkers [34, 35] employed
the technique to create libraries that exhibit a graded chemical micropattern. As
illustrated in Fig. 8, these combinatorial test substrates consist of a pattern of
micron-scale lines that exhibit a continuous gradient in surface energy differences
against a constant surface energy matrix. On one end of the specimen the lines are
strongly hydrophobic while the substrate matrix is hydrophilic SiO2. The lines be-
come increasingly more hydrophobic towards the other end of the library until they
are chemically indistinguishable from the matrix. The library is fabricated through
a vapor-mediated soft lithography [34] of an ODS SAM which is then treated to a
graded UV–ozonolysis with the device shown in Fig. 5. The library design includes
two calibration strips that express the changing and static surface energy of the
SAM pattern lines and matrix respectively. Accordingly, the surface energy differ-
ences along the patterned region can be determined by contact angle measurements
along the calibration strips.
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Fig. 8 Illustration of a gradient micropattern library. The central band of the library exhibits a
micropattern that gradually changes the chemical differences between the striped domains and the
matrix until the surface is chemically homogeneous. The bands on the top and bottom of the library
are the calibration fields for static matrix and gradient respectively. γ is surface energy

Decreasing Pattern Surface Energy Differences

Fig. 9 Optical micrographs of dewetted polystyrene droplets collected from points along a chem-
ical gradient library. Scale bar (red) is approximately 20μm. As discussed in the text, this library
was used to examine the transition between pattern directed dewetting (left micrographs) and
isotropic dewetting from a homogeneous surface (right micrograph). (Reproduced with permis-
sion from [35])

The gradient micropattern library is a unique combinatorial tool for examining
the effects of substrate chemical heterogeneity on surface, interface and thin film
phenomenon. Julthongpiput et al. [35] recently demonstrated this library as a means
to determine how the chemical differences between the stripes can drive the rup-
ture, dewetting and patterning of overlying polystyrene thin films. In this study,
automated optical microscopy was employed to collect 1,700 contiguous optical
micrographs of polystyrene droplets that formed as a result of dewetting from the
gradient micropattern substrate. A small, representative selection of these images is
shown in Fig. 9. Automated image analysis was used to examine the droplet arrange-
ments, in particular their registry with the underlying pattern. Through this data, the
team could determine the range of surface energy differences that resulted in “pat-
tern directed” dewetting, i.e. film instability, rupture and droplet alignment caused
by the underlying stripes. In particular, the library showed that chemical differences
between 14mJm−2 and 20mJm−2 resulted in the best droplet alignment. Moreover,
the library data showed that when the pattern chemical differences dropped below
7mJm−2, the droplets had an isotropic arrangement indicative of dewetting from a
homogeneous surface. This key observation, which precisely illuminates the mini-
mum surface-chemical heterogeneity needed to induce film dewetting, would have
been very difficult to make using traditional “single specimen” methods.
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Another variation and application of the UV–ozone surface energy library was
demonstrated recently by Gallant et al. [36]. In this work, the surface energy library
is used as a facile platform for further modification by the “click” chemistry [37]
route. In particular, the graded –COOH terminated SAM molecules produced by
the UV–ozonolysis are reacted with a bifunctional cross-linker terminated with both
amino and alkyne functional groups. The result is a library that has an increas-
ing density of SAM chains with alkyne functionality. Through the click chemistry
scheme, the alkyne can react with a huge variety of azido-derivatized biofunctional
molecules. Accordingly, this versatile scheme enables continuous gradients in the
grafting density of a number of bioactive species. The authors demonstrated this
approach by creating a library that continuously varied the concentration of surface-
bound RGD peptide molecules. This gradient was used to measure the effect of
RGD density on cell adhesion and morphology. Using automated fluorescence mi-
croscopy, the team was able to measure cell behavior under a huge number of RGD
concentrations, and determine the RGD densities that resulted in the most number
of adhered cells, and the most extensive cell spreading. Such data is critical when
designing surfaces for cell scaffolds and other biomaterials applications.

The general approach of graded radiation exposure can also be used to ex-
amine light driven processes such as photopolymerization [19]. For example,
Lin-Gibson and coworkers used this library technique to examine structure-
property relationships in photopolymerized dimethacrylate networks [38] and to
screen the mechanical and biocompatibility performance of photopolymerized
dental resins [39]. In another set of recent studies, Johnson and coworkers com-
bined graded light exposure with temperature and composition gradients to map
and model the photopolymerization kinetics of acrylates, thiolenes and a series of
co-monomer systems [40–42].

3.4 Gradient Polymer Brush Libraries

While UV–ozone-generated surface energy libraries are simple to implement, they
pose limitations in terms of both stability and chemical diversity. Chlorosilane
SAMs modified via UV–ozonolysis are susceptible to degradation under light ex-
posure, oxygen, humidity, and high-temperature, and thus must be used within a
few hours of fabrication. Moreover, without further modification (as in the example
from Gallant and coworkers above), this route generally results in a gradient only be-
tween –CH3 and –COOH functionalities. In order to create more robust and diverse
surface chemistry gradients, NIST researchers turned to surface-initiated polymer-
ization (SIP) techniques [43,44] to create libraries of grafted polymer “brushes” that
would systematically change in their molecular composition and architecture. In this
endeavor, the pioneering work of Genzer and coworkers [45–48] provided examples
to build upon, including the creation of gradient libraries of polymer brush length
and grafting density.

SIP involves the growth of a polymer chain from an initiator moiety that has
been covalently tethered to a surface. The advent of this reaction approach, along
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with advances in polymer synthesis routes, have enabled the creation of densely
packed polymer “brush” layers that can exhibit a huge variety of macromolecular
compositions, architectures and functional groups [49, 50]. Because this covalently
bound layer can result in overlapping polymer coils, surface coverage is enhanced.
Moreover, some polymer types and architectures offer the possibility of generat-
ing surfaces with advanced functionality including, chemical switching, reversible
wetting and bioactivity [51, 52]. The potential chemical diversity and technological
promise of polymer brushes present opportunities for new library fabrication meth-
ods, and for applications of combinatorial techniques. In the following passages, we
will discuss how NIST researchers examined both of these opportunities.

SIP-driven polymer brush library fabrication leverages the fact that the poly-
merization initiation species are permanently bound to the substrate. Since the
initiators are tethered, controlled delivery of monomer solution to different areas
of the substrate results in a grafted polymer library. In NIST work, initiators bound
via chlorosilane SAMs to silicon substrates were suitable for conducting controlled
atom transfer radical polymerization (ATRP) [53] and traditional UV free radical
polymerization [54, 55]. Suitable monomers are delivered in solution to the surface
via microfluidic channels, which enables control over both the monomer solution
composition and the time in which the solution is in contact with the initiating
groups. After the polymerization is complete, the microchannel is removed from
the substrate (or vice versa). This fabrication scheme, termed microchannel confined
SIP (μ-SIP), is shown in Fig. 10. In these illustrations, and in the examples discussed
below, the microchannels above the substrate are approximately 1 cm wide, 5 cm
long, and 300–500 μm high.

a

b

Monomer solution in syringe pump
Removable Microchannel

Block Copolymer Library

Monomer solution flow

Monomer A

Monomer B

Poly (A-stat-B) Gradient

Hompolymer Molecular
Weight Library

Initiator-functionalized
surface

Microfluidic static 
mixer

Fig. 10 Illustrations of the microchannel confined surface-initiated polymerization (μ-SIP) route
for producing gradient polymer brush libraries: a route for making polymer molecular weight and
block copolymer libraries; b route for making statistical copolymer libraries. Red arrows show the
flow of monomer solution from a syringe pump used to gradually fill the microchannel. See text
for details
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As illustrated in Fig. 10a, and described by Xu and coworkers [56], the most
basic implementation of μ-SIP involves a gradual filling of the microchannel with
monomer solution under polymerization conditions. Depending on the rate of the
polymerization and the desired library design, the microchannel is filled using a
computer-controlled syringe over 5–40 min. Accordingly, beginning from the mi-
crochannel feed, the substrate is exposed to the monomer solution for a decreasing
length of time, which is equivalent to a decreasing polymerization period along the
library. This process results in a grafted polymer library that gradually decreases
in its molecular mass and is evidenced by decreasing film thickness, as demon-
strated in Fig. 11a for a poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA)
homopolymer [56]. If a living polymerization route (such as ATRP) is used to grow
constant-length polymers from the substrate, a similar process can be employed with
a second monomer solution to fabricate a block copolymer library in which the sec-
ond block gradually decreases in its length. As shown in Fig. 11b, Xu and coworkers
[57,58] demonstrated this technique by fabricating a series of grafted block copoly-
mer libraries consisting of poly(n-butyl methacrylate) (PnBMA) and PDMAEMA.
An application of these libraries will be discussed below. A variation of this ap-
proach can be used to create a gradient in polymer grafting density. As demonstrated
by Mei et al. [59], this involves creating a gradient in surface-bound initiator con-
centration, which is achieved by gradually introducing initiator-SAM solution along
the substrate. Subsequent immersion in the monomer solution results in a library
that systematically varies the lateral spacing of tethered polymer chains. A simi-
lar technique for creating grafting density libraries has been published by Wu and
coworkers [47].

As illustrated in Fig. 10b, a more sophisticated statistical copolymer gradient li-
brary can also be fabricated through the μ-SIP method [60]. The key to this library
is a microfluidic mixer, positioned between two monomer solution feeds and the
microchannel. The mixer serves to combine a ramped flow of these solutions in
which the relative amount of one solution is decreased and the other increased over
time. The result of this ramped input is that the microchannel is filled with a gradi-
ent monomer solution composition. Because of the narrow height dimensions of the
channel, cross diffusion of the monomers is suppressed, and the solution gradient
can persist over a few hours. Accordingly, during a period of polymerization, the
monomer concentration profile is transferred to grafted polymer chains on the sub-
strate. The resulting statistical copolymer brush gradient gradually changes from
nearly 100% of one monomer to 100% of the other along the library. Composi-
tion data from a PnBMA-s-PDMAEMA statistical copolymer library, collected via
near edge X-ray absorption fine structure (NEXAFS) spectroscopy, can be seen in
Fig. 11c [60]. This achievement is exciting since it represents a way of producing
surface chemistry libraries that exhibit both the reliability and enhanced coverage
of covalently bound polymer brushes, and the potential for creating chemical gra-
dients that exhibit the extensive chemical and architectural functionality available
from advanced polymerization routes. In addition, a key feature of grafted statisti-
cal copolymers is that they present stable and intimate blends of disparate chemical
species. Since the different monomers are bound within the same chains, the system
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Fig. 11 Data from polymer brush libraries generated by μ-SIP: a photograph of molecular weight
gradient of grafted PDMAEMA. The entire library is approximately 50 mm long. The brush
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will not undergo lateral clustering typical of mixed homopolymer brushes [61], or
segment segregation seen in block copolymer brushes [45, 58], both of which can
cause spatial chemical heterogeneities on the scale of 10 nm or more. Accordingly,
if local surface-chemical homogeneity is needed from a surface chemistry gradient
library, statistical copolymer gradients present an advantage.

Grafted homopolymer and copolymer gradient libraries have a tremendous
potential for the high-throughput examination of both brush properties and ap-
plications involving grafted polymer layers. For example, NIST researchers Xu
et al. [57, 58] used such libraries to examine the ability of grafted block copoly-
mers to change their surface segment expression under different environments.
This “switching” behavior can be harnessed to create “smart” coatings and surfaces
that change their wetting, adhesion, and other properties in response to environ-
mental triggers. The NIST study examined environmental response of the series
of PnBMA-b-PDMAEMA block copolymer libraries shown in Fig. 11b. In this
system, the PDMAEMA (top) block segments are preferentially solvated by water,
while hexane is a preferential solvent for the PnBMA (bottom) blocks. Basically,
the gradient experiment involved an assessment of the expression of PnBMA and
PDMAEMA segments at the surface of the brush after the library was treated with
water and then hexane. Water contact angle measurements along the library were
used to estimate the degree of segment surface expression, based on the known equi-
librium water contact angles for the pure polymer species (about 90◦ for PnBMA
and approximately 65◦ for PDMAEMA). The results of these experiments for three
libraries, each with a different PnBMA block length, can be seen in Fig. 12. In this
plot, the brush is shown to “switch” its surface expression of segments between
the block species when the measured contact angle changes due to water or hexane
exposure. If the contact angle remains the same, it indicates that the segments were
unable to significantly rearrange. The power of the gradient approach to this system
is that it clearly outlines how molecular parameters govern the diblock switching
behavior. In addition, it provides a view of narrow windows of optimal response
that would be quite difficult to observe in single specimens. The library shows
that longer PDMAEMA blocks suppress switching, while longer PnBMA blocks
enhance the system’s ability to rearrange. In addition, the library illuminates the
narrow ranges of molecular architecture that result in the maximum changes in seg-
ment expression at the surface. For example, for the data shown in red this optimal
switching occurs in a window of top block thickness that is only 4 nm wide.

Grafted polymer libraries were also used by NIST researchers to achieve a va-
riety of other measurements. For example, Mei and coworkers [59] leveraged their
gradient in polymer grafting density to assess brush biocompatibility. In particu-
lar, they used this approach map the effect of poly(2-hydroxyethyl methacrylate)
grafting density on the level of fibronectin adsorption and subsequent cell bind-
ing. The library enabled the team to determine rapidly the complex correlations
between polymer grafting density, fibronectin coverage and cell adhesion, as well
as the optimal surface conditions for cell proliferation. In another emerging ex-
ample, Patton and coworkers [62] demonstrated how μ-SIP can be leveraged to
measure rapidly and reliably copolymer reactivity ratios, which link the composition
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of mixed monomer polymerization solutions to the composition of copolymer
species. Knowledge of reactivity ratios is extremely important for synthesizing
polymers with tailored composition and architecture, but they are difficult and time-
consuming to measure. The researchers showed that by measuring the composition
of the monomer solution in the microchannel (e.g., via a fiber optic Raman spec-
troscopy probe) and correlating it to the composition of the statistical copolymer
brush created on the surface (measured by X-ray photoelectron spectroscopy, XPS),
reactivity ratios could be determined. While the published study involved a series
of discrete specimens, the extension of the measurement approach to gradient li-
braries is straightforward. This team is currently establishing protocols to reliably
achieve this by combining Raman spectroscopy along a μ-SIP solution gradient and
automated XPS data collected from a gradient statistical copolymer library of the
type illustrated in Fig. 10b.



M.J. Fasolka et al.

3.5 Polymer Blend Composition Gradients

In “hard” materials, such as metals or oxides, the creation of composition gradients
is enabled by the excellent atomic-level mixing inherent to co-sputtering, co-
evaporation and other co-deposition techniques [63]. The creation of composition
spreads in polymers can be more difficult, since the size of macromolecules and the
higher viscosity of their solutions can inhibit the proper mixing required for reliable
libraries. At NIST, Meredith and coworkers addressed this challenge by combining
the flow coating apparatus with an automated syringe-based deposition of blended
polymer solutions [3]. A schematic of this approach can be seen in Fig. 13. To start,
solutions of the polymers (A and B in the figure) to be blended are prepared us-
ing a common solvent. These solutions are fed, and then continuously mixed, in a
common vessel (Fig. 13a). The solution feeds are ramped over time such that the
mixed solution begin with 100% B solution and ends with 100% A solution. As the
composition of the mixed solution changes, a narrow bore syringe is used to col-
lect gradually an aliquot from the vessel, capturing a column of solution that has
a gradient in its composition from top to bottom. The narrow bore of the syringe
inhibits mixing long enough so that it can be deposited as a strip onto a flat sub-
strate (Fig. 13b). Then the flow coater blade (moving at constant velocity) is used
to spread the strip into a thin film with level thickness (Fig. 13c). When the solvent
evaporates, the resulting rectangular film library has a gradient in polymer compo-
sition that ranges from nearly 100% A to nearly 100% B.

There are some limitations to this technique. First, proper mixing can only be
achieved with dilute, low viscosity polymer solutions (perhaps a few percent poly-
mer by mass), so the final films are at most a few hundred nanometers thick. This
can be a problem if confinement will create undesired effects in the blend behavior.
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Fig. 13 Illustration of a method for producing polymer blend composition gradient libraries. A and
B are the polymer solutions to be blended. ϕB is the relative volume concentration of the B polymer
solution. See text for details. (Reproduced with permission from [3])
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In addition, the method only works for polymer pairs that can be blended in a com-
mon solvent. Nevertheless, this can be an extremely powerful method for assessing
the behavior and performance of polymer blends. For example, Meredith et al.
demonstrated the application of this approach to the high-throughput analysis of
polymer blend phase behavior. Using polystyrene (PS) and poly(vinylmethylether)
(PVME) as a test system, these authors created a single specimen polymer phase di-
agram by placing a PS-PVME gradient library on a gradient hot stage, as shown in
Fig. 14. After annealing over the range of temperatures across the gradient hot stage,
the library developed a hazy region, indicative of phase separated polymer domains.
Where the polymer remained mixed, the film retained its smooth, as-cast appear-
ance. As shown in Fig. 14b, these hazy and smooth regions delineate the miscibility
gap of the PS-PVME blend system. The resulting polymer blend phase diagram
library captures the entirety of this system’s phase behavior in a single specimen.

Several research teams have employed this method for the high-throughput inves-
tigation of more complex polymer blend behavior and performance. For example,
Karim and coworkers [64] used the method to screen the shifts in polymer miscibil-
ity induced by the addition of clay nanoparticles. In another study, a blend system
slated for biomaterials applications was examined by Meredith et al. [65]. In this
work, after the gradient phase diagram was created and cooled, cells were seeded
across the library. A subsequent stain for cell viability indicated at which locations
across the library cells adhered and propagated. Thus, in a single library experiment,
the researchers could create a comprehensive map of which blend compositions
and morphologies were biocompatible. More recently, Simon and coworkers [66]
adapted this method to create microporous 3D gradient polymer blend specimens
to investigate tissue scaffold materials. Instead of spreading a graded polymer con-
centration solution on a flat substrate, the researchers deposited it along a trough
filled with salt crystals. Freeze-drying to remove the solvent and dissolution of the
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salt resulted in a porous monolith (roughly 1cm× 1cm× 5cm in dimension) that
gradually changed in its composition from one end to the other. A first application
of this technique resulted in the identification of the optimal level of iodinated poly-
mer additive needed to create contrast in X-ray imaging measurements (e.g., X-ray
tomography) of polymer tissue scaffolds [67]. In this study, the gradient polymer
blend composition library was fabricated so that it gradually increased in the level
of iodinated species along its length. A single X-ray radiography image of the entire
library thus provided a comprehensive map of X-ray adsorption levels as a function
of position. Using only two such libraries, they were able to determine the minimal
levels of contrast agents required for four X-ray imaging processes. By traditional
methods, similar optimization would have required preparation of nearly 100 spec-
imens, followed by many hours of imaging measurements.

4 High-Throughput Materials Testing: Surfaces, Interfaces,
and Thin Films

In order to tailor the function and properties of next-generation coatings and adhe-
sives, industry researchers need to understand and control the complex interactions
of material interfaces. However, the properties of interfaces are often difficult to
measure, since they are complex in their structure and chemistry, and depend on the
interplay between multiple variables. Consequently, high-throughput measurements
of surfaces, interfaces, and thin films are essential for developing structure-property
relationships of coatings and adhesives generated using combinatorial strategies
such as those presented in the previous sections. The NIST program has focused on
enabling measurements of intrinsic properties of polymer films such as the Young’s
modulus, an extensive property of a material, as well as extrinsic properties such
as adhesion, which depends on a multitude of factors such as modulus, surface en-
ergy, and surface roughness. In designing these types of measurement platforms,
we discovered that some approaches are amenable to performing highly-parallel
measurements on combinatorial libraries; thus, we could provide rapid, multiple-
point measurements of a particular response. However, other approaches, due the
very nature of the measurement method itself, did not lend themselves to parallel
measurements; thus, we incorporated high-throughput, single point measurements
of combinatorial libraries into our experimental design. In the following sections,
examples of each type of measurement workflow will be highlighted.

4.1 Thin Film Mechanical Properties

Nanotechnology promises to revolutionize a growing set of materials applications
ranging from technology sectors such as semiconductor manufacturing, advanced
sensors and coatings, to biomedical sectors such as drug delivery and implant
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devices. However, the quest to engineer materials on the nanoscale (e.g., in the
form of ultrathin films) is met with the daunting task of measuring the physical
and mechanical properties of these systems. Given that the material properties of
thin films can be drastically different from that of the bulk material, understanding
the mechanical properties of nanofilms is especially critical not only for engineering
robust fabrication techniques but also for defining application thresholds and oper-
ating windows. Maintaining or even improving device performance and reliability
while concurrently shortening overall time-to-market is strongly dependent on the
ability to rapidly and quantitatively measure the mechanical properties of thin films
and coatings. At NIST, we developed several combinatorial and high-throughput
measurement platforms that probe the mechanical properties of thin film libraries.
In particular, we incorporated combinatorial libraries into an established methodol-
ogy based on deformation of a thin film on a copper grid to investigate crazing and
fracture in thin coatings. We also pioneered a new methodology based on surface
wrinkling to rapidly measure the elastic modulus of thin films and coatings. These
two measurement platforms underscore many of the challenges and opportunities
presented by combinatorial and high-throughput experimental design.

4.1.1 Crazing in Thin Polymer Films

Upon application of strain, polymeric materials can undergo local deformation and
yielding processes such as crazing, which leads to the formation of small fibrils and
microvoids. These fibrils and microvoids effectively increase the fracture toughness
of the material by absorbing energy prior to large-scale cracking in the material [68].
Since many applications of polymers employ thin coatings that are exposed to
relatively large stress fields, it is imperative to understand crazing in thin film ge-
ometries. The copper grid technique [69] applies a uniaxial strain to a thin polymer
film mounted onto a ductile copper grid (see Fig. 15). Due to plastic deformation
of the copper, a portion of the applied strain is transferred to and remains in the

Fig. 15 a Digital image of a copper grid-supported thin polystyrene film clamped in a uniaxial
tensile machine. b Schematic of a thickness gradient film mounted for conducting a copper grid
strain test. c AFM images (height and phase) of a craze tip after deformation. (Derived from [70]
with permission)
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attached polymer film, even after the sample has been removed from the tensile
testing instrument. This feature allows for the quantitative assessment of craze
microstructure, craze distribution and film integrity. Observation of specimen de-
formation is achieved by monitoring the material suspended across the grid holes.
The fracture processes within each grid space act independently and represent indi-
vidual experiments. Accordingly, copper grid testing of gradient specimens enables
parallel screening of craze behavior over the parameter spaced embodied by a com-
binatorial library. The ability to analyze rapidly multiple combinations of variables
affecting crazing on a single sample eliminates potential variability and measure-
ment error associated with sample preparation, processing and storage, while at the
same time increasing measurement efficiency. Shallow thickness gradients allow
comparatively uniform films to be presented across each grid square, thus yield-
ing the equivalent of up to 30 or more different films that can be analyzed under
identical conditions. The grid holes orthogonal to the thickness gradient can pro-
vide statistics of the crazing process, or a second gradient, such as film composition
or crystallinity, can be incorporated into the film, thereby greatly increasing the
parameter space studied. Using this technique, NIST researchers demonstrated that
this method provides quantitative characterization of craze dimensions in glassy
polymer films. Interestingly, those results indicated that craze widening and micro-
necking mechanisms are quantitatively continuous in films with thickness greater
than 50 nm [70].

4.1.2 Thin Film Modulus Measurements

While the copper grid test captures the crazing and fracture behavior of thin polymer
films, it does not provide any measure of the fundamental mechanical properties of
these materials (e.g., the elastic modulus). The most common method for probing
the modulus of thin coatings and films is instrument indentation (nanoindentation
or AFM), which has proven extremely valuable in the field of hard materials such
as metallic and ceramic materials. Despite the success of instrumented indentation,
there continues to be a number of technical issues impeding accurate indentation
measurements on thin polymer films, the most notable being the so-called substrate
effect which necessitates that the indentation depth be less than 10% of the total
film thickness. Such shallow indentation depths become increasingly impractical or
difficult as the film thickness approaches 100 nm or less. Furthermore, when study-
ing polymer films, it is difficult to detect when the indenter establishes contact with
the surface due to the extremely low loads encountered with softer materials (MPa
to GPa).

To address this measurement need, NIST researchers developed a novel method-
ology based on surface wrinkling to assess the mechanical properties of thin poly-
mer films [71,72]. Surface wrinkling occurs upon compression of a bilayer laminate
comprised of a stiff, thin coating supported by a thick, soft substrate. In order to
minimize the applied strain energy, the system undergoes a mechanical instability
having a defined wavelength (λ ), which can be related to the elastic modulus of the
stiff coating by
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Ēf = 3Ēs

(
λ

2πhf

)3

(1)

where h is the thickness, E = E/(1− ν2) is the plane-strain modulus (E is the
elastic modulus, ν is the Poisson’s ratio, and the subscripts “f” and “s” denote the
film and substrate, respectively). In nearly all studies to date, NIST researchers and
others have employed crosslinked poly(dimethyl siloxane) (PDMS, E ≈ 2MPa) as
the substrate. Because the substrate modulus (Es) and film thickness (hf) can both be
independently measured by traditional techniques, the wavelength of the wrinkling
provides a window for measuring of the modulus of the stiff, thin coating (Ef).
The wavelength of the wrinkling instability can be measured rapidly by a number
of techniques such as laser light diffraction, optical microscopy, or AFM. In the
case of light diffraction, the sample can be rastered across the beam to map out the
mechanical properties of the entire film, providing rapid analysis of, for example, a
gradient library. Conversely, if the sample is uniform, a multitude of images can be
acquired to improve the statistics of a single measurement.

Figure 16 demonstrates the range of moduli that can be assessed using the wrin-
kling metrology, as well as the precision of these measurements. Figure 16a shows
moduli data collected along a thickness gradient library of polystyrene [PS], illus-
trating the ability of this technique to measure the modulus of glassy polymer films
(E ≈ 1–5GPa), as well as its use in a combinatorial workflow. In the example shown
in Fig. 16a, the average value for the modulus was 3.4GPa± 0.1GPa, in excellent
agreement with reported bulk values for PS measured via conventional techniques
such as tensile testing [73]. The surface wrinkling metrology can also measure soft
materials, such as poly(styrene–isoprene–styrene) [P(S–I–S)] block copolymers,
that display moduli in the MPa range (Fig. 16b). Our surface wrinkling metrol-
ogy can easily discriminate materials having less than a 5% difference in moduli,
which demonstrates the unique power of this metrology for thin polymer film re-
search. This point is illustrated in Fig. 16c, where the modulus of ultrathin PS films
is shown to decrease sharply when the film thickness decreases below ≈ 40nm [74].

Fig. 16 Representative data from the surface wrinkling metrology, demonstrating the unprece-
dented range of moduli and the precision that the methodology unlocks: a modulus of a thickness
gradient library of PS (reproduced with permission from [72]); b modulus as a function of compo-
sition for P(S–I–S) triblock copolymer blends; c modulus as a function of thickness for ultrathin PS
films (reproduced with permission from [74]). The lines are meant to guide the eye and the error
bars represent one standard deviation of the data, which is taken as the experimental uncertainty
of the measurement
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Our metrology has also been applied to particularly challenging systems, such as
layer-by-layer assemblies [75–77], polymer brushes [78], and even single carbon
nanotubes [79], with remarkable results.

The mechanics of surface wrinkling necessitate that there be a reasonable mod-
ulus difference between the film of interest and the soft substrate (Es ≈ 2MPa for
PDMS). In order to probe softer materials, the wrinkling metrology can be inverted,
such that a sensor film of known modulus is adhered to a soft substrate of unknown
modulus. Rearrangement of (1) leads to the following expression for the modulus
of the soft, elastic substrate:

Ēs =
Ēf

3

(
λ

2πhf

)−3

(2)

Here, the unknown to be determined is the modulus of the soft elastic substrate, Es.
The thickness of the sensor film is chosen such that the wavelength of the wrin-
kling instability can again be measured by small angle light scattering (SALS),
thus enabling high-throughput measurement of the substrate modulus. Experimen-
tal validation of this approach was conducted using a series of model crosslinked
PDMS elastomers [80]. To extend the applicability of the buckling metrology as
well as demonstrate its versatility, we investigated its use for determining the modu-
lus of commonly used and commercially relevant poly(HEMA) hydrogels, which
are widely used in the fields of contact lenses and biomaterials. Using this in-
verted geometry, we measured moduli of hydrated elastomers between 0.21MPa <
Es < 2.6MPa, greatly extending the demonstrated range of moduli that this surface
wrinkling metrology can probe. Substrates containing either discrete or continuous
gradients in modulus (via gradients in composition or crosslink density, for exam-
ple) can be easily integrated into this measurement workflow.

4.2 Adhesion Testing

The ability to control and tailor the adhesion at various interfaces plays a crit-
ical role in numerous technologies including electronic packaging, coatings and
paints, biomedical implants, and pressure sensitive adhesives (PSAs). Previous re-
search has shown that polymer interface formation and failure is dependent upon
a range of material, processing and testing parameters. Current (traditional) ap-
proaches to the characterization of adhesion have focused on isolating a single
adhesion-controlling parameter and correlating the changes in adhesion with corre-
sponding changes in that single parameter. However, these types of approaches are
time-consuming, discrete, and do not allow interplay between variables to be inves-
tigated. Indeed, one major challenge in this field is the efficient exploration of this
large parameter space in order to develop an understanding of the fundamental driv-
ing forces for development of adhesive strength at polymer/polymer, polymer/metal,
polymer/ceramic, and polymer/biomaterial interfaces. The ability to conduct highly
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parallel tests and employ multivariant libraries is an essential step toward rapidly
and efficiently identifying structure-property relationships critical for tuning ad-
hesive performance [81, 82]. At NIST, we developed several combinatorial and
high-throughput measurement platforms for probing both the fundamental origins
of adhesion (e.g., interfacial interactions) as well as practical aspects of adhesion in
soft materials (e.g., PSAs) as well as glassy materials and thermosets (e.g., epoxies).

4.2.1 Viscoelastic Materials: Peel Tests

The peel test is one of the most common techniques to assess the adhesive prop-
erties of PSAs. As the demand increases for combinatorial tools to test material
performance rapidly, applying combinatorial and/or high-throughput approaches to
the peel test could yield valuable insight into PSA structure-property relationships
as well as open the door to a larger parameter space that can be rapidly and ef-
ficiently explored [83, 84]. However, there are considerable technical challenges
presented by adapting conventional peel tests to include combinatorial or high-
throughput concepts. To illustrate some of these challenges, we consider a simple
example: measuring the adhesive strength of a commercial PSA tape adhered to
a glass substrate possessing a surface energy gradient (Δγ) along the peel direction
(see Fig. 17a). The peel force (F) is averaged across the peel width (b), thus severely
limiting the ability to apply an orthogonal gradient in this geometry. However, by
combining both a gradient that increases in surface energy (+Δγ) and one that de-
creases in surface energy (−Δγ) relative to the peel direction, we can probe the effect
that the gradient itself has on the peeling process (e.g., crack acceleration or decel-
eration, stick-slip, etc). As shown in Fig. 17b, the resulting peel data correlate well
with the changing surface energy of the substrate. While this example demonstrates

Fig. 17 a Schematic of peeling of an adhesive tape off a surface energy gradient. b Peel data
(F/b) as a function of distance (d) along the surface energy gradient. As a reference, a traditional
(non-gradient) peel test was also performed on the low surface energy substrate
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the utility and value of combinatorial approaches as applied to peel tests, it also
highlights a drawback: the lack of ample statistical information that is inherent in
this type of measurement. For example, a conventional peel test conducted under
constant conditions results in a fluctuating force to be averaged. Applying a contin-
uous gradient of sample properties or test conditions in the peel direction implies
that each data point (force) corresponds to a single point in parameter space, thus
prohibiting the average force to be calculated for a given condition. To address this
issue, we developed [83] a simple statistical treatment that allows a relationship
between the uncertainty of the force and the domain size to be established. This
statistical tool enables one to define the gradient step size (discrete gradients) or
gradient steepness (continuous gradients) such that sound statistical information can
be obtained and measurement uncertainties can be defined.

4.2.2 Viscoelastic Materials: Probe Tack Tests

Another common method for measuring adhesion strength in soft adhesives is the
probe tack test, which involves bringing a rigid probe of known geometry into and
out of contact with a flat adhesive layer while recording the applied displacement
and resulting force throughout the cycle. In most cases, the probe geometry is ei-
ther a cylindrical punch or a hemispherical lens. Since one needs to measure both
force and displacement, it is difficult to design a parallel screening approach to this
measurement platform. Therefore, the focus has been primarily on developing ap-
propriate combinatorial libraries that span the parameter space of interest, while
employing single point measurements of probe tack [85, 86]. At NIST we used
this approach to examine the effect of temperature on the adhesive properties of
model PSAs (see Fig. 18). In this study, a temperature gradient is established across
a transparent sapphire window that is coated with a soft adhesive. The transparent
substrate allowed us to image simultaneously the contact zone from below the sam-
ple, yielding valuable information about the failure mechanisms of the adhesive.
Although tack tests were conducted in a serial manner across the temperature

Fig. 18 a Schematic of probe tack measurements of a thin adhesive film along a temperature
gradient. b Compilation of probe tack data during loading and unloading cycles for different tem-
peratures. c Total adhesion energy, calculated from the area under the load-displacement curve
shown in b divided by maximum contact area, as a function of temperature. The error bars rep-
resent one standard deviation of the data, which is taken as the experimental uncertainty of the
measurement. (Reproduced with permission from [86])
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gradient, our design yielded a dramatic decrease in the total measurement time
to adequately survey the entire temperature range studied. For example, adhesion
measurements at ten different temperatures by conventional tack tests would take
330 min [(30 min equilibration at each temperature +3min for tack test) ×10 dif-
ferent temperatures], while adhesion measurements using the temperature gradient
tack apparatus would only take 60 min [30 min equilibration on temperature gradi-
ent + (3 min for tack test ×10 different temperatures)]. Thus, by incorporating a
temperature gradient stage, we realized more than a fivefold increase in measure-
ment throughput. We believe this new high-throughput technique has considerable
analytical utility because several critical pieces of information can be acquired si-
multaneously and more efficiently, thus reducing experimental uncertainties and
overall measurement time. In this initial study, we conducted only 1D in situ tack
measurements, opting to use the second dimension to conduct multiple identical
tests for statistical purposes, but more advanced applications are possible. For exam-
ple, combinatorial aging tests and kinetic studies of epoxy curing can be examined
using this instrument. By introducing another parameter such as aging or curing
time, 2D libraries (e.g., time and temperature) can be easily generated and screened
by probe-type tack measurements.

4.2.3 Glassy Materials: Edge-Delamination Tests

Combinatorial and high-throughput measurements of adhesion in rigid coatings and
films demand quite different approaches than soft adhesives such as PSAs [81, 87,
88]. For example, contact methods such as the probe tack test are not suitable for
measuring the interfacial strength of a coating adhered to a substrate. To this end,
NIST researchers adapted the edge-delamination test [89] to evaluate the adhesion
of combinatorial coating libraries to various substrates. In the edge-delamination
test, thermal stress arising from cooling of a film/substrate system can propagate
an initial crack along the film–substrate interface. Debonding occurs at a critical
temperature (Tc) due to the stress concentration near the crack tip. The critical stress
(σc) necessary to debond the film can be calculated using (3):

σc =
Ef

1− v
(αs −αf)(Tc −Tref) (3)

where E is the elastic modulus, α is the coefficient of thermal expansion, and Tref

is a reference temperature where the film is assumed to be in a stress-free state and
is usually chose to be the Tg of the film. The subscripts “f” and “s” denote the film
and substrate, respectively. If the failure is assumed to take place in the film very
near the interface (cohesive failure), the thermal stress at the critical temperature for
debonding can be related to the fracture energy (KIC) of the film:

KIC = σ0

√
hf

2
(4)

Thus, KIC can be used as an accurate descriptor of the interfacial strength in a
film/substrate system.
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Fig. 19 a Schematic of the combinatorial edge-delamination test for probing interfacial adhesion
strength. The gradient specimen is diced in order to mechanically isolate individual cells on the
array as well as to provide an initial interfacial crack. b An optical micrograph of an individual
element of the array illustrating the width and sharpness of the diced area. c Image of a gradient
specimen after failure showing a distinct transition from bonded to debonded areas of the specimen.
(Reproduced with permission from [91])

In order to adapt the edge-delamination test to combinatorial workflows, we first
developed the framework of the metrology; this included theory, experimental de-
sign, stress analysis and simulation of the approach [90]. We could then employ
combinatorial libraries that incorporate one or more adhesion-controlling parame-
ters into the edge-delamination experimental design. For example, a film is coated
onto a rigid substrate in such a way that the film has a gradient (e.g., thickness, sur-
face energy, composition) in one direction, which is then subdivided into an array
of separate edge-delamination samples, as depicted in Fig. 19a. This dicing process
serves to generate a pre-crack at the film/substrate interface as well as to isolate
mechanically each cell of the array from neighboring cells. A second orthogonal
gradient could also be incorporated into the experimental design. The specimen is
then slowly cooled and debonding events are observed for those sample cells hav-
ing stresses greater than a critical value. These stresses depend on the combination
of local temperature and film thickness. A map of failures can be constructed as a
function of each unique combination of variable one and variable two (Fig. 19c).
Subsequently, the interfacial strength between the film coating and the substrate can
be deduced from the failure map using (4). We have demonstrated this methodology
by probing the adhesion of thin PMMA films to a silicon substrate possessing a gra-
dient in surface energy [91]. In that particular study, an epoxy stress-generating layer
was coated directly on the PMMA films; an orthogonal thickness gradient of epoxy
was applied to generate a gradient in the stress profile. We have also employed com-
positional gradients in epoxy films [92], as well as gradients in temperature (both
curing temperature and quench temperature).

4.2.4 Elastic Materials: JKR Adhesion Tests

Oftentimes, in order to understand adhesion at the macroscale, we need to under-
stand first the fundamental molecular interactions at interfaces. With this in mind,
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Fig. 20 a Test geometry for a single lens JKR test. The applied load (P), displacement (δ ), and
contact radius (a) are measured during a complete loading/unloading cycle. b Multilens array used
for combinatorial adhesion measurements across a sample library, which can be combined with
automated image analysis of the contact area across multiple lenses of the array to yield high-
throughput measurements of adhesion across combinatorial libraries. c Representative data for G
for both loading and unloading segments of PDMS/PDMS contact. (b reproduced with permission
from [95])

we developed a measurement platform to study quantitatively adhesion using the
Johnson, Kendall and Roberts (JKR) model [93]. In this test, a hemispherical lens
of one material is brought into and out of contact with a complementary substrate
while measuring the applied load, displacement, and contact area between the lens
and substrate (see Fig. 20a). The energy release rate (G) represents the amount of
energy required to change the contact area a unit amount, or more simply the ad-
ditional energy required to drive the separation between the two surfaces, and is
given by

G =
(P′ −P)2

8πE∗a3 (5)

where P′ = 4E∗a3

3R is the Hertzian contact load (no adhesion), P is the applied load,
E∗ is the system modulus, and a is the contact radius. For a JKR test, the energy
required to increase surface area during the loading curve is bounded by the ther-
modynamic work of adhesion (W ), while the unloading segment provides a measure
of the adhesion hysteresis (GHYS), which reflects specific adhesion interactions that
develop while the lens is in contact with the substrate.

To facilitate high-throughput measurements on combinatorial libraries, we de-
veloped means to introduce a planar array of hemispherical lenses (see Fig. 20b)
into contact with a substrate possessing a gradient in material properties or envi-
ronmental parameters along one or both axes of the array [94, 95]. Conversely, the
hemispherical lens array could embody one of the property gradients, such as a gra-
dient in surface energy, or the lens array itself could be comprised of a material
gradient, such as composition of the lenses within in the array. If two orthogonal
gradients are placed on the array, then each lens contact point yields a measure-
ment of adhesion for a unique combination of parameters. The challenge of using
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a multilens array lies in the inability to measure load on each individual lens of the
array. In this case, the displacement (δ ) of the lens array (not the load (P), as in (5))
is used to calculate G:

G =
E∗ (δ ′ − δ)2

2πa
(6)

where δ ′ = a2

R is the Hertzian contact displacement.
We have employed microlens arrays that contain 100–1,600 individual lenses

per cm2, depending on the sample size and steepness of the gradient under study.
We have analyzed the effect of surface energy, crosslink density, and contact time
using our multilens measurement approach. By integrating a temperature gradient
into the instrument design, we can also measure temperature-dependent adhesive
properties as a function of multiple variables. For example, in one study we mea-
sured the self-adhesion and fracture of polystyrene thin films using orthogonal
gradients in temperature and film thickness [94]. This methodology is a powerful
tool for investigating the effects of multivariable environments (e.g., surface en-
ergy, surface roughness, composition, and processing) on polymer adhesion. We are
currently pursuing methods for functionalizing the PDMS lens array with different
chemistries in a graded manner, such as layer-by-layer deposition of polyelec-
trolytes [96] and growth of polymer brushes [78], in ways that express the chemical
diversity inherent in many interfaces.

5 High-Throughput Materials Synthesis and Solution
Characterization: Microscale Approaches to Polymer
Library Fabrication in Fluids

One of the major advantages of the techniques described above is the ability to mea-
sure materials properties with significantly reduced quantities of sample. There are
few robust synthetic techniques, however, that can produce only the quantities of
polymer necessary for these types of measurements. The development of microflu-
idic devices presented an appealing technology for adaptation to addressing this
problem by producing devices that could carry out polymer synthesis in microliter
volumes with cheap and flexible reactors directly interfaced with high-throughput
measurement methods.

Additional potential advantages associated with performing chemical reactions
in the confined space of a microfluidic channel include improved heat transfer, uni-
form mixing profiles, faster variable changes and improved safety [97]. Combined
with a high-throughput characterization strategy this extends the versatility of a mi-
crofluidic R&D platform to studying routes for improving control of molar mass,
polydispersity, architecture and composition. Previous studies demonstrate that im-
proved control of polymer products was obtained when reactions were carried out
in a microfluidic or microreactor environment [98].
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The NIST program had a two-pronged approach: (1) use microfluidic devices to
manipulate the stoichiometry and other conditions of reactions to produce contin-
uous gradients in polymer chain structures, and (2) exploit the small volumes used
in microfluidic channels to carry out measurements on polymer solutions that tradi-
tionally require significantly larger volumes or longer times to measure. Examples
that will be presented in this section include the preparation of continuous gradi-
ents of molecular weight using ATRP, dynamic light scattering (DLS) on a chip and
high-throughput interfacial tension (IFT) measurements.

5.1 Controlled Polymer Synthesis in Microchannels

With the development of controlled radical polymerization, synthetic polymer
chemists dramatically expanded the range of materials that could be controlled on
the molecular scale. Controlled and high-throughput techniques are essential to the
systematic survey of this vast parameter space. NIST chose to pursue the use of a
technique with flexibility, ease of use, and sample volumes similar to those used
in the other library design and measurement methods described above. Channels
fabricated in both polymer/glass (Fig. 21a) [99, 100] and metal devices [101] were
used depending on the conditions necessary for the reactions. Earlier polymeric
devices were replaced by metallic devices when higher temperatures and longer
reaction times were required.

The first reactions were carried out at room temperature in devices fabricated
from a thiolene resin cured between two glass slides. 2-Hydroxypropyl methacrylate
(HPMA) was polymerized by ATRP, and reaction kinetics similar to those obtained
in a traditional batch reaction were obtained by adjusting the total flow rate of the
fluid through the channel and treating the residence time in the channel as the reac-
tion time (Fig. 21b,c) [102].

The correlation of residence time to reaction time is critical in the ability to treat
the volume of the channel as a continuous gradient in molecular mass. ATRP is
particularly well-suited to this type of device because the reaction can be initi-
ated at a fixed mixing element at the head of the channel where a catalyst and
initiator can be brought together. By replacing a small molecule initiator with a
polymer chain capable of being reinitiated, copolymers could be prepared. This
was done in the thiolene/glass devices with a poly(n-butyl methacrylate) block
[103].

In order to access a wider variety of monomers, higher temperatures were neces-
sary. Using an aluminum channel capped on one wall with a Kapton film, styrene,
as well as several acrylates and methacrylates, were polymerized. Furthermore,
block copolymers were also prepared from these more widely used polymers,
and the devices were integrated with characterization techniques as described be-
low [104]. Similar devices have been used to carry out anionic polymerizations as
well [105].
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Fig. 21 Representative microfluidic device and resulting data from ATRP on a chip: a image of
a microfluidic device (dimensions 25mm×75mm) fabricated from UV curable thiolene resin be-
tween two glass slides; b reaction data for ATRP of HPMA synthesized on a chip showing the
correlation of flow rate (or residence time) to reaction time and resulting conversion of monomer
(M) to polymer (ln([M]o/[M]); c comparison of number average molecular mass (Mn) and poly-
dispersity for n-butyl acrylate prepared in a traditional round bottom flask (‘Flask’) and on a chip
(‘CRP Chip’). (Reproduced with permission from [102])

5.2 Characterization of Interfacially-Active Polymers
in Microchannels

In order to obtain the advantage of other high-throughput and combinatorial tech-
niques in microfluidic reactors, it is critical that other processing and measurement
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Fig. 22 Images and data representing development and application of DLS on a chip: a one
iteration in the design of a microfluidic DLS fabricated from aluminum with the surface an-
odized black to reduce surface reflections; b image of a microfluidic chip that integrates polymer
synthesis with DLS. The machined channels have been covered by a Kapton sheet fixed with ad-
hesive; c data for temperature depended micelle formation of polyethylene oxide–polypropylene
oxide–polyethylene oxide triblock copolymer (Pluronic P85) at 2% by volume in water. (Derived
from [106] with permission)

tools be integrated into the same platform. The NIST team designed a dynamic
light scattering (DLS) instrument on a chip by anodizing the inner walls of
an aluminum channel to minimize reflections and plumbing the channel with
fiber optics which both deliver an incident beam and detect off-axis scattering
(Fig. 22a). After several iterations of design [106], the DLS was applied to detect
the formation of micelles in block copolymers as a function of cosolvent fraction
(polystyrene/polyisoprene diblock copolymers in hexanes/toluene) or temperature
(polyethylene oxide/polypropylene oxide triblock copolymers in water; Fig. 22c).

This new DLS tool was integrated into the microreactors by placing it at the end
of a chip that synthesized amphiphilic block copolymers from methyl methacrylate
and either lauryl methacrylate or octadecyl methacrylate (Fig. 22b). The reaction
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mixture was then diluted with a selective solvent while still on the device, which
both terminated the polymerization and induced micelle or other structure forma-
tion in the fluid. The structured samples then flowed through the DLS chamber for
characterization of size [101]. The total sample volume in the DLS measurement
chamber was only 4μL, and the device enabled comparatively simple alignment
procedures while reducing multiple scattering.

The integrated DLS device provides an example of a measurement tool tailored to
nano-scale structure determination in fluids, e.g., polymers induced to form specific
assemblies in selective solvents. There is, however, a critical need to understand the
behavior of polymers and other interfacial modifiers at the interface of immiscible
fluids, such as surfactants in oil-water mixtures. Typical measurement methods used
to determine the interfacial tension in such mixtures tend to be time-consuming
and had been described as a major barrier to systematic surveys of variable space
in libraries of interfacial modifiers. Critical information relating to the behavior of
such mixtures, for example, in the effective removal of soil from clothing, would
be available simply by measuring interfacial tension (IFT) for immiscible solutions
with different droplet sizes, a variable not accessible by drop-volume or pendant
drop techniques [107].

Through many iterations of design, NIST scientists developed a microfluidic chip
that addressed this challenge, by forming droplets of immiscible fluids in a contin-
uous flow stream, while systematically varying conditions that would influence the
interfacial tension between the two fluids. The device consisted of three basic ele-
ments: drop formation, mixing and drop adsorption, and drop deformation, followed
by detection of the drop relaxation using a charge-coupled device (CCD) camera.
A variety of mixtures were characterized with these techniques, including the silox-
ane interface with water, air, ethylene glycol and glycerol, with and without added
surfactants (Fig. 23a) [108].

Challenges associated with the proper design of the instrument on a chip included
consideration and elimination of confinement effects, depletion issues when the sur-
factant concentration was determined by the size of the droplet (i.e., the droplet
phase contained the surfactant additive) and full automation of fluid controls, im-
age capture and data analysis. Ultimately, however, the device was demonstrated
to measure both equilibrium and dynamic IFT in a fraction of the time necessary
by conventional techniques and at a length-scale of greater relevance to the appli-
cations of interest. The rapid scanning of composition variation was demonstrated
by measuring the IFT of water/ethylene glycol mixtures in polydimethylsiloxane oil
(Fig. 23b) [109].

6 Conclusions

We provided an overview of combinatorial and high-throughput methods research
at NIST, with a focus on tools and application examples that are useful for the exam-
ination of polymer surfaces, interfaces and thin films. An examination of this body
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Fig. 23 a Image of a microfluidic chip used for IFT measurements filled with liquid dye to il-
luminate channels. To perform the measurement, drops are injected (fluid 1a and b) are injected
into an immiscible stream (2). Additional immiscible matrix is added (3a and 3b) conveying the
drops into channel 4 for analysis and measurement. Constrictions in channel 4 accelerate/stretch
the drops. Multiple constrictions enable measurement at different interface age. The channel ge-
ometry is shown schematically in the inset (from [108]). b Interfacial tension (σ ) of water/ethylene
glycol mixtures (binary drops) in PDMS oil, as a function of composition (φ ). (Reproduced with
permission from [109])

of work illustrates two key points that are worth discussing in conclusion. First, it
is clear that gradient and microfluidic methods are powerful tools for polymer re-
search, and this is not only because these techniques can be more rapid (although,
this is one great advantage). A more important aspect, especially for emerging poly-
mer technologies, is that these techniques allow scientists and engineers to approach
complex materials systems in ways that are impossible via traditional techniques.
As illustrated in many of the examples discussed above, a library approach enables
the researcher to view, often in a single specimen, an entire space of structures,
behaviors and their response to influencing variables. These “big picture” snap-
shots can be invaluable in initiating and building a comprehensive understanding
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of complex systems and the factors that govern them. In addition, gradient libraries
enable the researcher to “zoom in” on specific parameter subsets to achieve more
detailed analyses; this unique capability facilitates a more rigorous examination of
the structure-processing-performance interrelationships that are key to materials sci-
ence and engineering.

The second point is that, quite often, library approaches can provide significant
advantages even if they are not integrated into extensive workflow infrastructures
that are often associated with combinatorial methods. Indeed, gradient libraries and
microfluidic library synthesis can provide extensive benefits both in their own right
and in combination with modest automated analysis. The “self-reporting” aspect of
gradient libraries is one example of this, as is the ability of continuous microreac-
tors to create systematically changing families of polymer specimens while using
miniscule amounts of reactant. Moreover, by pairing libraries with high-throughput
measurement platforms researchers have access to an unparalleled, and rapid, ability
to determine the factors that govern and optimize materials performance. Examples
of this can be seen in our discussion of high-throughput adhesion and mechanical
properties tests, which are fueled by appropriately fabricated library specimens. In
addition, as we discussed, microfluidic technologies are quite powerful in this re-
spect, since they can integrate library fabrication and high-throughput analysis of
fluid specimens on a single device.

In each of these “take home” messages, the benefits of combinatorial and high-
throughput approaches are gained by thinking beyond the single sample paradigm,
by being aware of the opportunities afforded by developing and exploiting these
tools, and by applying them with the wisdom that has always characterized success-
ful polymers science.
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