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ABSTRACT: Rational materials design based on prior knowledge is attractive
because it promises to avoid time-consuming synthesis and testing of numerous
materials candidates. However with the increase of complexity of materials, the
scientific ability for the rational materials design becomes progressively limited.
As a result of this complexity, combinatorial and high-throughput (CHT)
experimentation in materials science has been recognized as a new scientific
approach to generate new knowledge. This review demonstrates the broad
applicability of CHT experimentation technologies in discovery and optimiza-
tion of newmaterials. We discuss general principles of CHTmaterials screening,
followed by the detailed discussion of high-throughput materials characteriza-
tion approaches, advances in data analysis/mining, and new materials develop-
ments facilitated by CHT experimentation. We critically analyze results of
materials development in the areas most impacted by the CHT approaches, such
as catalysis, electronic and functional materials, polymer-based industrial coatings, sensing materials, and biomaterials.
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1. INTRODUCTION

Rational design and optimization of materials based on prior
knowledge is a very attractive approach because it could avoid
time-consuming synthesis and testing of numerous materials
candidates. However, to be quantitatively successful, rational
design requires detailed knowledge regarding relation of intrinsic
properties of materials to a set of their performance properties.

This knowledge is typically obtained from extensive experimen-
tal and simulation data. However, with the increase of structural
and functional complexity of materials, the ability to rationally
define the precise requirements that result in a desired set of
performance properties becomes increasingly limited.1 Thus, in
addition to limited examples of rational materials design, a variety
of materials have been discovered using detailed experimental
observations or simply by chance, reflecting a general situation in
materials design that is “still too dependent on serendipity”.2,3

In materials science, the materials properties depend not
only on composition, but also on morphology, microstructure,
and other parameters that are related to the material-prepara-
tion conditions. As a result of this complexity, combinatorial
and high-throughput (CHT) experimentation in materials
science has been recognized as a new scientific approach to
generate significant new knowledge as summarized in recent
reviews and books.4�20

This review demonstrates the broad applicability of CHT
experimentation technologies in discovery and optimization of
new materials. We discuss general principles of CHT materials
screening, followed by the discussion of the opportunities and
new materials developments facilitated by CHT experimenta-
tion. We critically analyze results of materials development in the
areas most impacted by the CHT approaches, such as catalysis,
electronic and functional materials, polymer-based industrial
coatings, sensing materials, and biomaterials.

2. GENERAL PRINCIPLES

Combinatorial or high-throughput materials screening is a
process that couples the capability for parallel production of large
arrays of diverse materials together with different high-through-
put measurement techniques for various intrinsic and perfor-
mance properties followed by the navigation in the collected data
for identifying “lead”materials.4,11,15,21�26 The terms “combina-
torial materials screening” and “high-throughput experimenta-
tion” are typically interchangeably applied for all types of
automated parallel and rapid sequential evaluation processes of
materials and process parameters that include truly combinator-
ial permutations or their selected subsets.

Individual aspects of accelerated materials development have
been known for decades. These aspects include combinatorial
and factorial experimental designs,27 parallel synthesis of materi-
als on a single substrate,28,29 screening of materials for perfor-
mance properties,9 and computer data processing.30,31 In 1970,
an integrated materials-development workflow was introduced
by Hanak32 with four key aspects that included (1) complete
compositional mapping of a multicomponent system in one
experiment, (2) simple rapid nondestructive all-inclusive chemi-
cal analysis, (3) testing of properties by a scanning device, and
(4) computer data processing. Hanak was truly ahead of his time
and “it took 25 years for the world to realize his idea”.21 In 1995,
applications of combinatorial methodologies in materials science
were reinitiated by Xiang, Schultz, and co-workers.33 Since then,
combinatorial tools have been employed to discover and opti-
mize a wide variety of materials (see Table 1).

A typical combinatorial materials development cycle is out-
lined in Figure 1. Compared to the initial idea of Hanak32 (see
Figure 1A), the modern workflow (Figure 1B) has several new
important aspects, such as design/planning of experiments,
materials theory/modeling and informatics, and scale up. In
CHT screening of materials, concepts originally thought as
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highly automated, have been recently refined to have more
human input, with only an appropriate level of automation.
For the throughput of 50�100 materials formulations per day,
it is acceptable to perform certain aspects of the process
manually.34,35 While it is attractive to produce multiple small-
scale samples of materials at once using combinatorial tools, it is
important to validate the performance of the combinatorial
system by reproducing materials with good performance in
laboratory scale synthesis and performance testing under con-
ventional test conditions. In a reliable combinatorial workflow,
relative materials performances correlate well with those repro-
duced by traditional scale fabrication and testing. Thus, a
correlation between performance of materials fabricated on the
traditional and combinatorial scales is established using known
materials.
2.1. Experimental Planning. Searching for “a needle in the

haystack” has been popular in the early days of combinatorial
materials science.4,36,37 It was estimated that 286 of chemical
systems needed to be potentially investigated for their new
materials properties (see Figure 2A) however with only the
unary and binary chemical systems investigated so far.38 Taking
into the account not only the properties of starting materials but
also the needed variable levels of process conditions, rapidly
brings the number of experimental runs in CHT screening of
simple catalytic materials up to several million (see Figure 2B).39

It was also shown that a theoretical dimensionality of the hyper-
space of independent materials response features could be 1021

by including the permutations of varying materials, measurement
principles, and modes of operation for each material/measure-
ment combination in chemical sensors (see Figure 2C).40

It was realized further that screening of the whole materials
and process parameters space is still too costly and time
prohibitive even with the availability of existing tools.38 Instead,
designing the CHT experiments to discover relevant descriptors

became more attractive.37 At present, methods for CHT experi-
ment planning can be summarized as four general classes that
include (1) traditional statistical design-of-experiments ap-
proaches, such as factorial or fractional factorial designs that
are intended to generate statistically reliable conclusions from a
limited number of experiments; (2) “diversity”methods to cover
a space of interest using various measures to characterize
ensembles of experimental samples; (3) “search” methods to
intelligently navigate through the experiment space in a succes-
sion of experiments; and (4) hierarchical or hybrid methods to
develop a series of experiments with increasing focus.41�45

2.2. Materials Synthesis. Specific aspects of CHT techniques
for the synthesis, formulation, and preparation of materials are
provided in respective sections 3.1�3.5.
2.3. Materials Characterization. To address quantitation

needs of numerous materials-specific intrinsic and performance
properties, a variety of high-throughput characterization tools are
required for rapid and automated assessment of single or multi-
ple properties of the large number of samples fabricated together
as a combinatorial array or “library”.24,46,47 Typical library layouts
can be discrete27,29,33 and gradient.28,32,48�52 A specific type of
library layout will depend on the required density of space to be
explored, available library-fabrication capabilities, and capabilities
of high-throughput characterization tools.
As indicated in Technology Roadmap for Combinatorial Meth-

ods, Vision 2020,53 an integration of analytical equipment with the
combinatorial reactors is of critical importance for characteriza-
tion of combinatorial libraries. Thus, significant part of research
efforts in the area of CHTmaterials science has been dedicated to
the development of methods for in situ quantitative monitoring
of combinatorial reactions in both discovery and optimization
phases. In situ monitoring of combinatorial reactions provides
several attractive options for high-throughput screening. Real-
time observation of the reaction progress in combinatorial
reactors can tremendously speed up the materials discovery
process by providing previously unavailable information about

Figure 1. Concepts of the combinatorial materials-development work-
flow. (A) Initial concept proposed by Hanak in 1970.32 (B) Modern
“combinatorial materials cycle”.19

Table 1. Examples of Materials Explored Using Combina-
torial and High-Throughput Experimentation Techniques

materials examples ref materials examples ref

superconductor materials 33 zeolites 473

ferroelectric materials 474 polymers 475

magnetoresistive materials 476 metal alloys 477

luminescent materials 478 materials for methanol

fuel cells

479

structural materials 480 materials for solid oxide

fuel cells

481

hydrogen storage materials 482 materials for solar cells 483

organic light-emitting materials 484 automotive coatings 247

ferromagnetic shape-memory

alloys

485 waterborne coatings 486

thermoelastic shape-memory

alloys

487 vapor�barrier coatings 269

heterogeneous catalysts 488 marine coatings 263

homogeneous catalysts 489 fouling-release coatings 490

polymerization catalysts 491 organic dyes 492

electrochemical catalysts 164 polymeric sensing materials 389

electrocatalysts for

hydrogen evolution

493 metal oxide sensing materials 494

fuel cell anode catalysts 495 formulated sensing materials 332

enantioselective catalysts 496 agricultural materials 497



582 dx.doi.org/10.1021/co200007w |ACS Comb. Sci. 2011, 13, 579–633

ACS Combinatorial Science REVIEW

the starting reaction components evolving into the reaction and
the dynamics of progress of multiple reactions at once at each
reaction phase. Monitoring of reaction components can provide
valuable feedback information to control and rapidly optimize
reaction parameters. Overall, in situ monitoring of combinatorial
reactions includes all of the attractive features of in-line detection
methods, such as automation, no sample removal or preparation
steps and, thus, reduced number of contamination sources. It has
been statistically demonstrated that in situ measurement sys-
tems, in principle, are capable of making quality determinations
to a substantially higher order of precision than the traditional
off-line laboratory systems.54�56

Optical, chromatographic, electrochemical, and mass-spectro-
metric techniques are evolving as the most widely used analytical
methodologies for direct in situ monitoring and optimization of
combinatorial reactions.57�61 A representative list of applications
of analytical techniques recently reported for the in situ monitor-
ing of combinatorial reactions and processes is compiled in
Table 2.
When an analytical instrument collects quantitative data from

a combinatorial experiment, the accuracy of determinations often
depends on the ability to provide an interference-free response.
The interferences can arise from a variety of sources and can
include chemical and environmental interferences. The ability to
provide accurate quantitative data improves with the increase of
the information content or dimensionality of the collected data
per combinatorial sample. Analytical instruments can be classi-
fied according to the dimensionality of data that they provide
such as zero-, first-, second-, and higher order instruments. Such
classification of analytical instruments is well accepted62 and can

be applied for description of capabilities of instruments for real
time monitoring and optimization of combinatorial reactions.
The classification principles are illustrated in Figure 3. A measure-
ment system that generates a single data point per combinatorial
sample is a zero-order instrument (see Figure 3A). First-order
measurement systems generate a string of multiple measurements
per combinatorial sample (see Figure 3B). Measurements pro-
vided by the first-order measurement system are of the same
nature, for example, temporal, spectral, or sensor array responses.
Second-order measurement systems generate a matrix of an
instrument response upon the change of two independent types
of variables per sample (see Figure 3C). Depending on the parti-
cular need in the combinatorial screening, higher-order measure-
ment systems are also possible.63

Examples of performance of zero-, first-, and second-order
instruments in combinatorial screening of materials are pre-
sented in Figure 4. A zero-order measurement approach is
illustrated in Figure 4A and B where abrasion resistance of
organic protective coatings was determined from measurements
of scattered light from each coating in a 48-element array.34 A
simple zero-order measurement approach was useful because it
provided the required information about the end-use perfor-
mance of the protective coatings after an abrasion test (see
Figure 4A). Measurements of the abrasion-induced increase in
the amount of light scatter were performed at a single wavelength
as shown in Figure 4B. A single-wavelength measurement was
adequate for the correlation between the high-throughput and
traditional evaluation of abrasion resistance of coatings.34

A first-order measurement approach is illustrated in Figure 4C
and D where measurements of fluorescence spectra of solid

Figure 2. Examples of diversity of materials compositions, process factors, and operation conditions applicable for combinatorial screening.
(A) Dependence of the number of possible systems on the number of components. Red: systems investigated up to now.38 (B) Factors and their
levels for one-step synthesis of diphenylcarbonate.39 (C) Hyperspace of features of materials and measurements in chemical sensors.40
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Table 2. Selected Examples of Real-Time Monitoring of Combinatorial Reactions: Instrumentation and New Knowledge

materials system instrumentation knowledge ref

solid-phase synthesis

of trisubstituted

amines

five-step reaction sequence on resin is followed the

reaction step-by-step using the sequence of five

analytical tools as a function of experiment time:

single bead IR, 1H MAS NMR, 2D MAS COSY,

MAS HMQC, 13C MAS NMR

generation of a protocol of analytical tools that allows

a chemist to decisively evaluate synthetic steps,

verify new building blocks, and detect possible side

reactions prior to or during actual library construction

498

metal alloys

catalyst candidates

serial MS screening of a 15 � 15 � 15 libraries with 120

different compositions

kinetics of catalytic reactions 499

96-capillary array for

palladium-catalyzed

annulation

nonaqueous multiplexed capillary electrophoresis rapid determination of catalytic activity, selectivity and

kinetics of the various combinations

59

solid-phase organic

synthesis products

single-bead FTIR reaction kinetics, conversion yield 93

resin-bead supported

combinatorial libraries

hyperspectral IR imaging for monitoring of catalytic

reactions with the screening time independent of the

number of elements in the library

kinetics of catalytic reactions 500

solid-phase peptide

synthesis products

near-IR multispectral imaging based on scanning

acousto-optic tunable filter

simultaneous determination of kinetics of multiple

reactions

501

catalytic dehydrogenation

of cyclohexane to

benzene

resonance-enhanced multiphoton ionization for low

parts per billion and high parts per trillion detection

capability

determination of activities of catalyst sites by monitoring

of a single reaction product; possibility for monitoring of

multiple reaction products to determine catalyst selectivity

502

amorphous microporous

mixed oxide catalysts

IR thermography for gas-phase screening of catalyst

candidates (sample size 200 μg)

kinetics of catalytic reactions 488

bead-bound catalysts IR thermography for solution-phase screening of

3150 potential catalysts bound to 300�500 μm

diameter polymer beads

kinetics of catalytic reactions 503

styrene-polymerization

catalysis

IR thermographic imaging of organometallic catalysts reaction kinetics from the time dependence of the

heat generation

504

catalytic activity of

V2O5 in oxidation of

naphthalene to

naphthoquinone by O2

fluorescence and thermographic imaging for

monitoring of catalytic reactions

determination of nonspecific temperature increase

by thermography and species-specific concentration maps

by fluorescence

505

48 element array of

epoxy formulations

automated large sample array differential scanning

calorimeter for process optimization for screening

studies of multivariable arrays

cure kinetics 506

discrete array of

inorganic oxide films

pulsed laser deposition with in situ monitoring of growth

surface with reflection high energy electron

diffraction (RHEED).

one-lot optimization of epitaxial growth process by using a

carrousel type masking plate. Variable growth conditions

include pressure, temperature, laser energy and laser

repetition rate

507

electrochemical

catalysts

fluorescence imaging of catalysts for oxidation of

methanol using a pH indicator in discovery and

focus libraries

kinetics of catalytic reactions 164

catalytic hydrogen-

producing materials

near-IR reflection sensor array for 2-D mapping of

H2 from catalytic hydrogen-producing materials

kinetics of catalytic reactions 508

organic coating

formulations

optimization of processing conditions (curing parameters)

in fabrication of UV-cured automotive organic protective

coatings. Fluorescence of a viscosity-sensitive molecular

probe monitored during curing of coatings.

rapid decoupling of temperature and radiation effects in

curing of UV curable coating formulations by using

multiple coatings and process conditions at once

509

chemical and

biochemical catalysts

96-thermistor array for detection of temperature changes

with a 0.1 mK resolution

correlation of catalysts concentration and time-dependent

recorded maximum temperature

510

libraries of polymer/

pigment compositions

fluorescence spectroscopy and imaging for the evaluation

of oxidative stability (weathering) of polymer/pigment

compositions under conventional test conditions

multiple levels of end-use testing conditions provide more

reliable ranking of performance of materials. Similar kinetic

rates of weathering of polymers with quite different pigments

were found

511
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polymeric materials upon their melt polymerization were per-
formed directly in individual microreactors. A view of the
96-microreactor array is shown in Figure 4C. From these
measurements, several chemical parameters in the combinatorial
samples were identified. The spectral shape of the fluorescence
emission with an excitation at 340 nm provided the information
about the concentration of the branched product in the poly-
carbonate polymer and the selectivity of a catalyst used for the
melt polymerization.60,64,65 A representative fluorescence spec-
trum (along with an excitation line at 340 nm) from a single
microreactor in the array is illustrated in Figure 4D.
Whenmeasurements are done with a first-order instrument and

there is another independent variable involved, this constitutes a
second-order measurement approach (see Figure 4E and F). This
type of screening was used for the evaluation of sensing materials.

Table 2. Continued
materials system instrumentation knowledge ref

one-dimensional

coiled libraries

of polymer/UV

absorber compositions

fluorescence spectroscopy and imaging for the evaluation

of oxidative stability (weathering) of polymer/UV

absorber compositions under accelerated test

conditions. Environmental stress is applied to only local

regions, followed by high-sensitivity spatially

resolved characterization.

ranking of polymer/UV absorber compositions

equivalent to traditional weathering data while achieved

20 times faster

333

polyphasic fluid

reactions

microreactor for liquid/liquid isomerization and

gas/liquid asymmetric hydrogenation based on

dynamic sequential operation

reaction rate is proportional to the catalyst concentration;

the rate decreases with increasing surfactant concentration,

no change in the enantiomeric excess was observed

512

polymer synthesis on-line GPC for reaction optimization determination of activation energy of polymerization 513

siloxane rubber/

carbon black

nanocomposites

automated scanning probe microscope study of curing rate of siloxane rubber matrix on roughness

and conductivity of composites

514

Figure 3. Schematic of (A) zero-, (B) first-, and (C) second-order
analytical measurements for high-throughput materials characterization.

Figure 4. Typical examples of zero-, first, and second-order analytical
measurements for high-throughput materials characterization: (A, B)
Zero-order measurements of scattered light from each organic coating in
a 48-element array at a single wavelength upon an abrasion resistance
test. A, reflected-light image of the coatings array. B, representative
reflected light intensity from a single coating in the array. (C, D) First-
order measurements of fluorescence spectra from each polycarbonate
material in a 96-element microreactor array at a single excitation
wavelength. C, reflected-light image of the microreactor array. D,
representative fluorescence spectrum from a single polymer material
in the array. (E, F) Second-order measurements of color changes in
colorimetric sensing materials in a 48-element array. E, general view of
the sensor materials array in a gas flow-through cell. F, representative
absorption spectra from a single material in the array collected over a
period of time of reaction of this sensor material with a vapor of interest.
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Figure 4E shows a 48-element array of sensor materials positioned
in a gas flow-cell for themonitoring of thematerials response upon
exposure to vapors of interest. For the evaluation of sensing
materials, absorption spectra were collected over a period of time
of reaction of these sensing materials with a vapor of interest.
Results of these measurements are illustrated in Figure 4F. Other
examples of second-order systems applied for high-throughput
materials characterization are excitation�emission luminescence
measurement systems,65,66 GC-MS,67,68 and others.
The increase in the measurement dimensionality (i.e., the

order of analytical instrumentation) improves the analytical
capabilities of the screening systems and makes possible their
use for reaction monitoring and optimization. These capabilities
include increased analyte selectivity, more simple approach to
reject contributions from interferences, multicomponent anal-
ysis, and outlier detection. Importantly, second- and higher-order
measurement approaches benefit from the improved perfor-
mance even in presence of unknown interferences.69

2.4. Data Analysis andMining.The CHT experiments create
significant amount of data, generating challenges in data manage-
ment. The issues range from managing work flows in experi-
ments, to tracking multivariate measurements, to storing the

data, to be able to query and retrieve information from databases,
and to mine the appropriate descriptors to predict materials
properties. In an ideal CHT workflow, one should “analyze in a
day what is made in a day”.70 Such performance depends on the
adequate data management capabilities of the CHT workflow.
Table 3 illustrates important functions of the data management
system and demonstrates aspects that have been already devel-
oped and that are under development. Data management stra-
tegies for different applications were summarized by Koinuma
and co-workers.71,72 The aspects of information processing that
focus on the scientific interpretation of data generated fromCHT
screening have been extensively discussed.72�78

Data mining techniques have two primary functions such as
pattern recognition and prediction, both of which form the
foundations for understanding materials behavior. Following
the treatment of Tan et.al.79�81 pattern recognition serves as a
basis for deriving correlations, trends, clusters, trajectory and
anomalies among disparate data. The interpretation of these
patterns is intrinsically tied to an understanding of materials
physics and chemistry. In many ways this role of data mining is
similar to the phenomenological structure�property paradigms
that play a central role in the study of engineering materials. It is

Table 3. Functions of Data Management System

function current capabilities needs

experimental planning

• composition parameters

• process parameters

• library design

• iterative intelligent experimental planning based on results from

virtual or experimental libraries

database

• entry and search of composition and process variables

• operation with heterogeneous data

• unification of numerical data between different instruments,

databases, individual computers

• storage and manipulation (search) of large amounts (tera/peta bytes

and more) of data

• development of advanced query systems to databases that can be

adapted to machine learning algorithms

instrument control operation of diverse instruments

• interinstrument calibration

• full instrument diagnostics

• plug-'n'-play multiple instrument configurations

data processing

• visualization of compositions and process conditions

of library elements

• visualization of measured parameters

• matrix algebra

• cluster analysis

• quantification

• outlier detection

• multivariate processing of steady-state and time-resolved

data

• third party statistical packages

• advanced data compression

• processing of large amounts (terabytes and more) of data

• linking of physical base computational tools to data processing

• scientific visualization tools

data mining

• prediction of properties of new materials

• virtual libraries

• cluster analysis

• molecular modeling

• QSAR

• identification of appropriate descriptors on different levels

(atomic, molecular, process, etc.)

• establishment of nonlinear and hybrid data mining tools

• “smart” data mining algorithms that can identify the right type

of tools simply based on the survey of the data available
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possible to recognize these relationships with far greater speed
and not necessarily depending on a priori models, provided the
availability of the relevant data. The predictive aspect of data
mining tasks can serve for both classification and regression
operations. Data mining, which is an interdisciplinary blend of
statistics, machine learning, artificial intelligence, and pattern
recognition, is viewed to have four core tasks:
Cluster analysis seeks to find groups of closely related observa-

tions and is valuable in targeting groups of data that may have
well behaved correlations and can form the basis of physics-based
as well statistically based models. Cluster analysis when inte-
grated with CHT experimentation, can serve as a powerful tool
for rapidly screening combinatorial libraries.
Predictive modeling helps build models for targeted objectives

(e.g., a specific materials property) as a function of input or
exploratory variables. The success of these models also helps
refine the relevance of the input parameters.
Association analysis is used to discover patterns that describe

strongly associated features in data (for instance the frequency of
association of a specific materials property to materials chemistry).
Such an analysis over extremely large data sets is made possible
with the development of very high-speed search algorithms and
can help to develop heuristic rules for materials behavior governed
by many factors.
Anomaly detection does the opposite by identifying data or

observations significantly different from the norm. To be able to
identify such anomalies or outliers are critical in CHT experi-
ments and high throughput screening especially to quantitatively
assess uncertainty and accuracy of results and distinguish be-
tween true “discoveries” and false positives.
Massive data generated from high-troughput characterization

tools leads to the need for effective data analysis and interpreta-
tion to identify the trends and relationships in the data.9

Advanced mathematical and statistical techniques are used in
CHT screening to determine, often by indirect means, the
properties of substances that otherwise would be very difficult
to measure directly.82,83 These techniques have been successfully
applied for visualization and pattern recognition,84,85 lead iden-
tification and optimization,86,87 process optimization,66,88 and
development of predictive models and quantitative structure
�activity relationships (QSARs) and quantitative structure
�property relationships (QSPRs).85,89,90 The implementation
of multivariate calibration improves analysis selectivity when
spectroscopic or any other types of measurements are performed
with relatively low resolution instruments.91,92

Multivariate data analysis techniques are essential analytical
tools for in combinatorial materials science. The attractiveness of
partial least-squares (PLS) method has been demonstrated for
in situ monitoring of combinatorial reactions using single-bead
FTIR spectroscopy.93 Using these tools, quantitative and quali-
tative analysis of combinatorial samples was performed with IR
spectra with severely overlapped bands. A limitation of PLS
method is in the ability to reveal only the changes due to reaction
but it cannot provide spectra for pure components.93 This
limitation can be overcome by using other multivariate analysis
tools such as evolving factor analysis and multivariate curve
resolution methods.8

In combinatorial materials science, pattern recognition tech-
niques find similarities and differences between samples of
combinatorial libraries, serve as a powerful visualization and
descriptor-identification tool, and can warn of the occurrence
of abnormalities in the measured data.84 These techniques can

reveal correlated patterns in large data sets obtained from
combinatorial experiments, large databases or simulations, can
determine the structural relationship among screening hits, and
can significantly reduce data dimensionality tomake itmoremanage-
able in the database with the minimal loss of information.79�81,94

Methods of pattern recognition include principal components
analysis (PCA), hierarchical cluster analysis (HCA), soft inde-
pendent modeling of class analogies (SIMCA), neural networks,
and some others.95,96

PCA is a widely used approach to search for patterns by
seeking to reduce the dimensionality of data because it provides
an unsupervised and robust way for analysis of multivariate data.
PCA projects the data set onto a subspace of lower dimension-
ality with removed collinearity. PCA achieves this objective by
explaining the variance of the data matrix in terms of the weighted
sums of the original variables without significant loss of informa-
tion. These weighted sums of the original variables are called
principal components (PCs). Each PC is a suitable linear
combination of all the original variables. The first PC accounts
for the maximum variance (eigenvalue) in the original data set.
The second PC is orthogonal (uncorrelated) to the first and
accounts for most of the remaining variance. Thus, themth PC is
orthogonal to all others and has themth largest variance in the set
of PCs. Once the N PCs have been calculated using eigenvalue/
eigenvector matrix operations, onlyM PCs with variances above
a critical level are retained. This M-dimensional PC space has
retained most of the information from the initial N-dimensional
variable space, by projecting it into orthogonal axes of high
variance and forming a suitable PCA model.18

In PCA, the scores plots show the relations between analyzed
samples, while the loadings plots show the relations between
analyzed variables. To ensure the quality of the data analyzed
using PCA, several statistical tools are also available. Multivariate
control charts use two statistical indicators of the PCAmodel such
as Hotelling’s T2 and Q values plotted as a function of combina-
torial sample or time. The significant principal components of the
PCA model are used to develop the T2-chart and the remaining
PCs contribute to the Q-chart. The Hotelling’s T2 statistic is the
sum of normalized squared scores and is a measure of the variation
in each sample within the PCA model. The T2 contributions
describe how individual variables contribute to the Hotelling’s T2

value for a given sample. The Q residual is the squared prediction
error and describes how well the PCAmodel fits each sample. It is
a measure of the amount of variation in each sample not captured
by principal components retained in the model. The graphical
representation of PCA with T2 and Q statistics for multiple
samples in the PCA model is illustrated in Figure 5.
It is important not only to discover a target feature in a

combinatorial library but also to glean from these combinatorial
experiments the variations in the library. An illustrative example
can be provided from combinatorial polymer libraries of poly-
anhydrides (see Figure 6), which are important biomaterials for
biomedical applications and drug delivery because of their
degradation and erosion properties.97 For drug delivery applica-
tions, the choice of correct chemistry andmanagement of various
degradation factors (for example, kinetics of drug release and
polymer-drug interaction) are essential for proper drug stabiliza-
tion. High throughput FTIR screening has been shown to be an
appropriate tool for screening compositional libraries of poly-
anhydride copolymers. FTIR spectra (see Figure 6A, B) and
images (see Figure 6C) were utilized for the PCA-based tracking of
the subtle changes in chemistry of polyanhydride copolymers.98
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The PCA model has been developed to track how critical changes
in dominant spectral regions occur at polymer chemistry blends
that could not be detected by a simple direct observation of the
FTIR spectra associated with each chemistry in the combinatorial
library. Figure 6D shows a scores plot of the developed PCAmodel

of the FTIR spectra. Two inflection points in the scores plot that
corresponded to compositions #19 and #53 are clearly seen,
signifying effects of chemistries of #19 and #53 samples on the
molecular structure that influences target properties.18,98 This
example showed that the merging of informatics techniques with
combinatorial experiments provided a significant “value added”
level of interpretation to the analysis of results from combinatorial
libraries. The use of such data mining techniques is becoming an
integral part of high throughput screening methods in combina-
torial experimentation.
Data analysis comes in many forms, and scientific visualization

is a powerful tool to aid in the interpretation of CHT experiments
and especially in identifying targeted information from large data
sets resulting from these CHT experiments. A representative
example can be provided from the field of mixed-metal oxides
that play an increasingly important role in many areas of
chemistry, physics, and materials science originating from the
opportunities for tailoring of chemical composition, microstruc-
ture, porosity, and surface properties. In principle, the combina-
tion of several metals in an oxide matrix can produce materials
with novel physical and chemical properties that can lead to a
superior performance in technological applications ranging from
catalysis to sensing.19,99�101 The metals can behave as “isolated
units” that bring their intrinsic properties to the system or their

Figure 6. Integration of informatics with high throughput materials characterization to extract data trends that are not easily visualized from simple
inspection of FTIR spectra and images from combinatorial experiments with polyanhydride copolymers (CPHs). A and B are FTIR spectra, and C is the
corresponding FTIR chemical imaging map for a 10� 10 array of CPHsmixtures. (D) The scores plot of the PCAmodel of the FTIR spectra. Numbers
represent compositions of CPH (e.g., for sample 3, it contains 3 mol % of CPH and 97% of SA (SA= sebacic anhydride).103

Figure 5. Graphical representation of of PCA with T2 and Q statistics
for multiple samples in the PCA model.
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behavior can be modified by the effects of metal/metal or metal/
oxygen/metal interactions. In this respect, it is important to
know how to choose the “right” combination of metals. Just to
consider which combination is appropriate and why is in itself a
challenge, and hence when one considers mixed metal catalysts
with 4, 5, and more metals, we clearly have, what appears to be a
prohibitive problem on exploring in a reasonably timely manner
the catalytic behavior of such a vast array of chemistries.
The groups of Maier and Rajan13,102,103 addressed this issue

through a study of 103 combinatorial catalyst library. The
chemistries sampled the complete composition spread of a five
dimensional search space containing the elements Cr, Co, Mn,
Mo, and Ni prepared by a sol�gel recipe and tested by the
high-throughput screening reactor. To unravel the complexity of
these materials compositions, a visualization approach shown in
Figure 7 has been utilized to track the raw data from com-
binatorial experiments. This visualization approach facilitated
the establishment of the framework on how data mining tech-
niques can be applied to unravel the complexity of combinatorial
experiments.
The further application of data mining techniques addressed

two questions, such as (1) the selectivity of a given metal to
catalytic activity (i.e., a reaction product) and (2) the relative
influence between metal chemistry and catalytic activity. The
loading plot of the developed PCA model provided the correla-
tions between the presence of a specific metal species and the
selectivity of a given reaction product (see Figure 8). The relative
correlations of different chemistries and their influence on
the selectivity of chemical reactions can be visualized through the
screening of the geometrical relationships between variables
represented in this loadings plot. In this case Mo or the pair
(Mo, Co) has positive correlations with acetone formation, while
Ni and Mn are tend to inhibit the formation of all the reaction
products, especially acetone. This example has shown that the
data mining techniques can not only help to identify the relative

selectivity of metal ions on catalytic products but also can help to
assess the relative impact of these elements.
Importantly, while PCA and other pattern recognition tools

are helpful in assessing the relative impact of multiple parameters
on materials properties, they are not predictive tools. For
predicting of materials properties, other methods should be
applied.97 Just as informatics can aid in searching and discovering
critical data from combinatorial experiments,71�76 it can also
serve as a predictive modeling tool based on CHT experimenta-
tion. For instance, Li et al. have shown,104 a new approach
involving a hybrid data mining to determine which aspects of a
polymeric molecular structure have the most impact on the
release kinetics behavior for drug delivery (see Figure 9). They
used these molecular descriptors to model the release profile of
proteins from a combinatorial library of biodegradable polymers.
The mathematical approach for modeling the release profile was
based on a combination of genetic algorithms (GA) and support
vector regression methods. The polymers explored from the
combinatorial libraries included linearly varying molar composi-
tions of binary formulations of copolymers, with the protein
release rate found to increase with decreasing polymer hydro-
phobicity. From the new attribute selection approach, it was
determined that number of nonconjugated backbone �COO�
bonds, number of aromatic rings, and number of�CH2� bonds
were most important for accurately modeling the release kinetics
behavior. This work introduces a new approach for understanding
which factors control drug release and has important implications
for the rational design of new polymeric carriers for drug delivery
In addition to materials composition, materials microstructure

and processing parameters play equally important effects. Unravel-
ing the interactions between these effects is critical. Thus, infor-
matics techniques is applied to high-throughput screening data
from combinatorial synthesis methods. In one representative
example, the ability of a polymer system to both modulate its
effect on the immune response and to deliver a drug or antigen in a
controlled fashion provides an ideal platform for both vaccine
adjuvants and multicomponent implants. Many factors influence
the innate and adaptive immune responses, including the activation

Figure 7. D-Glyph plot of a catalyst library data. Four elements (Cr, Mn,
Co, and Te) are plotted on a 3D quaternary mixtures plot, while three
activities are mapped to three graphical attributes of a sphere glyph: color is
mapped to activities for acrolein, size is mapped to activities for 1,
5-hexadiene, and intensity is mapped to activities for acetone. The intensity
of the glyphs is adjusted on the left plot to accentuate the levels of acetone.13

Figure 8. Loadings plot of the developed PCA model derived from a
combinatorial library of multicomponent oxides (Mo, Ni, Mn, Cr, and
Co) and the selectivity of chemical products (acetone, propionic
adelhyde, acreolein, and 1,5-hexadiene).18,97,103
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of dendritic cells (DCs). Petersen et al.105 have built combinatorial
libraries that utilized the known measures of DC activation as a
means to more rationally design biodegradable adjuvants for
vaccine development. Adjuvant properties, such as enhancing
immunogenicity have been investigated by developing a multi-
plexed polyanhydride library, that also explored the role of polymer
films and nanospheres using a novel method for high-throughput
nanosphere fabrication.
The concomitant use of this multiplexed technique and the

informatics analysis have permitted rapid optimization of the
CPH:SA polyanhydride system for use in tissue engineering
(where biocompatibility is desirable) or vaccine delivery (where
enhanced innate immune responses are desirable). The devel-
oped multiplexed method was able to clearly demonstrate that
the chemistry of the polymer played a major role in up-regulating
cell surface marker expression and cytokine production when
films or nanospheres were used to stimulate DCs. The informatics
analysis employed in this study defined the clear differences
between these two effects (chemistry and device geometry) and
showed that the CPH:SA system has immunomodulatory cap-
abilities to regulate both cellular expression of surface markers and
production of cytokines. This rapid and multiplexed investigation
of the adjuvant effect (five different polymer film chemistries and
six different nanosphere chemistries with multiple replicates) was
made possible by the use of a novel multiplexed approach to
fabricate nanospheres and films and screen their interactions with
immune cells. This generality of the technique paved the path for
rational design and development of biomaterials for specific
applications in drug/vaccine delivery and tissue engineering. The
use of data dimensionality reduction methods on combinatorially
derived data provides a very powerful means to uncover structure-
processing-property relationships that otherwisemay be difficult to
detect. Figure 10 shows an example of a clear discrimination in the
behavior of polymers in for the form of nanoparticles versus flat
films in terms of their efficacy for drug delivery. This example
serves to highlight the value of informatics in linking information
across length scales.

3. MATERIALS DEVELOPMENT EXAMPLES

The CHT experimentation technologies have the broad
applicability in discovery and optimization of new materials.

The areas that are most impacted by the CHT approaches
include catalysis, electronic and functional materials, polymer-
based industrial coatings, sensing materials, and biomaterials.
The CHT experimentation advances in these areas are reviewed
in sections 3.1�3.5.
3.1. Catalysis. Catalyzed reactions range from fine chemicals

to bulk chemicals, to pharmaceuticals, and to refinery chemicals.
In general, about 90% of all chemical processes are catalyzed.106

A classical compartmentation of catalysis is into heterogeneous
and homogeneous catalysis (see Figure 11). In practical indus-
trial applications, 80% of all catalysts are heterogeneous catalysts
and 15% are homogeneous catalysts. The remaining 5% are
biocatalysts.107,108 The figures of merit of catalysts performance
include sensitivity, cost, separation from products, selectivity,
and catalyst design.109 The design of a catalyst � coming from
the Latin word designare, which means identifying � describes
the process of finding a new catalyst for a special reaction or the
improvement of an existing reaction in order to make the whole
process more effective (for example, more economic). It is the
starting point of a series of subsequent items including synthesis

Figure 9. Cumulative mass fraction of released BSA from polymer film libraries polymer release kinetics demonstrated chemistry dependent trends of
decreasing protein release with increasing polymer hydrophobicity (CPH content). The informatics based models show a robust level of agreement with
experiments (CPH, carboxyphenoxy hexane; SA, sebacic anhydride).104

Figure 10. PCA biplot comparing the polyanhydride nanosphere and
film systems showing inverse correlations with clusters in opposite
quadrants. The IL-12 production is strongly associated with the nano-
spheres while the IL-6 production is more associated with the film
geometry. IL-2 and IL-6 are terms associated with different types of
cytokines which are chemical messengers capable of mediating several
facets of the immune response.105
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and testing of possible candidates in an iterative process. Often
the superiority of homogeneous over heterogeneous catalysis is
attributed to the fact that transition-metal complexes can be
identified by rational instead of empirical design. Although compu-
tational techniques have evolved enormously, at present, the
necessary accuracy is still not high enough to predict selectivity of
catalysts. Therefore, in homogeneous and heterogeneous cat-
alysis, researches oftern rely on empirical design strategies and
are confronted with the challenge of performing tests on a large
number of possible catalyst candidates. As a result of this
significant number of catalyst candidates, CHT screening has
been identified as an indispensable tool for catalysis research.110

The state of the art of combinatorial research on catalysis up to
2006 has been reviewed earlier.17

3.1.1. Homogeneous Catalysts. Independent, whether homo-
geneous or heterogeneous systems are used, high-throughput
synthesis and screening rely on structurally diverse catalyst
libraries. In the case of homogeneous catalysis, either molecular,
metal�organic or enzymatic catalysis, library members have to
be prepared by multistep syntheses, thus having to presynthesize
all the candidates to be tested renders this method far too time-
consuming. However, an easy synthetic access to structurally
diverse libraries is to use of dynamic or reversible chemistry
approaches for the construction of catalysts. In this approach the
synthesis is restricted to building blocks and diversity is simply
generated by mixing. By self-assembly and self-selection pro-
cesses the best catalyst outperforms all other library members in a
specific target reaction. Gasparini et al.111 described the possibi-
lities of dynamic approaches toward catalyst discovery. They
discussed three classes of catalysts, such as (1) self-assembled
catalysts, which are formed through noncovalent interactions
betweenmolecular subunits, (2) self-selected catalysts, which are
identified by their ability to stabilize the transition-state of the
reaction of interest � similar to the strategy used for the
development of antibodies, and (3) self-evolving catalysts, which
are defined to describe complex dynamic networks of molecules
with catalytic properties. The most intriguing effect of the third
class is that these ensembles of molecules have properties that
cannot be tracked back to a single component. For all three
classes Gasparini et al.111 gave examples originating from
metal�organic and organic chemistry. The advantages of self-
assembled ligand libraries, for instance, are clear, as structural
variation is introduced in the monomeric components and the
structural diversity of libraries is generated bymixing the ligand in

different combinations, as shown in Figure 12 using ligand sets
based on aminopyridine and isoquinolone.
Despite numerous advantages, these methods also revealed

some disadvantages.112 For example, in palladium complexes
identified from catalyst screening, numerous ligand�metal com-
binations revealed products resulting from unexpected chemistry
such as C�H bond activation, C�P bond cleavage, and an
addition of solvent molecules leading to further assembly into
oligomeric structures with unusual interconnections unlikely to
function as effective catalysts.
A simulated evolution of library design was explored by

Vriamont and co-workers113 to build a library of chiral catalysts
that have been used in asymmetric hydride transfer for reduction
of ketones to chiral alcohols. From six metal precursors and 330
chiral β-amino-alcohol ligands as building blocks a library of all
1980 possible combinations was generated by CHT experimen-
tation, followed by the application of a GA to a small part of the
library with systematic variation of the adjustable parameters.
Simulated evolutions were performed to evaluate the ability of
the algorithm to find the best catalysts without testing the entire
library. As optimization of two parameters is required in this
approach, enantiomeric excess and conversion rate, but GA are
usually designed for the optimization of a single parameter, the
value of a normalized performance factor was calculated. It was
shown that is was sufficient to test about 10% of the whole library
to get the best catalyst. For asymmetric hydrogenation,114

combinatorial screening was implemented as cost-effective tool
to find a scalable catalyst to be used after scale up in the kilogram
production of a desired bulky amide. Target of this development
was a sterically demanding aryl enamide as an intermediate
toward a new potent melanocortin receptor agonist useful in
the treatment of obesity. Testing of a first library of 96 chiral
monodendate phosphoramidites led to the design of a second
focused library of 16 chiral ligands, allowing the discovery of a
new efficient catalyst. Combinatorial screening was the key
success factor for the discovery of an efficient catalyst within a
short time as summarized in Figure 13.
In the long-lasting discussion, whether mono- or bidendate

phosphorus ligands give a higher asymmetric induction,Goudriaan
et al.115 presented three different approaches for the design of chiral
bidendate phosphorus ligands and their application as ligands in

Figure 12. Self-assembled metal complex catalyst library based on the
aminopyridine � isoquinolone complex (DX,Y = donor groups such
as for instance PPh2; DX,Y and R are to be varied to form the library with
(m � n) members).515

Figure 11. Homogeneous vs heterogeneous catalyst design.
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transition-metal complexes for homogeneous asymmetric cata-
lysts: (1) modular synthesis of bidendate ligands, (2) the solid
support synthesis of bidendate ligands, and (3) the self-assembly of
ligand building blocks into bidendate ligands. It was concluded that
the divergent or modular synthesis leads to a series of structurally
related ligands, which can be used for fine-tuning or optimization of
catalysts, and the libraries are generally rather small, as the library
members have to be prepared serially, whereas the application of
solid-phase synthesis has the potential for larger libraries, but which
has not been used in the past. The highest potential for large
libraries has the formation of ligands by self-assembly, as the
number of bidendate ligands grows exponentially with the
number of building blocks used. Also the degree of diversity of
such a ligand library may be very high. Future strategies may also
include a combination of the approaches mentioned above and
efforts in this direction are currently pursued in the laboratory of
the authors.
A key challenge for the synthesis of large and diverse libraries is

the development of high-throughput amenable chemical reac-
tions that allow rapid synthesis with a small number of individual
steps. One method that has received much attention in recent
years is the Cu(I) catalyzed 1,3-dipolar (Huisgen) cycloaddition
between an azide and an alkyne at room temperature also known
as “click chemistry”, introduced by Sharpless in 2001116 and which
describes chemical reactions tailored to generate substances
quickly and reliably by joining small units together. The most
frequently cited reaction within click chemistry is the 1,3-dipolar
cycloaddition discovered by groups of Sharpless116 and Meldal.117

Srinivasan et al.118 reported the high-throughput synthesis of a
325-member azide library with the subsequent “click” synthesis of
bidendate enzyme inhibitors. Coupling reagent in this high-
throughput enzymology study was an alkyne-modified isoxazole,
whose choice was guided by computational modeling. The spec-
trum of different possibilities in high-throughput enzyme, also
called “catalomic”, profiling of the click chemistry approach within
a fragment-based assembly concept was reviewed by Uttamchan-
dani and co-workers.119 Such strategies will inspire future innova-
tion in the systematic investigation of novel chemical entities and
chemical proteomics tools that target various other enzyme classes.
3.1.2. Homogeneous�Heterogeneous Hybrid Approaches.A

hybrid between homogeneous and heterogeneous catalysis is the
surface organo-metallic chemistry (SOMC) approach, where for

asymmetric induction chiral metal�organic complexes are cova-
lently bonded to a support surface. Immobilisation of catalysts
and their high-throughput screening are brought together in the
so-called split-and-pool (S&P), split-and-mix, split-and-combine,
and “one bead�one compound” (OBOC) concepts, all syno-
nyms of the same principle. Based on the pioneering work of
Houghton120 and Geysen121 on multiple peptide synthesis, a
concept was introduced by Furka et al.122 merging some char-
acteristics of these known methods. The S&P method has been
developed to achieve very high-throughput of highly diverse
materials libraries in the range of 103�108 samples with a simple
workflow, for example, to realize combinatorial chemistry in its
intrinsic meaning, that is, the combinatorial permutation of
element combinations or synthesis parameters. Immobilization
of chiral catalysts on the surface of polymer beads within an
OBOC concept rises the question, whether the solid support
influences the asymmetric induction ability of the chiral center.
Whereas Arai et al.123 argue that the origin of chirality is restricted
by the solid support and thus no asymmetric induction occurs,
the results of Broussy and Waldmann124 on the solid phase
synthesis of highly substituted tetrahydropyrans by tandem ene-
reaction and intramolecular Sakurai cyclization clearly revealed
that asymmetric induction is possible on solid phase and that
enantiomerically pure tetrahydropyrans containing up to four
stereocenters can be effectively synthesized with this method. In
their approach the compounds were covalently bound to a p-
bromophenylpoly styrene resin, which were loaded in IRORI
MacroKans enabling handling of the resin beads during synthesis
because of their porosity. Support influence on enantioselectivity
was also reported by Thomas and Raja125 exploiting nanospace
for asymmetric catalysis by combinatorial chemistry. By confine-
ment of an immobilized, single-site chiral catalyst within the
cavity of a chirally modified mesoporous host an enhancement of
enantioselectivity was observed. This was because of the delib-
erate restriction of the special freedom in the vicinity of an active
center tethered to the inner wall of a nanopore in such a manner
that a prochiral molecule approaching it and its chiral ligands
would additionally interact with the pore wall (see Figure 14).
This idea, originally suggested to John Meurig Thomas by this
postdoctoral colleague Thomas Maschmeyer126 in 1995, offers
novel opportunities for improving enantioselectivities in chiral
conversions. Any quantitative analysis has been made to provide
insight into these steric effects, only molecular dynamics simula-
tions by Malek et al.127,128 on anchored Mn(III) salen complexes
in mesoporous silica have led to a deeper understanding of the
detailed contributions that enhance enantioselectivities. Recently
this topic was reviewed by Fraile and co-workers.129

Some other obstacles are associated with combinatorial cata-
lyst synthesis on resin beads. If in an OBOC library peptide
structures have to be identified, the peptide sequence is usually
analyzed by Edman degradation,130 which is expensive and time-
consuming. An efficient alternative can be the ladder peptide
synthesis method.131 In this method a small portion of the
peptides are N-terminally capped during each coupling cycle in
the synthesis of peptides on the polymer beads. For structure
identification the peptide ladders are later cleaved off and analy-
zed by mass spectrometry. Gel-type resin beads have a porous
structure so that photolytic cleavage in the analysis of a peptide-
encoded combinatorial small molecule library on TentaGel resin
gives a poor photocleavage yield.132 This problem is avoided by
using a core�shell-type resin like the HiCore resin, the structure
of which is segregated into two regions, a rigid core cross-linked

Figure 13. Typical timeline of a combinatorial catalyst discovery
project of an asymmetric hydrogenation114 with the indication of
activity, enantiomeric excess (ee/E.e.) of the best catalytic systems,
and the cumulated number of experiments performed.
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by 2,4,6-trichloro-1,3,5-triazine and a flexible shell functionalized
by diamino PEG. Thus, the photoelution of peptides on the
HiCore resin was two times more efficient than on TentaGel
resin when irradiated with UV light for 30 min.133

Another obstacle of OBOC libraries is the question whether
the activity of “on-bead” assays, in which the library is tested by a
staining reaction while the compounds are linked to the synthesis
beads are really predictive of the activity of the compound as free
molecule in solution. For that reason the group of Maillard134

developed a simple and practical “off-bead” screening protocol
for catalysis that allows one to assay OBOC libraries as free
molecules in solution on the surface of silica gel plates. Their
combinatorial library of up to 65,536 peptide dendrimers pre-
pared on a photocleavable TentaGel resin was screened for ester
hydrolysis activity and a fluorescent halo appeared after photo-
cleavage from the beads around some of the beads on the silica
plate, which were identified as hits. Using this “off-bead” assay
they report that the catalysis of the ester hydrolysis comes from
core-active sites of the peptide dendrimers and depends on the
presence of histidine residues at the dendritic core, but is also
controlled by the outer dendritic branches, whereby anionic
residues in these branches inhibit catalysis.
A new method for screening S&P combinatorial libraries for

catalytic activity was also reported by Stanton and co-workers135

using a spatial separation of resin-bound catalyst on an adhesive
array on a microscope slide for catalytic Knoevenagel condensa-
tion screening. A visible absorption difference between reactands
and products was used to site-selectively detect product forma-
tion in and around the catalytic beads. The method can be
extended for colorless products by application of pH-sensitive
indicators for array-based screening. Organic�inorganic hybrid
catalysts prepared by the coupling of 3-(triethoxysilyl)propyl-
triphenyl-phosphonium bromide and mesoporous silica enabled
Sakai et al.136 to prepare cyclic carbonates from carbon dioxide
and epoxides. The pore size of silica was found to be important
for catalysis. Organic and inorganic moieties had a synergistic
effect on the catalytic activity, both the phosphonium bromide
but also the OH group participating in catalysis.
3.1.3. Heterogeneous Catalysts. Heterogeneous catalysis uti-

lizing the S&P method relies on solid supports. For the design of
heterogeneous catalyst libraries numerous strategies have been
developed (see, for instance, refs 137 and 138) Fundamental
problem in the application of combinatorial or high-throughput
methods in the development and optimization of heterogeneous
catalysts is the number of possible elements of the periodic

system. The combinatorial number of screenable element com-
binations scales with the number of components and generated
the need of very high throughput methods, such as the S&P
concept of solid support bead impregnation mentioned above.
Solids are even more complex and to specify them completely,
not only the composition has to be given but also crystallinity,
polymorphic form, defect type and concentration, domain, and
interface characteristics, and much more information is needed
for a single solid catalyst.
To reduce the efforts and costs necessary to screen all possible

catalyst candidates, computational methods have been intro-
duced for the prediction of solid catalyst performance including
an electronic infrastructure as informatics toolbox for high-
throughput kinetic studies and virtual screening. The latter was
developed by Farrusseng, Mirodatos and co-workers for the
TOPCOMBI research project funded by the European Commis-
sion for Nanotechnology and Nanoscience.139 It represents a
collection of modules dealing with laboratory analytics, robotics,
data handling and analytics, optimization, in-database processing
and visualization generated collegially by the partners of a
consortium. It was developed for large or contract research
organizations to control cost, build or strengthen their compe-
titive advantages and disseminate knowledge from centers of
expertise of scattered or not interacting groups within the
company. Knowledge generally is regarded to reduce screening
efforts as quantitative structure�activity relations (QSAR) cor-
relate the characteristics of heterogeneous catalysts and their
experimentally measured performances for certain reactions.
As stated by Sch€uth et al.,140 unfortunately, the classical QSAR

approach cannot be directly transferred to the discovery of
materials, especially of heterogeneous catalysts, because of the
complexity of solid materials, that can hardly be characterized on
atomic scale as a fingerprint signature similar to molecular
fingerprint signatures. For molecules, a similarity principle holds
according to which the similarity between two molecules can be
assessed by measuring a distance between them. The quantifica-
tion of distances between molecules is the key issue in the QSAR
approach. Unfortunately, this similarity principle is not valid for
solid catalysts. For materials, physicochemical properties en-
coded in a descriptor vector have to be used instead of distances.
The key descriptors are usually not known or can hardly be
measured in the case of diverse libraries.
The principle of the advanced QSAR approach in heteroge-

neous catalysis is illustrated in Figure 15.140 A minimal set of
attributes is defined that can correctly classify a data set into its

Figure 14. Effect of surface curvature and concavity of the support in facilitating the asymmetric hydrogenation of methyl benzoylformate to methyl
mandelate using [Rh(COD)-(S)-(+)-1-(2-pyrrolidinylmethyl)-pyrrolidine] CF3SO3 anchored ontomesoporous silicas of varying pore dimensions. (A)
computational model; (B) chemical structure of the complex; (C) effect of pore radius on conversion, selectivity, and ee.125
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performance categories. By a preprocessing procedure variables
with a significant projection onto the response space can be
identified, irrelevance eliminated, as well as redundancy and
multicollinearity addressed. Afterward the data-driven selection
strategies have been applied to obtain an estimate of the
differences in variance and information content of various attributes
including a comparison of relative importance. Using probabilistic
neural networks various semiempirical QSAR models have been
created. Machine learning models as neural networks and classifica-
tion trees have been used by Corma et al. for comparison of the
fitting performance to that of support vector machines for the
modeling and prediction of zeolite synthesis, when the gel molar
ratios are used as synthesis descriptors.141 It was found that support
vector machines models show very good prediction performances
and generalization capacity in zeolite synthesis prediction. Over-
fitting problems sometimes observed for neural networks may be
overcome by this method. The efficiencies of several global
optimization algorithms comparing methods such as GA, evolu-
tionary strategies, simulated annealing, taboo search and GA
hybridized with knowledge discovery procedures have been com-
pared using the Selox benchmark by Farrusseng, Maschmeyer,
and co-workers.142 Selox stands for the selective catalytic oxida-
tion reaction of carbon monoxide in the presence of hydrogen
and is investigated for fuel cell applications to relate catalyst
composition and reaction temperature effects on the conversion
and selectivity of CO oxidation. In taboo search, the word taboo
originally coming from the Polynesian language Tongan and
indicating things, which cannot be touched, because they are
sacred, a list of taboo candidate solutions are not repeated in the
subsequent iteration of a global optimization algorithm and are
updated in each iterative step. The authors find that an adjust-
ment of the size of parameter space during different Design of
Experiment (DoE) stages on the iterations through the high-
throughput optimization cycle bear the risk that synergistic
variables are discarded at an early stage, because their interactions
were not detected. Thus becoming rapidly trapped on a local
optimum or performing too lengthy an optimization may occur.
If a certain number of necessary experiments are performed, with
the global optimization algorithms mentioned above the final
(global) optimum is more efficiently achieved and guaranteed,
but only a poor understanding of the chemical system in the form
of knowledge is obtained. On the other hand, the search space
has to have a certain minimum size to apply global optimization
algorithms, so that they are not appropriate for every problem.
A completely different approach for DoE has been suggested

by Schunk, Sundermann, and Hibst.143,144 This is the structure
oriented library design, which was tested with regard to their
usefulness and applicability in catalyst screening in two different
research projects with different degree of exploratory character,
namely the ammonoxidation reaction for the conversion of C6

feedstocks to adiponitrile intermediates and the oxidation of
acrolein andmethacrolein to the corresponding acids. Compared

to descriptor-based approaches here the additional information
taken into account for discrimination of the catalyst candidates
is limited to structural parameters estimated by X-ray diffrac-
tion techniques prior to and after catalytic testing. In this case
the choice of the target structure is regarded as crucial to the
success of the program. In the first step an initial library was set up
mainly consisting of candidates structurally well characterized
and known to be catalytically active and selective in the reactions
given above. From this initial phase, a lead candidate of highly
complex structure was identified by testing. Despite the identi-
fication of a high amorphous oxide content with crystalline
portions in this lead composition, again a structure-based approach
was chosen to develop this candidate further. After deconvolution
of the lead compound into binary, ternary and quaternary oxides
and inclusion of other element combinations from structural
databases forming the same structure types these potential
candidates of less complex nature were taken as reference points
of compositional designs to build a multidimensional grid of
highly crystalline multinary candidate materials. A variation in
stoichiometry, phase composition and crystalline nature in-
creases the diversity of the library constituents further on a
systematic basis. Classical DoE elements such as composite
designs facilitate the evaluation of the results and the approach
may be combined with even more complex methods as artificial
neural networks (ANN) or GA. Problem in this approach may
arise from differences between bulk and surface structure, as the
catalytic activity is exclusively related to the latter, but the crystal
(bulk) structure has been here the decisive design parameter.
Perhaps one can argue that both are related, that a certain bulk
structure enables a specific surface structure, which gives the
catalytic activity.
Another general problem in catalytic studies is that not only a

single objective function has to be optimized, a common scenario
is the evaluation of response surfaces for conversion as well as
selectivity to a number of alternative products. A GA based
multiobjective DoE aided a high-throughput approach to opti-
mize the combinations and concentrations of a noble metal-free
catalyst system active in the selective catalytic reduction of NO
by propene.145 A direct comparison of single- and multiobjective
design of combinatorial experiments was also performed for the
optimization of a solid catalyst system active in the selective
oxidative dehydrogenation (ODH) of propane.146 The basis of
the multiobjective optimization was a strength Pareto evolu-
tionary algorithm (SPEA-2), that is, a Pareto-based algorithm
operating toward two objectives, minimization of the distance
toward the Pareto-optimal set and maximization of the diversity
within this set. Elitism is implemented in SPEA-2 by an additional
archive population composed of the best 24 nondominated
individuals during the search, which is used in combination
with the regular population as mating pool. Due to the SPEA-2
features it is not surprising that in a Pareto plot of selectivity
versus conversion (Figure 16) the SPEA-2 solutions are well
distributed over Pareto space. The most important element
combinations found in the high conversion and high selectivity
region are highlighted. To have a fair comparison, a new
population has been created, denoted as the archive population
of the single objective approach. Similar to the way the multi-
objective archive population was created, the single objective
archive population consisted of the 24 best catalysts found so far.
The major difference compared to the SPEA-2 archive is that
no Pareto-selection was performed and the catalysts were only
selectedwith respect to their yield. For the single objective approach

Figure 15. Advanced QSAR approach in heterogeneous catalysis.
Composition space (left), physicochemical descriptor space (middle)
and performance space (right).140
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the strongest attraction is toward the product of selectivity and
conversion, marked by a dotted arrow in Figure 16.
The multiobjective optimization performs better compared to

the single objective approach with respect to the optimization of
yield, which is not explicitly calculated during this procedure and,
therefore, not directly optimized. Consequently the multiobjective
algorithmwas able to find catalysts in extreme regions of the Pareto
space, which were not found by the single objective approach. As
selectivity and conversion are optimized simultaneously, it is more
likely to find interesting possible combinations with a multiobjec-
tive approach. Not selectivity and conversion of a single target
molecule, but the conversion rates of a multicomponent feed gas
monitored in a parallel manner in a multichannel monolith reactor
have been in the focus of a multicriteria optimization procedure
based on a GA carried out in the search of an advanced hetero-
geneous catalyst for total oxidation performed by the group of
Claus.147 In this case the search space consisted of more than
150 000 individuals including mono-, bi-, and trimetallic composi-
tions assembled out of 49 different metals and impregnated onto
alumina supports in 9 different amount levels.
Heterogeneous catalysts are used for a wide range of transfor-

mations going from small to medium-sized molecules. They also
include materials used as photo- or electrocatalysts. Within the
discussion of peak oil production, which might be reached
according to the International Energy Agency (IEA) at the end
of the next decade,148 the search for new environmentally
friendly energy sources such as fuel cells attracted much research
attention. In the field of CHT experimentation, especially the
direct methanol fuel cell (DMFC) using an easy available and
storable high density fuel alternative for hydrogen has been
considered intensely in the past few years. Whereas at the anode
side methanol is consumed, oxygen is catalytically reduced at the
cathode side, the latter reaction representing also the electrode
reaction in other fuel cells as the proton exchange membrane fuel

cells (PEMFC). The conditions of an aqueous acidic environ-
ment together with high electrode potentials turn especially
stability considerations in the identification of improved electro-
catalyts into a crucial point. So it is not surprising that almost
exclusively alloys containing platinum or palladium, materials
that are known to be kinetically stable in electrochemical systems
over relatively long periods of operation, are screened.
Combinatorial high-throughput techniques aiding the search

for new oxygen electroreduction (OER) or oxygen reduction
reaction (ORR) catalysts were reported by He and co-workers of
the Honda Research Institute in several papers using multisource
physical vapor deposition (M-PVD) capable of depositing up to
81 consecutive samples for the preparation of thin alloy films by
plasma cosputtering. After analysis of the morphology, composi-
tion, and phase content of the samples prior to electrochemical
stability testing, the catalytic OER activity screening has been
performed on a multichannel rotating disk electrode (M-RDE)
system. At the end of the screening process the final composi-
tions were analyzed to determine if any corrosion occurred
during the electrochemical testing.149 Among the alloys studied
several binary ones such as PtCo, PtNi, Pt3Ni, and PtW2,

150�152

as well as several ternary ones such as PtTiNi, PtNiCu and PtTiY
beyond alloys of general formula PtTiMe (Me = Co, Cr, Cu, Fe,
Mn, Mo, Ni, Pd, Ta, V, W)149 were identified as candidates with
enhanced catalytic activities and reasonable stabilities. Addition-
ally, organometallic synthesis methods have been studied by this
group to synthesize carbon supported alloy nanoparticles.151 In
DMFCs, the crossover of methanol results in a reduced ORR
activity because of simultaneous competing reactions of the
crossed-over methanol and oxygen at the cathode. Solutions for
this problem are either the development of new low methanol
crossover rate membrane materials or to improve cathode
performance by developing methanol tolerant ORR catalysts.
The advances on this field have recently been reviewed by
McGinn, Woo, and co-workers.153 The group also reports on a
combinatorial library with 645 different compositions containing
combinations of 1�4 different metals among Pt, Ru, Fe, Mo, and
Se prepared by dispensing of precursor solutions on a PTFE-
treated carbon paper using a microdispensing system. For
electrochemical analysis via optical screening the synthesized
library served as working electrode, Pt foil and an Ag/AgCl
electrode as counter and reference electrode, respectively. As
protons are consumed during theORR fluorescein was applied as
pH indicator to evaluate the ORR activity of the library in the
presence of methanol. Later, the most active library member of
composition Pt50Ru10Fe20Se10 was synthesized as powder and
examined for the ORR both, with and without the presence of
methanol. The addition of methanol caused a decrease in ORR
current, but this decrease was much lower than for a Pt/C
reference catalyst illustrating the high methanol tolerance of this
new catalyst.
Cyclic voltammetry in a multichannel electrochemical cell

instead of optical screening was used byMcGinn and co-workers
for the screening of thin film Pt alloy systems, including some
ternary combinations of Pt, Ru, Co, Fe, Ni, Ta, W, C, Ti, Cu,
and Cr.154,155 A similar approach was used by Strasser et al. in
the study of catalyst materials for lowering the necessary input
power of electrochemical water splitting devices in acidic envir-
onments as proton exchange membrane fuel cell electrolyzers.156

After production of catalysts by automated liquid-precursor
impregnation using robotic liquid dispensing, these were tested
by a high-throughput combinatorial electrochemical screening

Figure 16. Visualization of the development of 6-generation archive
populations for ODH of propane in Pareto space in a direct comparison
of single- and multiobjective design of combinatorial experiments. The
single objective archive population consisted of the 24 best catalysts
found so far with respect to yield. The basis of the multiobjective
optimization was a strength Pareto evolutionary algorithm (SPEA-2),
that is, a Pareto-based algorithm operating toward two objectives,
minimization of the distance toward the Pareto-optimal set and max-
imization of the diversity within this set.146
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platform consisting of 16 individually addressable, three-elec-
trode chambers. It was shown that Ru-rich materials are better
suited for the use as oxygen evolution reaction catalysts than
Pt-, Ir-, Pd-, or Re-rich materials. A first example of the use of
computational, density functional theory (DFT) based approaches
to screen for improved electrocatalyst for the ORR has also been
reported.157 A descriptor-based approach based on binding en-
ergies, activation barriers, etc. applied to a database of DFT
calculations on nearly 750 binary transition metal surface alloys
was used to estimate the ORR activity of these alloys. The calcula-
tions include rigorous, potential-dependent computational tests of
the alloy stability in aqueous, acidic environments. For this purpose
potential-dependent free energies of oxygen adsorption were intro-
duced.Additionof awater bilayer hadno effect on the binding energy
of atomic oxygen and therefore was neglected in this study, but
appropriate zero-point energy and entropy correction were applied.
The results of these calculations suggest that only very few surface
alloys are likely to possess sufficient stability over extended periods of
operation to serve as ORR catalysts. Among the 10 candidates with
the highest stability 9 alloys havemore than 2/3Pt or Pd atoms in the
surface layer, thus revealing that binary surface alloys without these
elements are not likely to be suitable candidates for long-term use as
ORR catalysts unless additional mechanisms can be identified to
stabilize thesematerials. In alloyswithmore alloying components the
probability to findmore promising catalysts is even higher, especially
those showing a high tendency of Pt to segregate to the surface and
thus passivating the alloy.
A very similar situation with regard to preparation and screen-

ing techniques as well as element combinations is observed for
the methanol electrooxidation side of the DMFC. HT syntheses
of electrocatalyst libraries were performed either by thin film
magnetron cosputtering with the help of shadow masks in the
form of discrete samples,158,159 in the form of continuous composi-
tion spreads,160,161 by the NaBH4 reduction method of metal
precursor solutions on carbon paper,162 or in a slurry of solvent
and carbon powder.158,163 HT screening of the resulting libraries
supported on conducting substrates (glassy carbon ormetal coated
electrode wafers) was achieved either by cycling the potential in
a multielectrode potentiostat system158,159 exposed to the electro-
lyte at the same time161 or separated by Teflon masks162 or
by a parallel-screening fluorescence assay initially developed by
Reddington et al.164 and adapted for the evaluation of continuous
composition-spread thin film libraries.160,165 The latter method
was also applied by Welsch et al. for rapid optical DMFC electro-
catalyst screening in a variant that allows also the quantification of
the fluorescence development of up to 60 materials.166 Only those
materials were electrochemically tested, that brought along the
required stability of the electrode catalysts toward acidic polymer
membrane conditions. This was tested by an optical prescreening
method with a commercial scanner and data acquisition software.
Based on four elimination criteria, about 90%of thematerials out of
a test set of 1300 noble metal-free samples prepared by a sol�gel
method and partially reduced in hydrogen were identified as acid
instable and thus not electrochemically tested. All stable candidates
were brought onto electrode spots of structured graphite plates and
tested using quinine as a fluorescent reagent and a high-resolution
CCD camera. Validation of hits was done by cyclic voltammetry
(CV) measurements in a standard three-electrode cell. A compar-
ison of the methanol oxidation current density and fluorescence
intensity of a reference material Pt50Ru50 revealed that the onset of
current density measured in a conventional CV setup shows a shift
of about 60 mV to lower potentials compared with the optical

fluorescence intensity onset. This is due to pH differences in both
electrolytes, whereas the pH of the electrolyte used in the fluores-
cence measurement had to be adjusted to pH = 6 to get no initial
fluorescence signal. A review of reported elemental compositions of
DMFC catalysts was also given,166 based on the established system
PtRu and classified into binary up to quaternary systems with and
without Ru together with the associated references.
Several other identified fuel cell problems as cross-contamina-

tions between half-cells or catalyst stability issues have been
addressed in a number of papers. A complete electrochemical cell
array containing a common air electrode and 16 microanodes for
CHT screening of complete fuel cells using water-based electro-
lytes and polymer electrolyte membranes (micro-MEAs) with
the possibility of cross-contaminations absent in single half-cell
consideration was tested by Jiang.167 The cell array was used
to study 16 micro-DMFCs simultaneously including catalyst
screening and determination of optimum operating conditions.
Parameters as methanol concentration and composition of
Pt/Ru black mixtures have been studied revealing a maximum
in discharge performance at a methanol concentration of 1.5 M
and highest catalytic activity at 98% Pt content for the current
range between 0.2 and 3.0mA. Another problem is the significant
loss of electrochemical surface area (ECSA) over time during fuel
cell operating as a result of an electrochemically driven dissolu-
tion of Pt metal at high potentials. Most significant at the cathode
of PEMFCs this results in an agglomeration and growth of Pt
nanoparticles on the carbonaceous support material termed as
Ostwald ripening. Additionally dissolved Pt ions diffuse into the
ion-exchange membrane and subsequently precipitate because of
permeating hydrogen reduction inside the ionomer phase or at
the interface of cathode and membrane.
A nanostructured thin film (NSTF) catalyst was developed by

3 M Company to overcome limitations in durability and specific
activity by supporting Pt nanoparticles onto oriented, nan-
ometer-sized crystalline organic wiskers, which are synthesized
by sublimation and annealing of an organic pigment material
based on a perylene dicarboximide compound.168 The wiskers
(see Figure 17) with a rectangular cross section have a density
greater than 3 billion/cm2 and loaded with catalysts by physical
vapor deposition (PVD) methods. The surface structure of the
crystalline whiskers facilitates metal nucleation resulting in whis-
kerettes increasing the surface roughness of a factor of 6 and
maximizing the amount of Pt [111] surface facets. Significant
advantages of the NSTF catalysts are their durability and specific
activity in comparison to conventional carbon-supported dis-
persed Pt catalysts. Debe, Dahn, and co-workers169 deposited a
series of Pt-coated underlayer materials by a HT magnetron
sputtering method on NSTF support wiskers for FC testing.
Electrochemical testing of the composition spreads showed that
Au and TiSi2 underlayers and supports caused a loss of Pt ECSA
during PEMFC operation with hydrogen and air in contrast to
Al2O3 and TiC, which are promising underlayer materials on
NSTF wiskers, because the Pt ECSA is stable through normal FC
operation.170

Another field of heterogeneous catalysis, in which thin film
deposition techniques for HT library preparation are applied, is
photocatalysis. Kafizas and Parkin used combinatorial atmospheric
pressure chemical vapor deposition (cAPCVD) to synthesize films
with grating nitrogen dopant concentration and anatase�rutile
phase mixtures on a single film.171 The photocatalytic activities
were screened using a novel high-throughput digital image color
analysis method based on an “intelligent ink” formulated by
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Mills et al.172 with the blue redox dye Resazurin and the sacrificial
electron donor glycerol as components. A 13� 19 grid was drawn
with such ink on the prephotocatalytically charged combinatorial
film. Photocatalytic reduction of the ink under 365 nm UV
irradiation was monitored by a commercial photo scanner and
software. After extraction of the red-green-blue values of 100 pixel
areas centered on the grid positions plotting of the green compo-
nent of digital color versus time revealed a minimum, which
signifies maximum pink Resorufin intermediate formation and is
directly related to the rate of photocatalysis. While N-doping of
titania improved the electrical conductivity and stabilized the rutile
phase, the photocatalytic activity under UVA light illumination
correlated with the anatase content and film crystallinity.
A high vacuum combinatorial laser MBE system using PVD

instead of CVDmethods for thin film library deposition was used
by Koinuma and co-workers.173 The group investigated TiO2 thin
films gradually increasing in thickness to discover new phenomena
indicating quantum size effects in titania photocatalysts. They
observed an anomalously high activity at a film thickness of
5 nm indicative of a quantum size effect as the peak position
changes depending on the wavelength of the UV irradiation. An
overview on CHT approaches toward photocatalytic hydrogen
production fromwater is also given by Seyler et al.174 with details of
sol�gel recipes that were tested for automated library synthesis of
diverse binary oxides, bismuth oxides and aluminum�bismuth�
lead ternary oxides. Starting with these diverse libraries and
applying doping and preparation of composition spreads as tools
of combinatorial chemistry, several new multicomponent photo-
catalysts for the production of hydrogen from aqueous methanol
solutions have been discovered.
According to the European Technology Platform for Sustain-

able Chemistry (SusChem), alternative energy and fuels genera-
tion, effective energy transmission and distribution, high capacity
energy storage and efficient energy management are all areas
in which sustainable chemistry will bring viable solutions.175

Catalysis and process intensification are regarded to efficiently
harness energy resources, fields in which the application of CHT
experimentation could dramatically improve performance and
reduce costs in the discovery and study of new catalysts. The
conversion of natural gas to syngas by autothermal reforming can
be regarded as alternative route for the production of high value
compounds, such as synthetic liquid fuels and oxygenated
compounds. Alternative reforming processes are steam reform-
ing and partial oxidation (non catalytic or catalytic), but the
autothermal reforming reaction is revealing the advantage that it
occurs at uniform temperature by balancing exothermic partial
oxidation and endothermic steam reforming. Thus, external
heating is reduced, hot spot formation in the catalyst bed is

avoided and the risk of catalyst deactivation minimized. On the
other side the needed thermal reversibility leads to strict limits on
the maximum methane conversion and the control of H2/CO
ratio of the synthesis gas. The development of new catalysts by
HTS became focus by Woo and co-workers, who investigated
highest activity catalysts among 30 catalyst candidates consisting
of Ni�M (M =Co, Fe, Ce) metal combinations impregnated on
γ-Al2O3.

176 The screening was performed in a newly designed
32-channel reactor revealing Co and Fe not to be efficient
promoters. After successful validation in a conventional single
bed reactor 13.3 wt % CeO2 and 5.54 wt % Ni supported on
alumina was found to show highest activity for autothermal
reforming of methane.
Triggered by the development of stationary, as well as mobile

FC systems, as alternative energy sources renewed interest in the
water gas shift (WGS) reaction and the demand for more
efficient WGS catalysts emerged. For the conversion of gasoline
into a hydrogen-rich gas for automotive PEMFCs the WGS
reaction is commonly used to adjust the CO/H2 ratio in syngas in
order to remove CO from gas streams and to generate pure
hydrogen. An overwiew of the present situation in this field has
just been given by Yaccato et al.177 summarizing applied catalysts
and focusing also on the Partnership for a New Generation of
Vehicle (PNGV) cost target of 150$, which will be met with
reactors of less than 6 L of volume and 3 kg in weight with cost/
weight/volume modeling of WGS reactors based on ceramic
monoliths washcoated with Pt on Ceria catalysts. By scanning
mass spectrometry version 2 (SMS-II) primary screening and
data analysis by mass balance plots the same group found that
using supported noble metals as catalysts WGS and methanation
compete with each other and hence the selectivity of the WGS
reaction strongly depends on the temperature of the reaction, the
type of noble metal used, as well as the noble metal dispersion. A
new advanced noble metal WGS catalyst has been discovered,
paramount for this being the development of time efficient and
reliable combinatorial technologies for discovery and exploration
of these novel materials. The screening method has also been
used in the search for new NOx abatement, low-temperature CO
oxidation, VOC removal, and COx methanation catalysts.178

For the combinatorial discovery of active catalyst for CO
oxidation also cataluminescence-based array imaging was re-
ported for CHT screening.179 Cataluminescence (CTL) is a form
of chemoluminescence emitted during catalytic oxidation of
combustible gases on the surface of solid catalysts in an atmo-
sphere containing oxygen, which was discovered by Breysse et al.
catalytically oxidizing CO on thoria.180 There are two types of
mechanisms for the CTL emission.181 One is the recombinant
radiation and the other is radiation from excited species in the gas
phase. In the oxidation of CO on thoria, for instance, CO can be
regarded as chemisorbed at the surface as CO+ and O2 as O

�.
Both species generate at the surface a corresponding electron and
hole, respectively (see Figure 18). After migration of the two
species at the surface to each other, the desorption of a CO2

molecule as product of the CO+/O� recombination is accom-
panied by the annihilation of the surface exciton and lumines-
cence is emitted by recombination of electron and hole. For a
broad application of CTL-based array imaging as HTS method
important criteria for supported metal catalysts are indepen-
dence from support material as well as independence from metal
species deposited on the support. Both criteria seem to be
fulfilled, as CTL emission is reported on various nanomaterials
including TiO2, Y2O3, Al2O3, SrCO3, ZrO2, ZnO, MgO, Fe2O3,

Figure 17. SEM images (A) NSTF whiskers coated/grown onto a
microstructured substrate, which aids processing and increases surface
area by a factor of 20.5. (B) Top-view with increased magnification.516
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and others (see ref 179) and different metals as Au, Pt, and
bimetallic Au�Pt nanoparticles.179 The 4� 4 arrays of deposited
nanosized catalysts with different metal loadings and atomic
ratios on a ceramic chip were evaluated parallel to another by
both CTL imaging and gas chromatography (GC) as active
catalysts for CO oxidation. The correlation coefficient of these
two techniques was 0.914 indicating that the CTL imaging
method can be applied for the evaluation of catalytic activities.
Just recently the sensitivity of the CTL reaction has been
enhanced by plasma assistance.182

A comparison of literature data accumulated by HTS methods
and validations experiments in single fixed bed reactor were also
the purpose of an investigation byOh andWoo in the field of NO
selective catalytic reduction (SCR).183 The catalytic reduction of
NOx in the presence of excess oxygen can be achieved either by
lean reduction with hydrocarbons (HC-SCR) on Pt or Cu-based
catalysts revealing useful NOx conversion over broad tempera-
ture ranges or by ammonia addition (NH3�SCR) with
V2O5�WO3 /TiO2 or Fe exchanged zeolites as reduction
catalysts and connected upstream or downstream Pt based
oxidation catalysts for NO to NO2 or NH3 to N2 oxidation. Pt
as noble metal has not only the disadvantage of high expense but
additionally produces between 200 and 300 �C significant
amounts of the green house gas N2O. Cu ion exchanges zeolites,
especially Cu/ZSM-5, are also active in deNOx reactions, both
the decomposition and SCR by hydrocarbons, but their com-
mercial applications suffers from their low thermal stability,
hydrocarbon slip, undesired selectivity toward CO, and low
activity in the presence of H2O and SO2.
Earlier work by Ozturk and Senkan searching for new HC-

SCR catalysts by screening single, binary, ternary, and quaternary
combinations of 41 active elements on 13 different support
materials showed that the combination of Cu and Os, in

particular 10% Cu and 1% Os on 13X zeolite, exhibited a high
NO conversion at 250�600 �C even in the presence of 10%
water vapor.184 The conventional validation experiments by Oh
and Woo183 revealed that the catalytic performance of CuOs-
13X without water presence agrees well with the literature,
however addition of water lowers drastically the catalytic NO
decomposition. According to TPD data this activity decrease was
not reversible indicating that this effect was because of reaction
inhibition, as well as catalyst deactivation. So the authors con-
clude that the observed differences in activity might be due to
different kinetic properties and preparation as well as experi-
mental conditions. Nevertheless, combinatorial high-throughput
screening does not absolve from responsibility to perform
validation experiments and further improvement will be required
to determine accurate properties of catalysts from HTS.
The development of a technology platform for the investiga-

tion of NH3�SCR and NO oxidation catalyst poisoning with
combinatorial as well as rational methods has been described by
the group of Claus.185 This platform consists of a new HT
screening method for SCR catalysts allowing fast discrimination
of catalyst poisons under realistic conditions as well as a poison-
ing test possibility of monolithic segments of industrial series-
production catalysts by passing inorganic aerosols over them.
Thus a direct possibility for verification of high-throughput
results in scales close to reality is given by the Claus group.
NO oxidation catalysts are also applied in automobile

exhaust gas treatment systems to produce NO2 for soot
oxidation in continuous regenerating trap (CRT) systems of
Diesel engines. Diesel engines are operated under lean condi-
tions with an oxygen excess so that conventional 3-way
catalysts optimized for an oxygen to fuel ratio λ = 1 are not
working properly. Usually a Diesel particle filter (DPF) has an
upstream oxidation catalyst system converting NO to NO2,
which combusts soot particles produced because of fuel
properties and combustion mechanism.186 Since particle and
NOx emission in a Diesel engine are inversely related to each
other and future emission regulations will restrict the NOx

emissions drastically, Diesel engines in the near future will be
adjusted to low NOx/high soot emission, as soot combustion
and SCR of NOx together require rather costly additional
exhaust gas treatment components.187 With soot combustion
alone these costs are reduced, but on the other side the need for
new soot combustion catalysts operating at low temperatures
even in the absence of NOx is generated.
A combinatorial approach for the discovery of low tempera-

ture soot oxidation calalysts is presented by Olong and co-
workers.188 It was found that alkali mixed oxides have the
potential to decrease the soot oxidation temperature to realistic
Diesel exhaust temperatures below 400 �C. CHT screening hits
were successfully confirmed by thermogravimetric analysis
(TGA). Hensgen et al.189 emphasized that combustion tempera-
tures of particulate matter of Diesel automobile engines under
lean conditions in laboratory experiments depend on a number
of parameters such as model gas composition, gas flow rate,
catalyst composition, catalyst micro structure, soot/catalyst ratio,
model soot type (composition, particle size, and size dis-
tribution), and contact type. It seems that the last two factors
are often underestimated. Thus, Hensgen et al.189 investigated
the influence of these factors. They also focused on finding a
preparation technique for the soot-catalyst contact, which fulfills
the criteria of high reproducibility, high comparability to real
conditions, and facile automation. The last criterion has been the

Figure 18. Schematic illustration of recombinant radiation CTL.181
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basis for its use in CHT screening for parallelized discovery and
optimization studies of new combustion catalysts.189

A vast number of heterogeneously catalyzed reactions have
been also used for the synthesis of industrial mass products.
Combinatorial screening has been applied to investigate the
catalytic activity and selectivity of quaternary Mo�V�Te�Nb
mixed oxide catalysts for the selective oxidation of propane to
acrylic acid.190 By treatment of salt solutions during preparation
of catalyst libraries with various substances such asH2O2, I2, V2O5,
N2H4, NaBH4, etc., instead of nitric acid and calcination of the
resulting mixtures under nitrogen atmosphere final Mo1V0.33-
Te0.22M0.11Ox (M = Nb, Ni, Fe, Ce, Cu, and Co) catalysts
were obtained. A computer-controlled 32-channel tubular reac-
tor system developed for high temperature (>500 �C) catalytic
reactions connected to a quadrupole mass spectrometer (QMS)
was used for library screening. Only the first generation library
catalyst containing Nb showed a catalytic activity toward acrylic
acid. Chemical treatment with I2 during preparation of the
second generation library gave highest selectivity performance
and acrylic acid yield. After scale-up this hit was validated in a
conventional gas flow reactor. To optimize the preparation
conditions the iodine species, its concentration and the pH value
were varied in a third generation library. Good catalytic perfor-
mance was observed for samples treated with 0.4 g I2, 0.3 g HIO3,
and pH 6 during preparation. Characterization of the lead
compound by XRD and XPS revealed a high degree of crystal-
linity compared to that of a reference catalyst and a Nb and Te
enrichment at the surface of the catalyst resulting from the
I-species treatment.
Synergetic effects in multimetallic systems were also reported

by the group of Senkan191 resulting from HT sol�gel synthesis
and also HTS investigations of catalysts for the direct oxidation
propylene with oxygen to propylene oxide. Focusing on the
effects of metal loading, support material, and metal�metal
interactions they found Cu on silica as support material prepared
with dodecylamine as template at low Cu2+ loadings together
with large metallic Ag particles to be responsible for propylene
oxide gas phase formation. Further studies on the Ag�Cu and
Cu�Mn systems to fully explore their potential are still necessary
to optimize both catalyst preparation and reactor operation
conditions. By the same preparation method several libraries
containing about 600 ternary and quaternary mixed oxide
samples were generated by Maier, Woo, and co-workers and
screened for propane to acrolein selective oxidation reaction.190

After directed evolution, it came clear that each system has its
own optimum composition were acrolein formation is highest.
3.1.4. Influences of Preparation Effects. A comparative study

of the WOx dispersion on Mn-promoted tungstated zirconia
isomerization catalysts prepared by conventional and CHT
methods was presented by Hern�andez�Pichardo et al.192 By
isomerization of C5 and C6 light paraffin feedstocks to branched
species aromatic hydrocarbons in gasoline pools can be sub-
stituted because of the high octane number of the branched
species. Earlier studies on the isomerization of hydrocarbons193

showed tungstated zirconia catalysts despite a low surface area to
be active but their catalytic performance depending on the
dispersion of the WOx phase on the support. Because of a strong
WOx�ZrO2 interaction the WOx species are difficult to reduce,
but this tendency is diminished as tungsten loading increases and
nanostructures of polytungstates are converted intoWO3 crystal-
lites. But in this case the accessibility of the WOx species is
reduced and less active catalysts are resulting. The addition of

hydrogen leads only in the case of intermediate-sized WOx

clusters to a reformation of active species, because for large
WO3 crystallites again high temperatures for reduction are
needed. Whereas using a conventional coprecipitation method
for preparation resulted in less-active catalysts because of low
WOx dispersion, a HTE approach gave Mn�WOx�ZrO2 oxides
with a well-dispersed surface WOx phase and an enhanced
activity. Tungsten segregation at the surface and the mesoporous
nature of the support both increase the catalytic activity improv-
ing the accessibility and probably the reduction of the polytung-
state domains with intermediate size.
The influence of catalyst preparation conditions such as metal

oxide loading, catalyst calcination conditions, catalyst pretreat-
ment, as well as the reaction temperature and contact time on
catalyst performance with the metathesis reaction of ethane and
but-2-ene to propene as example were also discussed by Rode-
merck et al.194 It was concluded that the applied HT tools and
methodology allowed a quick and reproducible synthesis of
downscaled industrial catalysts as shown for the system Re2O7

on γ-Al2O3. The parallel tests revealed for these quite different
catalysts reliable data under identical reaction conditions. Too
low, as well as too high calcination temperatures and too long
calcination duration, lowered the catalyst activity and resulted in
fast deactivation by carbon deposition. It was found that Lewis
acid sites are involved in the start of the metathesis reaction. By
rising the Re content the Lewis acidity is increased, whereas
Brønstedt acid sites were not detected.
3.1.5. Kinetic Studies. Data acquisition is not restricted to the

determination of conversion and selectivity as function of several
influencing parameters during catalyst preparation, as just dis-
cussed above, especially in later stages of the screening process
during the development and optimization process of a new
catalyst accurate kinetic data have to be accumulated to get
quantitative information describing some catalyst features. In
combination with CHT methodology the question arises
whether this approach is adequate for the problem of kinetic
modeling of diverse catalysts on a library with the ability to tackle
apart from catalyst formulation parameters also deactivation
phenomena such as carbon deposits, particle growth, metal�
support interaction, alloy formation or demixing, catalyst poison-
ing, etc. During a CHT investigation using a parallel reactor
assembly in particular the later issue may get critical, if the
assembly allows only serially switching between the different
samples, as during test of one sample the others may not be
flushed by the reaction mixture and thus not allowed to
deactivate. On the other side enabling a truly parallel operation
of all reactors at the same time rises the problem of handling the
different flow resistances of the various catalyst samples and
generates the need also for a truly parallel or ultrafast analysis
system.
Using a 16-channel multitubular reactor enabling the test of

catalysts at the sample time-on-stream was presented by Morra
et al.195 For accessing intrinsic kinetic parameters for the hydro-
genation of o-xylene they used a library of 80 diverse bimetallic
catalysts and developed an adapted screening strategy to correct
observed data from deactivation phenomena for the calculation
of kinetic parameters. Analyzing effects of metal nature, dopants
and supports on deactivation rate by a statistical approach they
were able to give a tentative classification of the deactivation
processes. Especially the coke formation rate on aged materials
was the key parameter for this classification. Considering the
whole studied library it was not obvious to determine which
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metal, dopant or support led significantly to a certain deactiva-
tion profile, whereas a tentative simplified classification between
Ni-based and noble metal-based systems was still possible. But to
combine catalysts features that direct the deactivation to either a
linear or an exponential profile was not straightforward.
Another approach for CHT kinetic studies of hydrogenations

with a combination of reaction and analysis was given by Trapp
and co-workers.196 The chromatographic techniques they used
have the advantage that even complex reaction mixtures can be
separated and quantified without any tagging of the analyte with
marker molecules. Microfluidic devices combining chemical
synthesis and analysis on one chip represent a clear enhancement
in the field of parallelized kinetic measurements with minute
material consumption. Unfortunately, at present they often suffer
from the same limitation as commonly used batch reactors of
studying only one reaction per run with consecutive steps of
reaction, separation and quantification of starting materials and
products to determine conversions thus leading to indefinable
reaction kinetics in the case of competing reactions. Trap�ps
group reported a strategy that allows the synchronous combina-
tion of heterogeneous catalysis and product separation as well as
speciation in capillaries to perform HT reaction rate measure-
ments of reactant libraries with an average frequency of 147
reactions per hour.197 Microstructured reaction systems as GC
columns have intrinsically a high specific interfacial area thus
reducing the problem of an apparent reaction rate composing of
intrinsic reaction rates and diffusion coefficients inherent in
multiphase catalytic systems (gas�liquid�solid) typically used
in industrial applications. Trapp et al. performed the hydrogena-
tions with Pd nanoparticles as stationary phases between 60 and
100 �C at various contact times by on-column GC to determine
temperature reaction rate constants and to obtain other activa-
tion parameters with a kinetic model based on the Langmuir�
Hinshelwood mechanism with different Pd loadings. Addition-
ally coefficients of molecular diffusion in the mobile and sta-
tionary phases have been determined by von Deemter plots for
four substrates with precisely 2400 cm fused-silica columns of
250 μm inner diameter. This approach has recently been
extended to Ullmann-type C�C cross coupling reactions.198

Peak deconvolution of overlapping gas chromatographic elution
profiles of constitutional isomers by multiple-reaction-monitor-
ing mass spectrometry was described in detail.199

Additional examples of successful application of combinatorial
and high-throughput methods in catalysis are also provided in
recent reviews by Farrusseng200 and by Yan et al.201 Advances in
combinatorial computational chemistry (CCC) have been re-
cently reviewed by Koyama et al.202 More and more CHT
methods for synthesis and screening of catalysts became standard
tools, they are integrated into the workflows and are not explicitly
stated in publications anymore. Thus, many success stories,
especially those from industry, may be found in patent literature
or even remain unidentified.
3.2. Electronic and Functional Materials. In the area of

electronic and functional materials, progress in combinatorial
materials science over the last ten years is marked by the diversity
in topics where CHT experimentation was successfully imple-
mented and by significant advances in library fabrication and
characterization techniques. Thin film libraries consisting of high
quality epitaxial thin films are now routinely used to explore large
compositional landscapes in search of compounds with en-
hanced physical properties. By far the most popular library
design scheme is the composition spread or the phase spread

approach, where composition regions of (pseudo)binary or
(pseudo)ternary compositional phase diagrams are recreated
and mapped in a continuous manner on a library chip or a wafer.
This trend reflects the fact that it is relatively easy to design a
composition spread library and that there are several thin film
deposition techniques which are readily available for creating
composition gradients. They include cosputtering, which can be
used to generate natural composition gradients and the use of
moving shutters to create thickness gradients. This trend also
reflects the fact that more and more scientists are relying on the
combinatorial strategy to investigate detailed composition depen-
dent properties of materials as a function of continuously changing
stoichiometry, rather than to explore hundreds to thousands of
very different and discrete compositions at a time. This is also
consistent with the fact that the general combinatorial approach
is now accepted in the materials science community, not just as a
tool of rapid search, but also as a tool for rapid delineation of
composition-structure�property relationships.11,203 In this sec-
tion, we highlight some recent experiments where the composition
spread was particularly instrumental in swiftly mapping how
different functional properties vary against complex composition
landscapes.
3.2.1. Combinatorial Investigation of Lead-Free Piezoelectric

Materials. Among materials and chemicals designated as envir-
onmentally harmful, lead-containing compounds have been
targeted by the community for removal and replacement. One
area where replacement has been slow in being introduced is
piezoelecrics, and Pb-based compounds, such as Pb(Zr,Ti)O3

(PZT) still account for majority of the materials being used. The
problem arises from the fact that there are very few compounds
which possess the same high piezoelectric coefficient needed for
important applications such as sonars, ultrasonic transducers,
and airbag sensors.204 To this end, the piezoelectric materials
community has had a concerted effort in finding suitable
replacements for PZT. Of particular challenge has been to find
materials systems, which exhibit the morphotropic phase
broundary (MPB) behavior displayed by PZT. At the MPB
composition of PbZr0.52Ti0.48O3, the material undergoes a
structural transition from rhombohedral to tetragonal, and it
shows a significant enhancement in piezoelectric properties.
Because piezoelectric properties inherently arise from mechan-
ical displacement at the unitcell level, the structural transition
naturally plays a critical role in giving rise to the high value of the
piezoelectric coefficient. Thus, it is of significant interest to find
other materials systems, which may exhibit similar property
enhancing structural transitions.205

In one study, as a starting compound to search for a novel lead-
free piezoelectric material at an MPB, BiFeO3 (BFO) was
selected.206 BFO is a multiferroic material with rich and intricate
physical and chemical properties.207,208 There are some guide-
lines which predict the presence of MPBs,209�211 and one can
explore novel compositions by systematically searching for
similar structural transitions. In this study, composition spread
techniques were applied to systematically look forMPBs. A series
of pseudobinary composition spread epitaxial thin film libraries
(200 nm thick) were fabricated on SrTiO3 (STO) (100) sub-
strates 6 mm long by the combinatorial pulsed laser deposition
(PLD) system (Pascal, Inc.) at 600 �C, where a pseudobinary
compositional phase diagram of Bi1�x(RE)xFeO3 was continu-
ously mapped on each chip, where RE denotes rare-earth.206

The PLD composition spread technique based on repeated
alternating gradient deposition was adopted where gradient
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thickness thin films of two targets are deposited whose composi-
tions correspond to two end compositions of the spread.212

Automated moving shutters are used to create the gradient thin
films deposited under the epitaxial growth condition at an
elevated temperature. To ensure uniform composition at each
spot and a well controlled composition variation across the
spread length, the thickness of thick end of each gradient is
controlled to be less than a unitcell (∼0.4 nm), and depositions
are repeated hundreds of times in order to attain the total uniform
thickness of ∼200 nm across the spread. Composition variation
across the spreads is confirmed by an electron probe (JEOL JXA-
8900), and the uncertainty in the composition at each point on the
spread is (1.5%. This method was previously used to perform
combinatorial mapping of a variety of materials systems.213�216

This method is most effective in investigation of solid solution
systems, where two end compositions are isostructural. For
electrical characterization, an epitaxial SrRuO3 (SRO) layer
(50 nm) was used as the bottom electrode, and a sputter-deposited
top Pd layer (50 nm) was patterned into 50 μm capacitor dots.
Ferroelectric (FE) polarization hysteresis loops were obtained
using the Radiant Precision LC. Quantitative piezoresponse force
microscopy (PFM) was used to measure the out-of-plane piezo-
response. Initial PFM scans of a Bi1�xSmxFeO3 (BSFO) spread
indicated significant enhancement of piezoresponse near
Bi0.8�0.85Sm0.2�0.15FeO3, where the structure undergoes substan-
tial change in the out-of-plane lattice constant as detected by X-ray
diffraction (XRD) mapping. In Figure 19 A, the out-of-plane
dielectric constant (ε33) and loss tangent measured at 10 kHz as
a function of increasing Sm concentration are plotted. The di-
electric constant reaches a maximum at x = 0.14 in agreement with
the structural transition taking place at the composition. The loss
tangent at this composition is relatively low (∼0.01). These are
characteristic properties of a high-quality dielectric material. The
piezoelectric properties of BSFO were measured via quantitative
PFM.217 The effective piezoelectric coefficient d33 values were
mapped across the composition spread (see Figure 19B). Around
x = 0.13�0.15, the effective d33 displays a rapid increase peaking at
x = 0.14 with 110 pm/V. Beyond this value, it rapidly decreases to
∼55 pm/V for Bi0.83Sm0.17FeO3. The measured remanent and
high field d33 here are comparable to values previously reported for
epitaxial thin films of Pb-based compounds such as PZT and
PbMg1/3Nb2/3O3�PbTiO3. In comparing nominally similar thin
film samples of the same thickness, the MPB discovered here

exhibits intrinsic piezoelectric properties which are among the best.
The added advantage of the present system is a simpler crystal
chemistry than some of the reported Pb-free compounds, as well as
ease of processing.205 High resolution planar transmission electron
microscopy (A JEOL 2100 F operating at 200 kV) of an individual
composition sample at x ≈ 0.14 revealed presence of unusual
nanoscale twined triclinic domains 20�50 nm in size displaying
three different epitaxial orientations. The occurrence of nanosized
twins and concomitant stress accommodation is known as a
signature of an adaptive FE phase at the MPB, which could result
in a high piezoelectric coefficient.218

These results had indicated that it is the chemical pressure
effect due to the RE substitution into the Bi site, which induces a
structural transition and the observed enhancement in dielectric
and piezoelectric properties. Since the ferroelectric polarization
mainly results from the 6s lone pair of the Bi ion in the A-site,
introduction of dopants into B-site (Fe site) is expected to
improve ferroelectric and dielectric properties without losing
fundamental structural and ferroelectric properties of BiFeO3.
Thus, in the follow up study, the B-site substitution effect on the
ferroelectric properties in (Bi,Sm)FeO3 was investigated. In
particular, to systematically track the relative effects of A-site
and B-site doping, a combinatorial codoping investigation was
carried out. Sc was chosen as the substitutional dopant for the
B-site.219 A Sc ion has a robust 3+ valence state which is unlikely
to cause an increase in leakage current. The ionic radius of Sc3+ in
8-coordination is 0.0745 nmwhich is larger than the one for Fe3+,
0.0645 nm. To make this library, the same moving shutter
technique described above was implemented in pulsed laser
deposition. To create the composition layout which contains
continuous doping of both A and B-sites, the pseudoternary
library design was used. In this design, concentration of the each
dopant (A- or B-site dopant) varies along one of the sides of the
triangle (Figure 20). This can be used to separate the A-site and
B-site substitution effect. Ceramic sintered pellets of Bi1.1FeO3,
SmFeO3, and BiScO3 were used as startingmaterials. The shutter
mask design for generating appropriate thickness gradient films
to fabricate the epitaxial ternary (pseudoternary) epitaxial com-
position spread was described by Koinuma and co-workers.220 In
Figure 20, all room-temperature FE hysteresis loops taken across
the library are displayed at the positions of the top electrodes. For
each loop, the horizontal axis spans �500 to 500 kV/cm for
electric field, and the vertical axis is from�120 to +120 μC/cm2

Figure 19. Discovery of a lead-free morhotropic phase boundary using the combinatorial approach. (A) Dielectric constant and tan δmeasured for Sm
substituted BiFeO3. The dielectric constant shows enhancement at∼14% substituted composition; (B) Piezoelectric coefficient measured as a function
of substitution composition. A sharp peak is observed at the same composition.206
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for polarization. Ferroelectric properties exhibit clear changes in
response to the structural evolution induced by the substitution. In
the region with lower dopant compositions, the unclosed loops are
observed indicating that leakage current is too high. As the
substitution of Sm and Sc is increased, the square-shaped ferro-
electric hysteresis loop with the saturation polarization of about
70 μC/cm2 begins to appear. This indicates that the substitution
helps to reduce the leakage current. The fact that in the composi-
tion region where only Sc is substituted, the hysteresis loops are
characteristic of leaky ferroelectrics suggests that the Sm doping is
effective in reducing the leakage current as compared to Sc doping.
As the Sm substitution reaches 14%, the ferroelectric hysteresis
loops undergo a transition to double-hysteresis loops. This transi-
tion from the single to the double-hysteresis loop is clearly seen in
Figure 20 where the FE hysteresis loops in the red box are
separately plotted underneath. The FE hysteresis loop becomes
distorted and the double-hysteresis behavior begins to appear as
the Sm composition approaches 14%. Beyond this composition,
the fully developed double-hysteresis loops are observed. The
observed behavior is in a good agreement with previous observations
for Sm-doped BiFeO3 thin films.206,221,222 These results imply that
the B-site substitution does not affect this transition. As in the case of
the structural transition, the evolution in the ferroelectric properties
also takes place along the Sm composition axis and confirms that the
substitution on A-site plays the main role on the both structural and
ferroelectric properties. These series of discoveries have led to a
number of groups around the world now investigating materials
with similar compositions in bulk and in thin film forms.223

For many applications of piezoelectrics, the materials need
to be in bulk forms. Thus, it is important to carry out the bulk
scale-up experiments of discovered compositions in bulk. It is
worthwhile to note that there are bulk composition spread

techniques.203,224 Jones et al. have developed techniques which
are effective in investigating how microstructural properties
change as a function of composition in bulk diffusion couple
samples where two end member composition samples are
hydrostatically pressed together and then sintered to induce
diffusion leading to occurrence composition gradient. While the
composition gradient is not as extensive as in thin film spreads,
important properties for bulk applications can be directly mea-
sured from such samples.
3.2.2. Thermoelectric Materials and Gate Stack Materials.

Because of the recent surge in energy demand, the field of
thermoelectric materials has seen much increased activities in
research exploring novel thermoelectric materials. The efficiency
of thermoelectric materials is defined by the dimensionless figure
of merit ZT given by ZT = S2σT/k. Here, T is the absolute
temperature, S is the Seebeck coefficient, σ is the electrical
conductivity, and k is the thermal conductivity. ZT is a direct
measure of efficacy of thermoelectric power generation. There
are only a handful of materials which are currently used for
practical applications, and they generally have relatively low ZT
values. They include Bi2Te3 and Bi2Se3, and the typical values of
ZT are around 1. There have been a number of reports of
combinatorial mapping of the Seebeck coefficient and electrical
conductivity. Previously, pulsed laser deposition has been used to
fabricate composition spreads of (Zn,Al)O and (Ca1-x-ySrx-
Lay)Co4O9 systems.225,226 In one recent experiment, a
Ce�Co�Sn ternary composition-spread was fabricated using
RFmagnetron cosputtering.227 The 50-nm-thick thin film spread
was annealed at 325 �C. Ohtani et al. were able to use their new
high-throughput screening system to map the electrical conduc-
tivity and the Seebeck coefficient across the ternary phase space
as shown in Figure 21 where power factor (S2σ) is plotted in the
right-hand panel. In the conductivity map, the highest values of
conductivity (105 Ω�1cm�1) were observed in the Co-rich
composition region, while moderately high values were observed
near the binary Co�Sn region. The Seebeck coefficient displays
larger values in the pure elemental regions, and they are lower in
the binary and ternary regions. Room temperature Seebeck
values are negative cross the entire wafer, reflecting the fact that
electrons are the main the charge carriers generating the thermal
voltage. The power factor, although relatively small (∼10�3 W
K�2 m�1) shows maximum near the Co-region consistent with
the fact that this is the region with highest electrical conductivity
coupled with in moderately large Seebeck values in this composi-
tion range. Future studies will involve investigation of libraries
annealed at different temperatures and mapping of thermal
conductivity. Accurate quantative mapping of thermal conduc-
tivity mapping of thin film libraries has been a major challenge to
the community. The difficulty arises from the fact that it is
nontrivial to separate thermal conductivity of small volumes of
thin films from that of the substrate. Accurate mapping of
thermal conductivity combined with the other characterization
tools will enable one to attain combinatorial mapping of ZT, the
central figure of merit for thermoelectric materials.
Within the microelectronics industry, there is a perennial need

to improve the gate stack (gate dielectric and the gate electrode)
because of the continuous demands for higher performance field-
effect transistors. While there have been many reports of
combinatorial exploration of the gate dielectrics,228,229 Chang
et al. have focused their efforts on investigation of metal gate
electrodes to replace the polycrystalline Si which suffers from
excessive leakage current density.230,231 Ni�Ti�Pt ternary

Figure 20. Pseudoternary codoping investigation of BiFeO3. The library
was designed to map (Bi,Sm)(Fe,Sc)O3 compositions. Resulting ferro-
electric polarization hysteresis loops measured at each spot are plotted.
The zoom-up of the red highlighted region is plotted below.219
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composition spreads were fabricated using natural cosputtering.
50 nm thick library thin films were deposited on Si wafers coated
with 6-nm-thick HfO2 through a shadow mask so as to generate
arrays of 250 μm � 250 μm capacitors with top metal electrode
having continuously varying composition. Capacitance�voltage
and current�voltage characteristics were measured for the
hundreds of capacitors to attain mapping of the equivalent oxide
thickness (EOT), flatband voltage, and the leakage current. EOT
is an important figure of merit, and the International Technology
Roadmap for Semiconductors dictates that EOT as thin as
0.8 nm is necessary for the next generation technology.232 The
library showed that because of the formation of interface oxide
between HfO2 and Si, the average value of EOT was 1.9 nm.
Figure 22 shows the leakage current map measured at 1 V. High
leakage is observed near Ti-rich composition, consistent with the
fact that the extracted values of the work function are the lowest
within the ternary in this region. This experiment demonstrated
that one can use the combinatorial approach to effectively decipher
the complex and convoluted issues of the work function, flatband
voltage shift, oxide charge, and thermal stability formetal gate stack
integration. There is large compositional phase space of metallic
alloys to be explored for identification of the ideal metal electrode,
and this is an important step in implementing the high-throughput
strategy to materials topics which are established with advanced
semiconductor manufacturing and processing technologies.
3.2.3. Combinatorial Mapping of Structural Phases Across

Ternary Metallic Alloy Systems. There have been many other
examples of combinatorial studies of metallic alloy systems.
Among the notable developments are methodology for mapping
the metallic glass and amorphous metal systems233 and the use of
molecular beam epitaxy for fabrication of epitaxial composition
spreads in search of magnetic semiconductors.234 These exam-
ples underscore the significance of tracking subtle structural
changes across composition spread samples in pseudobinary and
pseudomultinary solid solution systems. In other instances, it is
of interest to map distribution of structural phases across, for
instance, entire ternary phase diagrams containing compositions

regions with vastly different structures. For such studies, full
range XRD spectra need to be analyzed for the entire spread.
This becomes a daunting task since one needs to analyze the
details of a large number of diffraction spectra which are very
different from each other. To reduce the difficulty of this task,
tools and techniques, which can be used to analyze many
diffraction spectra at once, instead of the traditional one at a
time approach are being developed. In an earlier work, techni-
ques for visualization of diffraction data from ternary composi-
tion libraries,235 as well as clustering analysis to sort spectra into
discrete groups in an effort to rapidly map the distribution of
structural phases across ternary phase diagrams had been
reported.236 More recently, a technique called non-negative
matrix factorization (NMF) has been applied to the problem
of identifying the unique patterns which are present in a set of
XRD spectra as well as quantifying the contribution of those
patterns to each experimental spectrum.237 As an example
system, a composition region of the Fe�Ga�Pd ternary system
was examined. The interest in the Fe�Ga�Pd ternary system
stems from the fact that the Fe�Ga and Fe�Pd binary phase
diagrams contain compositions with unusual magnetic actuator
properties. Fe�Ga is a well-known material system exhibiting
large magnetostriction for Ga content between 20 and 30 atomic
percent. The origin of this property is attributed to the complex-
ity of the Fe�Ga binary phase diagram in this region.238

Fe0.7Pd0.3 is a ferromagnetic shape memory alloy239 whose
martensitic transition is associated with a magnetic field induced
strain of about 10 000 ppm.240 Given the significance of these
compositions, it is of interest to see how structures and functional
properties evolve across the Fe�Ga�Pd ternary phase diagram.
Natural thin film composition spreads of the Fe�Ga�Pd system
were deposited at room temperature using an ultra high-vacuum
three gun magnetron cosputtering system on 3-in. (76.2 mm)
diameter (100) oriented Si wafer. The samples were then post
annealed. XRD of the fabricated films was performed using the
ω-scan mode of the D8 DISCOVER using the two-dimensional
detector. The composition spread wafer contained a grid of
1.75 mm � 1.75 mm squares with continuously changing

Figure 22. Exploration of novel gate electrode material. Leakage
current density of sputtered Ni�Ti�Pt library is mapped. The dielectric
was 6 nm HfO2 on Si. From ref 230. Applied physics letters by
AMERICAN INSTITUTEOF PHYSICS. Reproduced with permission
of AMERICAN INSTITUTE OF PHYSICS. in the format Journal via
Copyright Clearance Center.

Figure 21. Composition spread exploration of thermoelectric materi-
als. Picture of the Co�Ce�Sn composition spread wafer (upper left);
Electrical conductivity map (upper right); Seeback coefficient map
(lower left); Power factor map (lower right). Reproduced with permis-
sion from JJAP 48, 05EB02 (2009).
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composition, and XRDwas performed on 273 patterned squares.
The X-ray beam spot size was 1 mm diameter. Once the data
acquisition was complete, the raw detector images were inte-
grated to obtain 2θ angles and peak intensities.
NMF is a relatively new technique which has been applied to

problems in several fields. NMF has been used to perform image
segmentation,241 document clustering,242 and spectral unmixing
of satellite reflectance data,243 among other applications. To the
best of our knowledge, this is the first time that it has been applied
to XRD data. The basic idea of NMF is to deconvolve a large
number of non-negative spectral patterns into a smaller number
of non-negative basis patterns. The experimental patterns can
then be described as a weighted superposition of the decon-
volved basis patterns. We have two main reasons why we have
chosen to use NMF over other multivariate techniques. First,
since NMF describes experimental spectra as a superposition of
basis patterns, it can easily handle diffraction patterns which
result from mixtures of different crystal structures. This makes
NMF a good choice when compared to techniques, which sort
patterns into discrete groups.NMF therefore represents a significant
improvement over our prior work using hierarchical clustering
analysis.236 Second, NMF produces basis patterns, which can be
directly interpreted as diffraction patterns. This makes NMF amore
suitable technique when dealing with XRD data in comparison to
PCA since PCA produces basis patterns, which contain negative
values. The inner workings of the NMF technique as applied to
XRD analysis is detailed in ref 35. In the example of the Fe�Ga�Pd
composition spread, nine basis patterns are found using NMF.
There are several patterns, which are only present as mixtures in the
experimental data, but which show up as separate patterns in the
extracted basis patterns. This indicates that NMF can identify the
correct basis patterns even when there are no end-members present
in the data set. Figure 23 shows how one experimental XRD
spectrum is separated into different weights of basis patterns.
To identify the structural phases corresponding to the basis

patterns found usingNMF, the basis patterns were compared to a
set of reference spectra from the crystallographic databases
available at NIST. In particular, we used the Inorganic Crystal
Structure Database244 and the NIST Structural Database.245

Figure 24 presents a ternary diagram in which the weights of
the basis patterns found using NMF have been represented as pie
charts for each composition. Since the basis patterns found using
NMF correspond to structural phases, this diagram gives us a
quantitative distribution of structural phases as a function of
composition, including the existence of multiphase regions.
Although the full ternary phase diagram of this system is not
available for comparison, the projection of the identified dis-
tributions to the two binary (Fe�Ga and Fe�Pd) systems
matches the known phase diagrams reasonably well. The ulti-
mate goal of this effort is to reach a point where the analysis of
hundreds of XRD spectra automatically identifies all of the pure
phases present in a system and quantifies the percent of each
phase present for each composition. The work described here
represents significant progress toward this goal.
3.3. Polymer-Based Industrial Coatings. Surface coatings

are ubiquitous in our society. They are used largely to protect the
underlying substrate, provide aesthetics to objects, and impart
desirable surface characteristics such as lubricity, hydrophobicity,
and antimicrobial activity. Polymer-based surface coatings or
paints, commonly used in applications including building inter-
iors and exteriors, industrial infrastructure, automobiles, ships,
industrial equipment, and civil infrastructure include a large

number of ingredients to obtain the balance of properties
required for the application. As a result of the compositional
complexity of most coatings, extensive experimentation is re-
quired to develop an optimum coating composition. Considering
the compositional complexity of polymer-based coatings, it was
recognized that the application of CHT methods to coating
research and development could have a major impact on the
coatings industry.246 Unlike more mature application areas for
CHT technologies, such as drug discovery and catalyst discovery,
the application of CHT methods to coating development was
viewed as being particularly challenging because of the need to
screen for multiple properties of interest. In essentially every
case, a coating must exhibit multiple performance attributes to be
of interest for further investigation. For example, a coating
designed to protect a transparent plastic substrate, such as
polycarbonate, in an application, such as an automobile headlamp,
cover must exhibit excellent scratch/abrasion resistance, adhesion
to the substrate, optical clarity, chemical resistance, weatherability,
and resistance to environmental stress microcracking. Developing
a CHT workflow that only screens one of these properties
provides little value. An additional challenge associated with the
application of CHT methods to coating development is that the
performance attributes of interest can vary greatly depending on
the end-use application. For example, the performance attributes
of a coating designed to combat marine fouling of ship hulls will
have a very different set of critical performance attributes than the
aforementioned coating designed for automotive headlamps.
Because of the diversity of end-use applications associated with

polymer-based coatings, much of the literature associated with the
application of CHT methods to coating discovery/development
has involved the development of high-throughput methods for
various performance attributes. Properties that have been the focus
of high-throughput method development include optical clarity,247

Figure 23. Non-negative matrix factorization of X-ray diffraction
spectra from a combinatorial library. The weights of the basis patterns
for the spectrum taken for Fe0.46Pd0.26Ga0.28 (a). Experimental diffrac-
tion spectrum for this composition (b). The weighted basis patterns
displaying the deconvolution of the experimental spectrum (c). From ref
237. Applied physics letters by AMERICAN INSTITUTE OF PHY-
SICS. Reproduced with permission of AMERICAN INSTITUTE OF
PHYSICS. in the format Journal via Copyright Clearance Center.
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adhesion,35,247,248 abrasion/scratch resistance,34,247 viscosity,249

surface energy,249�251 weatherability,252 pot-life,253 corrosion
inhibition,254 viscoelastic properties,255 fouling-release,256�262

antimicrobial properties,263,264 scrub resistance,265,266 hard-
ness,267 cross-link density,268 and barrier properties.269

3.3.1. Cross-Linkers for Polyurethane Dispersions. The appli-
cation of CHTmethods to coating development is relatively new
with the first description of a full CHT workflow being reported
in 2002.247 One of the first reports focused on the CHT produc-
tion and characterization of coating libraries using a CHT work-
flow was that of Bach and co-workers.270 This report pertained to
the use of a CHT workflow to assess the relative degree of cross-
linking for binders derived from polyurethane dispersions. The
cross-linkers studied were polyaziridine compounds with the
general structure shown in Figure 25. Polyazirdine cross-linkers
react with carboxylic acid groups of water-dispersible polyur-
ethanes to form an ester cross-link. The study involved variations
in polyurethane composition, cross-linker composition, cosolvent
composition, urethane dispersion pH, and the time period be-
tween cross-linker addition and film formation. The cross-linked
networks were screened using a fluorescence assay that involved:
(1) dissolution of a chemically inert fluorescent dye in the coating
solution; (2) production of a cured film in a container using film
casting; (3) extraction of a portion of the dye from the coating by
the addition of a solvent to the container holding the cured film;
and (4) quantification of the amount of dye extracted using a
fluorescence intensity measurement. With this assay, it is assumed
that lower fluorescence intensity is indicative of higher cross-link
density. Several thousand coating films were screened in the study,
and it was found that polyurethane composition and cross-linker
concentration dominated the response. Polyaziridine cross-linker
composition resulted in relatively small differences in cross-link
density. A major observed second-order interaction was between
cross-linker concentration and pH of urethane dispersion.
3.3.2. Polyurethane-Siloxane Fouling-Release Coatings. A

large majority of the polymer-based coating libraries described

in the literature pertain to coatings designed to combat biofoul-
ing, primarily, marine biofouling. The Webster Research Group
at North Dakota State University has been investigating the
concept of producing tough, fouling-release coatings from cross-
linked polyurethanes modified with polysiloxane segments.271�273

With this concept, the lower surface energy polysiloxane was
expected to self-segregate to the coating/air interface while the
majority of the coating bulk was expected to be the tough
polyurethane. With this morphology, good-fouling release proper-
ties were anticipated based on the low surface energy, PDMS-rich
surface. Initial screening studies involved the production of coat-
ings based on either aminopropyl-terminated polydimethylsilox-
ane (NH2�PDMS�NH2) or hydroxyethyloxypropyl-terminated
polydimethylsiloxane (HOCH2CH2�PDMS�CH2CH2OH) as
the PDMS component and isocyanaurate trimers of isophorone
diisocyanate or hexamethylene diisocyanate as the isocyanate
component.273 Numerous compositional variables were explored
using CHT methods including siloxane content, solvent composi-
tion, and siloxane chemical composition. A total of 82 unique
coating compositions were screened. High-throughput measure-
ments of surface energy and pseudobarnacle adhesionwere used to
characterize coating surface compositional stability after water
immersion and fouling-release properties, respectively. A key
observation was that solvent composition played an important
role in coating surface stability and fouling-release performance.
Follow-up efforts were focused on coatings derived from a

hydroxy-functional PDMS, a trifunctional polycarprolactone
polyol, and a polyfunctional isocyanate based on isophorone
diisocyanate.271 With this coating system, segregation of PDMS
chain segments to the coating/air interface was demonstrated.
Interestingly, coating compositions derived from the lowest con-
centration of hydroxy-functional PDMS, which was 10 wt %,
showed amicrostructured surface comprised of dispersed domains
rich in PDMS with an average domain diameter of 1.4 μm and
height of 50 nm. Surface microstructure was found to be depen-
dent on solvent composition and mixing time after the addition of

Figure 25. Chemical structure of the polyazirdine cross-linkers utilized
by Bach and co-workers.270

Figure 24. Structural phase diagram produced using the weights of the
basis diffraction patterns found using non-negative matrix factorization
(NMF). Each pie chart corresponds to a composition for which XRD
was measured and each piece of the pie chart corresponds to the weight
of one of the basis patterns found using NMF. Possible matches to a
database of known patterns are presented at the top left. From 237.
Applied physics letters by AMERICAN INSTITUTE OF PHYSICS.
Reproduced with permission of AMERICAN INSTITUTE OF PHY-
SICS. in the format Journal via Copyright Clearance Center.
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the isocyanate cross-linker.274 After having demonstrated self-
stratification of this coating system, a study was conducted that
utilized high-throughput measurements of surface energy, contact
angle hysteresis, pseudobarnacle adhesion,275,276 and reattached
barnacle adhesion260 to investigate the effect of mixing time after
the addition of the cross-linker on surface properties.277 The results
showed that coatings produced with longermixing times weremore
homogeneous than those produced with shorter mixing times and
provided better fouling-release properties as characterized using
pseudobarnacle and reattached barnacle adhesion.
In addition to polyurethane-siloxane coatings based on hydro-

xy-functional PDMS, Ekin andWebster reported similar coatings
based on NH2�PDMS�NH2, as well as hydroxy-terminated
poly(ε-caprolactone)-b-PDMS-b-poly(ε-caprolactone) copoly-
mers (PCL�PDMS�PCL).272,278 The ability to synthesize
and characterize arrays of NH2�PDMS�NH2 polymers and
PCL�PDMS�PCL copolymers using the synthetic scheme
shown in Figure 26 and high-throughput methods was
demonstrated.279 Polymers were prepared in 24-element arrays
and characterized using high-throughput methods for measuring
molecular weight, chemical composition, and thermal properties.
Arrays of polymers were produced that possessed variations in
PDMS and PCL block molecular weight. In addition to
PCL�PDMS�PCL copolymers produced by reaction of
NH2�PDMS�NH2 directly with ε-caprolactone (Figure 26),
Ekin and Webster produced arrays of PCL�PDMS�PCL
copolymers by first reacting NH2�PDMS�NH2 with ethylene
carbonate to produce hydroxyalkyl carbamate-terminated PMDS
polymers that were subsequently used to initiate ε-caprolactone
polymerization, as shown in Figure 27.280 This general synthetic
method was also used to produce arrays of “H-type” block
copolymers (Figure 28) by substituting ethylene carbonate with
glycerine carbonate.
NH2�PDMS�NH2 polymers and PCL�PDMS�PCL copoly-

mers synthesized according to the scheme shown in Figure 26 were
incorporated into polyurethane coatings using a multifunc-
tional isocyanate, trihydroxy-functional poly(ε-caprolactone),

cure catalyst, pot-life extender, and solvent.272 The CHT experi-
ment designed to investigate this compositional space involved
variations in PDMS molecular weight, PCL block molecular
weight, and PDMS content. In total, 192 unique coating composi-
tions were prepared using multiple 24-element arrays. The high-
throughput characterization tools utilized for the study enabled
measurements of surface energy and pseudobarnacle adhesion.
Measurements were made on “as produced” coatings as well as
coatings conditioned in water for 30 days. In general, it was found
that surface properties were largely unaffected by water immersion
indicating a stable surface composition and morphology. The
primary variables that affected surface energy and pseudobarnacle
adhesion were the introduction of PCL blocks into the PDMS,
PDMS molecular weight, and PDMS content. Coatings based on
NH2�PDMS�NH2 polymers were found to result in lower
pseudobarnacle adhesion than analogous coatings based on
PCL�PDMS�PCL copolymers. With regard to PDMS content,
higher levels of PDMS resulted in higher pseudobarnacle adhe-
sion. Increasing PDMS molecular weight reduced surface energy,
but increased pseudobarnacle adhesion.
NH2�PDMS�NH2 polymers and PCL�PDMS�PCL co-

polymers synthesized according to the scheme shown in Figure 4
were also incorporated into polyurethane coatings.278 In addition
to coatings based on the triblock copolymers, coatings were
produced for the H-type block copolymers shown in Figure 28. A
total of 288 unique coating compositions were prepared and
screened using high-throughput measurements for surface en-
ergy, pseudobarnacle adhesion, and glass transition temperature
(Tg). The compositional variables investigated were PDMS
molecular weight, PCL block molecular weight, copolymer
architecture (i.e., linear vs H-type), and PDMS content. Similar
to the previous study based on PDMS polymers produced using
the synthetic scheme shown in Figure 26, surface energy
decreased with increasing PDMS molecular weight and was
independent of PDMS copolymer architecture. With regard
to pseudobarnacle adhesion, adhesion was lowest for coatings
based on hydroxyalkyl carbamate-terminated PDMS polymers

Figure 26. Synthetic scheme used by Ekin et al.279 to produce amino-terminated PDMSs and hydroxy-terminated poly(ε-caprolactone)-b-PDMS-b-
poly(ε-caprolactone) copolymers.



606 dx.doi.org/10.1021/co200007w |ACS Comb. Sci. 2011, 13, 579–633

ACS Combinatorial Science REVIEW

(i.e., polymers free of PCL blocks) possessing a molecular weight
greater than 15,000 g/mol. Coatings based on dihydroxyalkyl
carbamate-terminated PDMS polymers showed higher pseudo-
barnacle adhesion values compared to analogous coatings based
on hydroxyalkyl carbamate-terminated PDMS polymers presum-
ably due to the higher cross-link density associated with the
tetrafunctional PDMS. Similar to the previous study, higher
levels of PDMS resulted in higher pseudobarnacle adhesion
strength. From the HT screening of the 288 unique coatings,
eight coatings were selected for additional characterization. The
coating subset possessed variations in PDMS molecular weight
(10 000 g/mol and 35 000 g/mol), polymer functionality (di- vs
tetrafunctional), and the presence of a PCL blocks (no PCL vs
3 PCL units per block). The concentration of PDMS in the
coatings was kept constant at 20 wt %. With this coating subset,
characterization included HT measurements of bacterial biofilm
retention,263 retraction,258 and adhesion,256Ulva sporeling growth
and removal,281 and reattached barnacle adhesion.260 In addition to
the experimental coatings, two commercially available polysiloxane
coatings were incorporated for comparison purposes. Overall, two

of the experimental coatings performed very well with regard to
fouling-release properties and were targeted for scale-up and ocean
testing.
More recent investigations by the Webster Research Group

have involved the generation of siloxane-polyurethane coatings
derived from acrylic polyols. Acrylic polyols have been tradition-
ally used for polyurethanes because of the superior weatherability
and hydrolytic stability, lower cost, and lower isocyanate require-
ments compared to other polyols, such as polyether and polye-
ster polyols.282 A library of acrylic polyols was synthesized using a
batch reactor system and conventional solution free-radical
polymerization.283 The acrylic monomers utilized were 2-hydro-
xyethyl acrylate (HEA), butyl methacrylate (BMA), and n-butyl
acrylate (BA). The library of acrylic polyols varied with respect to
HEA content and BA/BMA ratio. A total of 24 different acrylic
polyols were produced in a single run. The polyols were
characterized using high-throughput methods for determining
Tg, relative molecular weight, and molecular weight distribution.
As expected, at a constant HEA repeat unit content, acrylic polyol
Tg increased with decreasing BA/BMA ratio. At a constant

Figure 27. Schematic illustrating the synthetic method used by Ekin and Webster280to produce arrays of PCL�PDMS�PCL copolymers by first
reacting NH2�PDMS�NH2 with ethylene carbonate to produce hydroxyalkyl carbamate-terminated PMDS polymers that were subsequently used to
initiate ε-caprolactone polymerization.

Figure 28. Chemical structure of “H-type” block copolymers produced by Ekin and Webster.280
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BA/BMA ratio, Tg increased with increasing HEA repeat unit
content at high BA/BMA ratios, but converged to the same Tg (i.e.,
10 �C) at a BA/BMA ratio of 0. Overall, the compositional space
provided variations in acrylic polyol Tg ranging from�48 to 10 �C.
These acrylic polyols were subsequently used to generate a 24-
element array of siloxane-polyurethane coatings in which the
siloxane component was derived from a 10 000 g/mol 3-aminopro-
pyl-terminated PDMS. The library of siloxane-polyurethane coat-
ings was produced by maintaining a constant molar ratio acrylic
polyol hydroxy-functionality to isocyanate-functionality at 1.0/1.1
and a NH2�PDMS�NH2 content of 10 wt % based on coating
solids. With this experimental design, a 24-element library was
produced in which each acrylic polyol resulted in a single unique
siloxane-polyurethane coating. The HT tools used for screening
enabled measurements of coating Tg, water contact angle, pseudo-
barnacle adhesion strength, algal biofilm removal,261,262 and Ulva
sporeling growth and removal. In general, results of the study
showed that: (1) trends in coating Tg were similar to that of the
acrylic polyols with Tgs ranging from approximately�22 to 50 �C;
(2) all coatings were hydrophobic with water contact angles ranging
between 95� and 100�; and (3) increasing BA andHEA repeat unit
content in the acrylic polyol increased fouling-release properties
toward both the algal species, Navicula, and Ulva zoospores.
3.3.3. Polysiloxane-Based Coatings Possessing Tethered

Quaternary Ammonium Salt Groups. Researchers at the Center
for Nanoscale Science and Engineering of the North Dakota
State University have also been using CHT methods to investi-
gate polysiloxane-based coatings possessing tethered quaternary
ammonium salt (QAS) groups for combating marine
biofouling.284�288 The rationale for incorporating QAS groups
into the polysiloxane matrix was based on the well-known inhibi-
tory effect of QASs toward manymicroorganisms includingGram-
positive andGram-negative bacteria, yeasts, andmolds.289�293 The
positively charged nitrogen atom of QASs can bind to the
negatively charged cell wall of a microorganism resulting in disrup-
tion of the integrity of the cell wall and, as a result, cell death.294,295

By tethering QASs groups to the polymer matrix, it was thought
that an antimicrobial effect could be obtained without causing
harm to the environment, which is stark contrast to current
antifouling coatings that function by releasing copious amounts
of biocide into the ocean.296 The rationale for utilizing a poly-
siloxane-based coating was based on the good fouling-release
properties previously observed for polysiloxanes.297 Thus, in the
event that adsorption of molecular species such as proteins or
polysaccharides occurs and interferes with the antifouling effect, it
may be possible to reactivate the antifouling effect by cleaning the
coating surface. The general compositional space investigated is
described in Figure 29. Initial C/HT experimentation to explore
this compositional space involved variations in trimethoxysilane-
functional QAS (TMS-QAS) composition, TMS-QAS concentra-
tion, and silanol-terminated PDMS (HO-PDMS�OH) molecular
weight. A total of 75 unique coating compositions were prepared
and screened using HT methods for measuring surface energy,

water contact angle hysteresis, leachate toxicity, bacterial biofilm
retention, and algal biofilm growth. The results of the study showed
that all three compositional variables influenced coating surface
properties as well as antifouling and fouling-release characteristics.
Interestingly, the incorporation of QAS moieties into a polysilox-
ane matrix generally resulted in an increase in coating surface
hydrophobicity. Characterization of coating surface morphology
revealed a heterogeneous, two-phase morphology for many of the
coatings investigated. A correlation was found between water
contact angle and coating surface roughness with the contact angle
increasing with increasing surface roughness. Coatings derived
from octadecyldimethyl(3-trimethoxysilylpropyl) ammonium
chloride displayed the highest microroughness and, thus, the most
hydrophobic surfaces. With regard to antifouling and fouling-
release properties, coatings based on the 18 carbon QAS moieties
(i.e., octadecyldimethyl(3-trimethoxysilylpropyl) ammoniumchloride)
were very effective at inhibiting C. lytica biofilm formation and
enabling easy removal of Ulva sporelings (young plants); while
coatings based on 14 carbon QAS moieties (i.e., tetradecyl-
dimethyl(3-trimethoxysilylpropyl) ammonium chloride) were
very effective at inhibiting biofilm growth of N. incerta.
Because of the antimicrobial activity exhibited by some of the

QAS-functional PDMS coatings, the scope of the potential
applications for these coatings was broadened to include biome-
dical applications, such as catheters, contact lenses, ophthalmic
lenses, and medical implants.298�300 In general, polysiloxanes
have been shown to exhibit biocompatibility, and the ability to
introduce antimicrobial properties via the incorporation of
covalently bound QAS groups may enable the production of
devices that reduce the occurrence of infection. In addition,
unlike coatings that release an antibiotic to inhibit infection,
these coatings should have a lower potential for producing
resistant strains of microorganisms.301,302 A study was conducted
by Majumdar et al.302 that involved the development of struc-
ture�antimicrobial relationships in which 20 different TMS-
QASs were synthesized and incorporated into polysiloxane
coatings to produce 60 unique coating compositions. Antimi-
crobial activity of the coatings was determined using three
different, biomedically relevant microorganisms, namely, Escher-
ichia coli, Staphylococcus aureus, and Candida albicans. This suite
of microorganisms represents significant diversity considering
that E. coli is a Gram-negative bacterium, S. aureus is a Gram-
positive bacterium, and C. albicans is a yeast pathogen. The QAS-
functional polysiloxanes were derived from solution blends of a
HO�PDMS�OH, a TMS-QAS, andmethylacetoxysilane. Since
the QAS moieties provide antimicrobial activity through inter-
action with the microorganism cell wall, most of the composi-
tional variables that were investigated were associated with the
chemical structure of the TMS-QAS. The results of the study
showed that essentially all of the compositional variables sig-
nificantly influenced antimicrobial activity. Surface characteriza-
tion indicated that the compositional variables also significantly
affected coating surface morphology and surface chemistry.

Figure 29. Description of the general compositional space investigated by researchers at the Center forNanoscale Science and Engineering of theNorth
Dakota State University for the production of antimicrobial coatings.
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Overall, compositional variables that produced heterogeneous
surface morphologies provided the highest antimicrobial activity
suggesting that the antimicrobial activity was primarily derived
from the relationship between coating chemical composition and
self-assembly of QAS moieties at the coating/air interface. Using
data modeling software, a narrow region of the compositional
space was identified that provided broad-spectrum antimicrobial
activity. An optimized coating composition was further evaluated
by coating sections of a urinary catheter and comparing the
antimicrobial response of the coated catheter sections to un-
coated catheter sections.300 The coated catheter sections showed
a 54%, 94%, 80%, and 89% reduction in biofilm formation for
E. coli, S. epidermidis, P. aeruginosa, and C. albicans, respectively,
compared to the uncoated catheter sections.
3.3.4. Polyurethane-Based Coatings Containing Tethered

Triclosan Groups. In addition to antimicrobial coatings derived
from tethered QAS moieties, researchers at the Center for
Nanoscale Science and Engineering of the North Dakota State
University have been investigating coatings derived from
tethered triclosan moieties.303�308 Triclosan (i.e., 5-chloro-
2-(2,4-diclorophenoxy)phenol) is a broad-spectrum antimicro-
bial agent used extensively in personal-care products, health-
care, and household goods. It has been formulated into hand
soaps, surgical scrubs, shower gels, underarm deodorants,
toothpastes, hand lotions, and mouthwashes; incorporated
into fabrics and plastics, such as children’s toys, surgical drapes,
cutting boards and toothbrush handles; and even infused into
concrete for floors.309 Kugel et al. investigated polyurethane-
based coatings containing tethered triclosan groups using
C/HT methods.310 First, an array of acrylic polyols was
produced using free-radical copolymerization of triclosan ac-
rylate (i.e., 5-Chloro-2-(2,4-dichlorophenoxy)phenyl acrylate)
(TA), HEA, and BA, as shown in Figure 30. The compositional
parameters varied to produce the library included BA/TA ratio
and HEA concentration. The array of acrylic polyols were
characterized using nuclear magnetic resonance spectroscopy,
DSC, and a HT GPC system. In addition, polymer yield was
determined gravimetrically with the assistance of a parallel
evaporator and a weighing robot. High yield (>90%) was
obtained for each copolymerization and polymer composition
was consistent with the monomer feed. With regard to thermal
properties, Tg of the acrylic polyols increased with increasing
TA content which was attributed to the relatively bulky
triclosan-ester pendent group. From the array of acrylic poly-
ols, a 24-element array of polyurethane coatings was produced
using hexamethylene diisocyanate trimer and a 1.1/1.0 molar
ratio of isocyanate functionality to hydroxy functionality. The
coatings were characterized using a parallel DMTA measure-
ments, automated surface energy measurements, and HT
biological assays utilizing four different microorganisms,
namely, C. lytica, E. coli, Staphylococcus epidermidis, and Navi-
cula incerta. From parallel DMTA measurements, Tg was
determined and two distinct trends were observed. First, at
constant HEA content of the acrylic polyol, coating Tg
increased with increasing TA content of the polyol. Second,
at a given TA content, coating Tg increased with increasing
polyol HEA content, which was attributed to obtainment of
higher cross-link densities with higher HEA contents. With
regard to antimicrobial properties, the coatings were found to
be very effective at inhibiting S. epidermidis biofilm formation
without leaching triclosan or other toxic components from the
coating.

3.3.5. Radiation-Curable Coatings. CHT methods have also
been used to develop structure�property relationships for
radiation-curable coatings. Uhl and co-workers311 investigated
a compositional space comprised of three different cycloaliphatic
epoxides and three different polyester polyols, as shown in
Figure 31. The experiment involved variations in epoxide com-
position, polyol composition, and the ratio of epoxy equivalents
to hydroxy equivalents to produce three 24-element arrays of
coatings in which each array was based on a single cycloaliphatic
epoxide. The photoinitiator used for the study was a mixed
arylsulfonium hexafluoroantimonate salt (UVI-6974 from Dow
Chemical) that decomposes to produce a strong protic acid upon
absorption of ultraviolet light. With this initiator, cross-linking
occurs through a propagating oxonium ion.312 The coatings
produced were characterized using parallel DMTA measure-
ments, automated surface energy measurements, and automated
adhesion measurements. Some of the general trends observed
were: (1) Tg varied as a function of cycloaliphatic epoxy
composition with the higher molecular weight epoxide (CAE
28) resulting in lower Tgs; (2) coating Tg increased with an
increase the ratio of epoxy equivalents to hydroxy equivalents;
(3) although the nominal chemical structure of CAE5 and
CAE10 were the same, differences in coating properties between
analogous compositions were consistently observed; (4) storage
modulus above and below the Tg was dependent on polyol
composition; and (5) water contact angles did not vary signifi-
cantly over the compositional space. Potyrailo and co-workers313

also described the results of a C/HT experiment involving
radiation-curable coatings. This work was focused on the HT
screening of optical clarity and abrasion resistance of coatings
produced in array format on a transparent, plastic substrate (i.e.,
polycarbonate). The report basically involved validation of the
HTmethods developed for screening optical clarity and abrasion
resistance.
3.3.6. Hybrid Organic�Inorganic Coatings.Recently, a C/HT

workflow was reported that was focused on the development

Figure 30. Synthetic scheme used to produce an array of polyols with
triclosan pendent groups.310
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of hybrid organic�inorganic (HOI) coatings derived from sol�
gel-type synthesis. The workflow,314 shown schematically in
Figure 32, was based on a tiered screening process in which
“primary” screening was focused on identifying compositions that
provide adequate solution stability and coating film forming
characteristics. “Secondary” screening, which was designed to only
be conducted on compositions that met solution stability and film
forming requirements, involved measurements of corrosion pro-
tection. Initial experiments with this workflow involved screening
of both “homogeneous” and “heterogeneous” HOI coatings.
Homogeneous HOI materials are one-phase materials in which
the organic and inorganic components are linked to each other
through covalent bonds; while heterogeneous HOI materials are
two-phase materials in which the domains sizes are in the
nanometer scale.315 With this definition, polymer composites
based on micrometer-size inorganic fillers or fibers are not con-
sidered to be HOI materials. The library of homogeneous HOI
coatings produced were derived from sols based on a trimethoxy or
triethoxy silane, tetraethoxysilane (TEOS), water, acetic acid as a
catalyst, and isopropanol as a solvent. The variables involved in the
experiment which produced 60 unique compositions were tri-
methoxy or triethoxysilane composition, ratio of TEOS to trialk-
oxysilane, and mole ratio of water to alkoxysilane silane groups. Of
the 60 compositions produced, 10 met the criterion for secondary
screening (i.e., stable solution and tack-free/crack-free film). The
10 compositions identified with primary screening were all based
on either methyltrimethoxysilane (MeTMS) or diethylphospha-
toethyltriethoxysilane (DTES) as the trialkoxysilane component.
Because of this result, a follow-up experiment was conducted that
involved blends of MeTMS and DTES as the trialkoxysilane
component. A total of 110 unique compositions were produced
in this follow-up experiment. As a result of both primary and
secondary screening, 4 compositions were identified for further
experimentation in the development of new primers for protection
of aluminum alloys from corrosion. One of the 4 homogeneous
HOI compositions produced a primer that enabled good perfor-
mance after 2500 h of ASTM B117 salt spray exposure.

In addition to homogeneous HOI compositions, compositions
based on an approach that resulted in heterogeneousHOI coatings
were screened.314 The approach involved the reaction of colloidal
silica nanoparticles with a trimethoxysilane. Three different tri-
methoxysilanes were used for the study. The three different
trimethoxysilanes were phenethyltrimethoxysilane (PhEtTMS),
(3-glycidoxypropyl)trimethoxysilane, and 2-(3,4-epoxycyclohex-
yl)ethyltrimethoxysilane. The variables investigated were tri-
methoxysilane composition, moles of trimethoxysilane per gram
of colloidal silica, presence of a condensation catalyst (tetra-
butylammonium fluoride), and reaction time. The results of the
study showed that only coatings based on PhEtTMS enabled the
production of stable, homogeneous coating solutions. Select
compositions identified with the C/HT workflow were incorpo-
rated into primers and evaluated for their ability to protect the
aerospace aluminum alloy from corrosion. The results of ASTM
B117 salt spray testing showed excellent corrosion protection using
one of the primers. There was essentially no visible evidence of
corrosion in the scribe after 3100 h of salt spray exposure.
3.4. Sensing Materials. The broad goals of CHT develop-

ment of sensing materials are to discover and optimize perfor-
mance parameters and to optimize fabrication parameters of
sensing materials.19 The key performance parameters of sensing
materials include sensitivity, selectivity, dynamic range, accuracy,
response speed, recovery speed, shelf life, long-term stability,
sample compatibility, mechanical robustness, resistance to poi-
soning, temperature range of operation, sterilizability, and some
others. Factors affecting performance of sensing material films
can be categorized as those originating from the sample
(temperature stability, contaminating particulates, levels of inter-
ferences), sample/film interface (initial morphology, long-term
surface contamination, long-term surface aging), the bulk of the
film (initial film composition, microstructure, long-termmaterial
stratification, long-term aging of components), and the film/
substrate interface (initial contact, long-term delamination).
For CHT screening, sensing materials candidates are arranged

as discrete and gradient materials arrays. A wide variety of array

Figure 31. Description of the coating components used byUhl and co-workers311 to investigate a compositional space based on ultraviolet light-curable
coatings.
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fabrication methods have been reported as summarized in
Table 4.316�344 A specific type of library layout depends on the
required density of space to be explored, available library-fabrica-
tion capabilities, and capabilities of high-throughput characteriza-
tion techniques. Upon array fabrication, the array is exposed to an
environment of interest and steady-state or dynamic measure-
ments are acquired to assessmaterials performance. Serial scanning
mode of analysis (e.g., optical or impedance spectroscopies) is
often performed to provide more detailed information about
materials property over parallel analysis (e.g., imaging). When
monitoring a dynamic process (e.g., response/recovery time,
aging) of sensing materials arranged in an array with a scanning
system, the maximum number of elements in sensor library that
can be measured with the required temporal resolution can be
limited by the data-acquisition ability of the scanning system.338 In
addition to measurements of materials performance parameters, it
is important to characterize intrinsic materials properties.40 Com-
binatorial development of sensing materials can be categorized
based on sensors that utilize various energy-transduction principles
for their operation that involve radiant, mechanical, and electrical
types of energy.
3.4.1. Materials for Sensors Based on Radiant Energy Trans-

duction. Sensors based on radiant energy transduction can be
categorized on the basis of the five parameters that completely
describe a lightwave, such as its amplitude, wavelength, phase,
polarization state and time dependent waveform. Themajority of
the developed sensing materials for these types of sensors rely on
the formulated colorimetric and fluorescent materials and in-
trinsically conducting polymers.

Optimizing formulated sensor materials is a cumbersome
process because theoretical predictions are often limited by
practical issues, such as poor solubility and compatibility of
formulation components.319,345�347 These practical issues
represent significant knowledge gaps that prevent a more
efficient rational design of formulated sensor materials. Thus,
combinatorial methods have been employed for the develop-
ment of multicomponent formulated sensor materials for
gaseous319,329,348,349 and ionic320,337,338,350,351 species.
Applying polymers with an intrinsic conductivity also permits

development of chemical and biological sensors based on radiant
energy transduction.352�356 A variety of conjugated organic
monomers readily undergo polymerization and form linear
polymers. For example, acetylene, p-phenylenevinylene, p-phe-
nylene, pyrrole, thiophene, furane, and aniline form conducting
polymers that are widely employed in sensors.353,357�359 How-
ever, as prepared, conducting polymers lack selectivity and often
are unstable. Thus, such polymers are chemically modified to
reduce these undesirable effects. Modification methods include
side-group substitution of heterocycles, doping of polymers,
charge compensation upon polymer oxidation by incorporation
of functionalized counterions, formation of organic�inorganic
hybrids, incorporation of various biomaterials (e.g., enzymes,
antibodies, nucleic acids, cells), and others.357,360,361 Variations
in polymerization conditions (e.g., oxidation potential, oxidant,
temperature, solvent, electrolyte concentration, monomer con-
centration, etc.) can be also employed to produce diverse
polymeric materials from the same monomer because polymer-
ization conditions affect sensor-related polymers properties

Figure 32. Schematic description of a C/HT workflow developed for the research and development of hybrid organic�inorganic coatings based on
sol�gel processing.314
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(e.g., morphology, molecular weight, connectivity of monomers,
conductivity, band gap, etc.).353,362

Recently, a combinatorial approach for the colorimetric differ-
entiation of organic solvents was developed utilizing intrinsically
conducting polymers.331 A polydiacetylene (PDA)-embedded
electrospun fiber mat, prepared with aminobutyric acid-derived
diacetylene monomer (PCDA-ABA), displayed colorimetric sta-
bility when exposed to common organic solvents. In contrast, a
fiber mat prepared with the aniline-derived diacetylene (PCDA-
AN) exhibited a solvent-sensitive color transition. Arrays of PDA-
embedded microfibers were constructed by electrospinning poly-
(ethylene oxide) solutions containing various ratios of two diace-
tylenemonomers. Unique color patterns were developedwhen the
conjugated polymer-embedded electrospun fiber arrays were ex-
posed to common organic solvents in a manner which enabled
direct colorimetric differentiation of the tested solvents. Results of
these experiments are presented in Figure 33. The scanning
electron microscopy (SEM) images of electrospun fiber mats
encapsulated with DA monomers prepared from pure PCDA-
ABA, pure PCDA-AN, and 1:1 molar mixture of PCDA-ABA and
PCDA-AN are presented in Figure 33A. No significant morpho-
logical differences were observed among these electrospun fiber
mats and polymer fibers with an average diameter of∼1 μm. The
color patterns of the combinatorial arrays of fiber mats derived
from different combinations of DA monomers (see Figure 33B),
demonstrated the significance of the combinatorial approach for
sensor development. Thismethodology enables the generation of a

compositionally diverse array of sensors starting with only two DA
monomers for the visual differentiation of organic solvents.
Optimization of concentrations of formulation components can

require significant effort because of the nonlinear relationship
between additive concentration and sensor response.332,363�369

For detailed optimization of formulated sensor materials, concen-
tration-gradient sensor material libraries were employed.370 The
one, two-, and three-component composition gradients weremade
by flow-coating individual liquid formulations onto a flat substrate
and allowing them to merge under diffusion control when still
containing solvents.371 This method combines the fabrication of
gradients of materials composition with recording the materials
response before and after analyte exposure and taking the ratio or
difference of responses. These gradient films were applied for
optimization of sensor material formulations for analysis of ionic
and gaseous species.338,371 A very low reagent concentration in the
film is expected to produce only a small signal change. The small
signal change is also expected when the reagent concentration is
too high. Thus, the optimal reagent concentration will depend on
the analyte concentration and activity of the immobilized reagent.
Concentration optimization of a colorimetric reagent was

performed in a polymer film for detection of trace concentrations
of chlorine in water. A concentration gradient of a near-infrared
cyanine dye was formed in a poly(2-hydroxyethyl methacrylate)
hydrogel sensing film. The optical absorption profile A0(x) was
obtained before analyte exposure to map the reagent concentra-
tion gradient in the film. A subsequent scanning across the
gradient after the analyte exposure (1 ppm of chlorine) resulted
in the determination of the optical response profile AE(x). The
difference in responses, ΔA(x) = A0(x) � AE(x), revealed the
spatial location of the optimal concentration of the reagent that
produced the largest signal change (see Figure 34A). Sensing
films with the optimized concentration of the cyanine dye for
chlorine determinations in industrial water were further screen-
printed as a part of sensing arrays372,373 onto conventional optical
disks. The quantitative readout of changes in film absorbance was
performed in a conventional optical disk drive in a recently
developed lab-on-a-disk system.330,372�374

This concentration-optimization method was also applied to
optimize sensor material formulations for analysis of gaseous

Figure 33. Combinatorial approach for colorimetric differentiation of
organic solvents based on conjugated polymer-embedded electrospun
fibers. (A) SEM images of electrospun fiber mats embedded with (I)
PCDA-ABA, (II) PCDA-AN, and (III) 1:1 molar ratio of PCDA-ABA
and PCDA-AN after UV irradiation. (B) Photographs of the polymer-
ized PDA-embedded electrospun fiber mats after exposure to organic
solvents at 25 �C for 30 s.331

Table 4. Examples of Fabrication Methods of Discrete and
Gradient Materials Arrays

types of arrays of sensing

materials fabrication methods ref

discrete arrays ink jet printing 316�318

robotic liquid dispensing 319, 320

robotic slurry dispensing 321

microarraying 322

automated dip-coating 323

electropolymerization 324, 325

chemical vapor deposition 326

pulsed-laser deposition 327

spin coating 328, 329

screen printing 330

electrospinning 331

gradient arrays in situ photopolymerization 332

microextrusion 333�335

solvent casting 336�338

colloidal self-assembly 339

surface-grafted orthogonal

polymerization

340

ink jet printing 341

temperature-gradient chemical

vapor deposition

326

thickness-gradient chemical

vapor deposition

342

2-D thickness gradient

evaporation of two metals

343

gradient surface coverage and

gradient particle size

344
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species.370 Figure 34B shows optimization of concentration of
Pt octaethylporphyrin in a polystyrene film for detection of
oxygen by fluorescence quenching. This data demonstrates
the simplicity, yet tremendous value, of such determinations
for the rapid assessment of sensor film formulations. It shows
if the optimal concentration has been reached or exceeded
depending on the nonlinearity and decrease of the sensor
response at the highest tested additive concentration. Unlike
traditional concentration optimization approaches,366,369 the
new method provides a more dense evaluation mesh and
opens opportunities for time-affordable optimization of con-
centration of multiple formulations components with tertiary
and higher gradients.370

The effect of thickness of sensing films on the stability of the
response in water to ionic species has been also evaluated using
gradient-thickness sensing films.338 Sensor reagent stability in a
polymer matrix upon water exposure is one of key require-
ments. For deposition of gradient sensor regions, several sensor
coatings were flow-coated onto a 2.5-mm thick polycarbonate
sheet. Typical coating dimensions were 1 � 1.5 cm wide and
10� 15 cm long. To produce thickness gradients, the coatings
were positioned vertically until the solvent evaporation in air at
room temperature. The coating thickness was further evaluated
using optical absorbance or profilometry. An example of a
gradient sensor coating array is shown in Figure 35A. The
gradient thickness of sensing films was determined from the
absorbance of the film-incorporated bromothymol blue re-
agent (Figure 35B). When these arrays were further exposed
to a pH10 buffer (Figure 35C), an “activation” period was
observed before leaching of the reagent from the polymer
matrix as detected from the absorbance decrease. This activa-
tion period was roughly proportional to the film thickness.

The leaching rate was independent of the film thickness as
indicated by the same slopes of the response curves at 3�9.5 h
exposure time.
3.4.2. Materials for Sensors Based on Mechanical Energy

Transduction. Sensors based on mechanical energy transduction
can be categorized on the basis of the transducer functionality
that include acoustic-wave and cantilever devices. The mass
loading and/or changes in the viscoelastic properties of the
sensing materials lead to the transducer response.
Polymeric materials are widely used for sensors based on

mechanical energy transduction because they provide the ability
for room temperature sensor operation, rapid response and
recovery times, and long-term stability over several years.375�377

In gas sensing with polymeric materials, polymer � analyte
interaction mechanisms include dispersion, dipole induction,
dipole orientation, and hydrogen bonding.378,379 These mecha-
nisms facilitate a partial selectivity of response of different poly-
mers to diverse vapors. An additional molecular selectivity in
response is added by applying molecular imprinting of target
vapor molecules into polymers and formulating polymers with
molecular receptors. While there have been several models
developed to calculate polymer responses,380�384 the most
widely employed model is based on the linear solvation energy
relationships (LSER).380,381 This LSERmethod has been applied
as a guide to select a combination of available polymers to
construct an acoustic wave sensor array based on thickness shear
mode (TSM) resonators for determination of organic solvent
vapors in the headspace above groundwater.385 Field testing of
the sensor system386 demonstrated that its detection limit with
available polymers was too high (several ppm) to meet the require-
ments for detection of groundwater contaminants. However, a new
polymer has been found for sensing such as silicone block polyimide,

Figure 34. Optimization of formulated sensing materials using sensing films with gradient reagent concentration along the film length. (A)
Concentration optimization of a colorimetric chlorine-responsive reagent in a formulated polymeric poly(2-hydroxyethyl methacrylate) hydrogel
sensing film for detection of ions in water. Exposure, 1 ppm of chlorine. (B) Concentration optimization of an oxygen-responsive Pt octaethylporphyrin
fluorophore in polystyrene sensing film for detection of oxygen in air.

Figure 35. Application of gradient-thickness sensor film arrays for evaluation of reagent leaching kinetics. (A) Three gradient-thickness sensor film
arrays with different loadings of an analyte-sensitive indicator. (B) Film thickness as a function of film length. (C) Reagent-leaching kinetics at pH10.338
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that had the partition coefficient >200 000 to part-per-billion con-
centrations of trichloroethylene (TCE) and provided at least 100
times more sensitive response for detection of chlorinated organic
solvent vapors than other known polymers.376,387

For development of materials for more selective part-per-
billion detection of chlorinated solvent vapors in presence of
interferences, six families of polymeric materials were fabricated
based on silicone block polyimide. Performance of these poly-
meric materials was evaluated with respect to the differences in
partition coefficients to analytes perchloroethylene (PCE), tri-
chloroethylene (TCE), and cis-dichloroethylene (cis-DCE) and
interferences (carbon tetrachloride, toluene, and chloroform).
For quantitative screening of sensing materials candidates, a 24-
channel TSM sensor system was built that matched a 6 � 4
microtiter wellplate format (see Figure 36A). The sensor array
was further positioned in a gas flow-through cell and kept in an
environmental chamber. A comprehensive materials screening
was performed with three levels.388,389 In the primary
(discovery) screen, materials were exposed to a single analyte
concentration. In the secondary (focused) screen, the best
materials subset was exposed to analytes and interferences.
Finally, in the tertiary screen, remaining materials were tested
under conditions mimicking the long-term application. While all
the screens were valuable, the tertiary screen provided the most
intriguing data because aging of base polymers and copolymers is
difficult or impossible to model.390 From the tertiary screening,
the decrease in materials response to the nonpolar analyte vapors
and the increase in response to a polar interference vapor were
quantified.
For the detailed evaluation of diversity of the fabricated materi-

als, the PCA tools95 were applied as shown in Figure 36B and C.
The capability for discriminating of six vapors using eight types of
polymers was evaluated using a scores plot (see Figure 36B). It
demonstrated that these six vapors are well separated in the PCA
space when these eight types of polymers are used for determina-
tions. To understand what materials induce the most diversity in
the response, a loadings plot was constructed (see Figure 36C).
The bigger the distance between the films of the different types, the
better the differences between these films. The loadings plot also
demonstrates the reproducibility of the response of replicate films
of the same materials. Such information served as an additional
input into the materials selection for the tertiary screen. However,
material selection on the basis of PCA alone does not guarantee
optimal discrimination of particular vapors in the test set, because
PCA measures variance, not discrimination.379

This 24-channel TSM sensor array system was further
applied for the high-throughput screening of solvent-resistance
of a family of polycarbonate copolymers prepared from the
reaction of bisphenol A, hydroquinone, and resorcinol with the
goal to use these copolymers as solvent-resistant supports for
deposition of solvent-containing sensing formulations.391 Dur-
ing the periodic exposure of the TSM crystals to polymer/
solvent combinations,323 the mass increase of the crystal was
determined which was proportional to the amount of polymer
dissolved and deposited onto the sensor from a polymer
solution. The high mass sensitivity of the resonant TSM
sensors (10 ng), use of only minute volume of a solvent
(2 mL), and parallel operation (matching a layout of available
24 microtiter wellplates) made this system a good fit with
available polymer combinatorial synthesis equipment. These
parallel determinations of polymer�solvent interactions also
eliminated errors associated with serial determinations. The
data was further mined to construct detailed solvent-resistance
maps of polycarbonate copolymers and to determine quanti-
tative structure�property relationships.90 The application of
this sensor-based polymer-screening system provided a lot of
stimulating data, difficult to obtain using conventional one-
sample-at-a-time approach.
To eliminate the direct wiring of individual TSM sensors and

to permit materials evaluation in environments where wiring is
not desirable or adds a prohibitively complex design, a wireless
TSM sensor array system392 was developed where each sensor
resonator was coupled to a receiver antenna coil and an array of
these coils was scanned with a transmitter coil (Figure 37A).
Using this sensor wireless system, sensing materials can be
screened for their gas-sorption properties, analyte-binding in
liquids, and for the changes in chemical and physical properties
upon weathering and aging tests. The applicability of the wireless
sensor materials screening approach has been demonstrated for
the rapid evaluation of the effects of conditioning of polymeric
sensing films at different temperatures on the vapor-response
patterns. In one set of high-throughput screening experiments,
Nafion film-aging effects on the selectivity pattern were studied.
Evaluation of this and many other polymeric sensing materials
lacks the detailed studies on the change of the chemical selectivity
patterns as a function of temperature conditioning and aging.
Conditioning of Nafion-coated resonators was performed at 22,
90, and 125 �C for 12 h. Temperature-conditioned sensing films
were exposed to water (H2O), ethanol (EtOH), and acetonitrile
(ACN) vapors, all at concentrations (partial pressures) ranging

Figure 36. Approach for high-throughput evaluation of sensing materials for field applications: (A) Setup of a 24-channel TSM sensor array for gas-
sorption evaluation of sorbing polymeric films (including two reference sealed crystals) in a gas flow cell; (B) scores;389 (C) loadings plots of the first two
principal components of developed PCA model for determination of differences in the response pattern of the sensor materials toward analytes (PCE,
TCE, and cis-DCE) and interferences (carbon tetrachloride, toluene, and chloroform).389
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from 0 to 0.1 of the saturated vapor pressure Po as shown in
Figure 37 B�D. It was found that conditioning of sensing films at
125 �C compared to room temperature conditioning provided
(1) an improvement in the linearity in response to EtOH and
ACN vapors, (2) an increase in relative response to ACN, and
(3) a 10-fold increase of the contribution to principal component
2. The latter point signifies an improvement in the discrimination
ability between different vapors upon conditioning of the sensing
material at 125 �C. This new knowledge will be critical in
designing sensors for practical applications where the need exists
to preserve sensor response selectivity over the long exploitation
time or when there is a temperature cycling for an accelerated
sensor-film recovery after vapor exposure.
Other materials for sensors based on mechanical energy

transduction that were explored using CHT techniques are
alkane thiol materials. A 2-D multiplexed cantilever array plat-
form was developed for an elegant combinatorial screening of
vapor responses of alkane thiols with different functional end
groups.393,394 The cantilever sensor array chip (size 2.5 �
2.5 cm) had ∼720 cantilevers and was fabricated using surface
and bulk micromachining techniques. The optical readout has
been developed for parallel analysis of deflections from individual
cantilevers. To evaluate the performance of this 2-D sensor array
for screening of sensing materials, nonpolar and polar vapors
such as toluene and water vapor were selected as analytes. The
screening system was tested with three candidate alkane thiol
materials as sensing films with different functional end groups
such as mercaptoundecanoic acid SH�(CH2)10�COOH
(MUA), mercaptoundecanol SH�(CH2)11�OH (MUO), and
dodecanethiol SH�(CH2)11�CH3 (DOT). Each type of sen-
sing films had a different chemical and physical property because
�COOH group is acidic in nature and can dissociate to give
�COO� group, �OH group does not dissociate easily but can
form hydrogen bonds with polar molecules, and �CH3 group
would be inert to polar molecules and the only interactions that it
can have are from van der Waals and hydrophobic effects.
3.4.3. Materials for Sensors Based on Electrical Energy

Transduction. Sensors based on electrical energy transduction
utilize sensing materials that undergo electrically detectable
changes, for example changes in resistance, capacitance as related
to different mechanisms of material-analyte interactions. Typical
devices for these applications include electrochemical and elec-
tronic transducers.395�399

The simplicity of microfabrication of electrode arrays and their
subsequent application as transducer surfaces makes sensors
based on electrical energy transduction a very attractive platform

for construction of discrete arrays for screening of sensor
materials. The possibility to regulate polymerization on solid
conductive surfaces by application of corresponding electroche-
mical potentials suggested a realization of this process in the form
of multiple polymerization regions on multiple electrodes of an
electronic sensor system.324,400 Arranging such polymerization
electrodes in an array eliminated the need for dispensing systems
and allowed an electrically addressable immobilization. This
approach has been demonstrated on electropolymerization of
aniline that was independently performed on different electrodes
of the array.324,400 Thin layer polymerization of defined mixtures
of monomers was performed directly on the 96 interdigital
addressed electrodes of an electrode array on an area of less
than 20 mm �20 mm (see Figure 38A). The electrodes had an
interdigital configuration designed for four-point measurements
and fabricated by lithography on an oxidized silicon wafer. Using
this electropolymerization system, numerous copolymers have
been screened.19 An introduction of nonconductive monomers
into polymer decreased the polymer conductance and therefore
decreased the difference between conductive and insulating
polymer states. This has caused the decrease of the absolute
sensitivity (Figure 38B). Normalization to the polymer conduc-
tance without analyte exposure compensated this effect and
demonstrated that the polymer synthesized from the mixture
of aminobenzoic acid and aniline possessed the highest relative
sensitivity (Figure 38C). This effect may be explained by the
strong dependence of polymer conductance on the defect
number in polymer chains. In comparison with pure polyaniline,
this copolymer had better recovery efficiency but a slower
response time (Figure 38D, E). The developed high-throughput
screening system was capable of reliable ranking of sensing
materials and required only ∼20 min of manual interactions
with the system and∼14 h of computer controlled combinatorial
screening compared to ∼2 weeks of laboratory work using
traditional electrochemical polymer synthesis and materials
evaluation.324

Semiconducting metal oxides is another type of sensing
materials that benefits from the combinatorial screening tech-
nologies. Semiconducting metal oxides are typically used as gas-
sensing materials that change their electrical resistance upon
exposure to oxidizing or reducing gases. While over the years,
significant technological advances have been made that resulted
in practical and commercially available sensors, newmaterials are
being developed that improve further sensing performance of
these sensors. To enhance the response selectivity and stability,
an accepted approach is to formulate multicomponent materials

Figure 37. Wireless high-throughput screening of materials properties using thickness shear mode resonators. Evaluation of selectivity of Nafion
sensing films to several vapors after conditioning at different temperatures: (A) 22, (B) 90, and (C) 125 �C. Vapors: H2O (water), EtOH (ethanol), and
ACN (acetonitrile). Concentrations of vapors are 0, 0.02, 0.04, 0.07, and 0.10 P/Po. Arrows indicate the increase of concentrations of each vapor.

392
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that contain additives in metal oxides. Introduction of additives
into basemetal oxides can change a variety ofmaterials properties
including concentration of charge carriers, energetic spectra of
surface states, energy of adsorption and desorption, surface
potential and intercrystallite barriers, phase composition, sizes
of crystallites, catalytic activity of the base oxide, stabilization of a
particular valence state, formation of active phases, stabilization
of the catalyst against reduction, the electron exchange rate, etc.
Dopants can be added at the preparation stage (bulk dopants)
that will affect the morphology, electronic properties of the
base material, and its catalytic activity. However, the funda-
mental effects of volume dopants on base materials are not yet
predictable.101 Addition of dopants to the preformed base
material (surface dopants) can lead to different dispersion
and segregation effects depending on the mutual solubility401

and influence the overall oxidation state of the metal oxide
surface.101,401�403

To improve the productivity of materials evaluation by using
combinatorial screening, a 36-element sensor array was employed
to evaluate various surface-dispersed catalytic additives on SnO2

films.404,405 Catalysts were deposited by evaporation to nominal
thicknesses of 3 nm, and then the microhot plates were heated to
affect the formationof a discontinuous layer of catalyst particles on the
SnO2 surfaces. The layout of the fabricated 36-element library is
shown in Figure 39A. The response characteristics of SnO2 with
different surface-dispersed catalytic additives are presented in
Figure 39B. These radar plots show sensitivity results to benzene,
hydrogen, methanol, and ethanol for operation at three temperatures.
To expand the capabilities of screening systems, it is attractive

to characterize not only the conductance of the sensing materials

Figure 38. Application of a microfabricated electrode sensor array for multiple electropolymerizations and characterization of resulting conducting
polymers as sensor materials. (A) Layout of the interdigital addressed electrode array. Inset: Detailed structure of the single electrode for four-point
measurements. (B�E) Selected results of screening of sensing materials for their response to HCl gas: (B) best absolute sensitivity, (C) best relative
sensitivity, (D) best response rate, and (E) best recovery efficiency, performed by heating. Sensor materials: ANI indicates polyaniline; 4ABA, 3ABSA,
3ABA, and AA indicate polymers synthesized from aniline and 4-aminobenzoic acid, 3-aminobenzenesulfonic acid, 3-aminobenzoic acid, and anthranilic
acid, respectively. Gray and black bars are the results obtained by 2- and 4-point techniques, respectively.19,400

Figure 39. Combinatorial study of effects of surface dispersion ofmetals into CVD-deposited SnO2 films. (A) Layout of a 36-element library for study of
the sensing characteristics of SnO2 films with 3 nm of surface-dispersed Pt, Au, Fe, Ni, or Pd (Con. = control). Each sample was made with six replicates.
(B) Radar plots of sensitivity results to benzene, hydrogen, methanol, and ethanol for operation at 150, 250, and 350 �C.404
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with DC measurements but also their complex impedance
spectra.406 The use of complex impedance spectroscopy provides
the capability to test both, ion- and electron-conductingmaterials
and to study electrical properties of sensing materials that are
determined by the material microstructure, such as grain bound-
ary conductance, interfacial polarization, and polarization of the
electrodes.407,408 A 64 multielectrode array has been designed
and built for high-throughput impedance spectroscopy (10�107

Hz) of sensing materials (see Figure 40A).407 In this system, an
array of interdigital capacitors was screen-printed onto a high-
temperature-resistant Al2O3 substrate. To ensure the high quality
of determinations, parasitic effects caused by the leads and contacts
have been compensated by a software-aided calibration.407 After
the system validation with doped In2O3 and automation of the
data evaluation,408 the system was implemented for screening of a
variety of additives andmatrices with the long-termgoal to develop
materials with improved selectivity and long-term stability. Sensing
films were applied using robotic liquid-phase deposition based on
optimized sol�gel synthesis procedures. Surface doping was
achieved by the addition of appropriate salt solutions followed
by library calcination. Screening results at 350 �C of thick films of
In2O3 base oxide surface doped with various metals are presented
as bar diagrams in Figure 40B.409 It was found that some doping
elements lead to changes in both the conductivity in air as well as in
the gas sensing properties toward oxidizing (NO2, NO) and
reducing (H2, CO, propene) gases. Correlations between the
sensing and the electrical properties in reference atmosphere
indicated that the effect of the doping elements was due to an
influence on the oxidation state of the metal oxide surface rather
that to an interaction with the respective testing gases. This
accelerated approach for generating reliable systematic data was
further coupled to the data mining statistical techniques that
resulted in the development of (1) a model associating the sensing
properties and the oxidation state of the surface layer of the metal
oxide based on oxygen spillover from doping element particles to
the metal oxide surface and (2) an analytical relation for the
temperature-dependent conductivity in air and nitrogen that
described the oxidation state of the metal oxide surface taking
into account sorption of oxygen.409

This high-throughput complex impedance screening system
was further employed for the reliable screening of a wide variety

of less explored material formulations. Polyol-mediated synth-
esis has been known as an attractive method for preparation of
nanoscaled metal oxide nanoparticles.410 It requires only low
annealing temperatures and provides the opportunity to tune
the composition of the materials by mixing the initial compo-
nents on the molecular level.411,412 To explore previously
unknown combinations of p-type semiconducting nanocrystal-
line CoTiO3 with different volume dopants as sensing materi-
als, the polyol-mediated synthesis method was used to
synthesize nanometer-sized CoTiO3, followed by the volume-
doping with Gd, Ho, K, La, Li, Na, Pb, Sb, and Sm (all at 2 at. %).
The significant amount of data collected during experiments with
numerous sensing materials candidates facilitated the successful

Figure 40. Screening of sensor metal oxide materials using complex impedance spectroscopy and a multielectrode 64-sensor array. (A) Layout of 64-
sensor array. (B) Relative gas sensitivities at 350 �Cof the In2O3 base oxidematerials library surface-doped withmultiple salt solutions, concentration 0.1
atom% if not denoted otherwise, ND= undoped. Sequence of test gases and their concentrations (with air in between) wasH2 (25 ppm), CO (50 ppm),
NO (5 ppm), NO2 (5 ppm), propene (25 ppm). (A) Reprinted from ref 407. Copyright 2002 American Chemical Society. (B) Reprinted from ref 409.
Copyright 2007 American Chemical Society.

Figure 41. Hierarchical clustering map of 2112 responses of diverse
sensing materials to H2, CO, NO, and propene (Prop.) at four tempera-
tures established from the high-throughput constant current measure-
ments and processed with Spotfire data-mining software (clustering
algorithm was “complete linkage” of the Euclidean distances).100
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efforts to develop data mining techniques97,98 and a database
system.413 The developed data mining tools based on hierarchi-
cal clustering maps (see Figure 41) have been applied to identify
several promising materials candidates such as In99.5Co0.5Ox,
W99Co0.5Y0.5Ox, W98.3Ta0.2Y1Mg0.5Ox, W99.5Ta0.5Ox, and
W99.5Rh0.5Ox with different gas-selectivity patterns.100

Sensing materials have been also arranged into discrete arrays
and evaluated for their temperature stability using resonance
impedance measurements414 based on passive radio frequency
identification (RFID) sensors with multivariable response.415�417

These sensing materials were Nafion polymeric materials formu-
lated with five phthalate plasticizers as shown in Figure 42A.
Sensing film formulations and control sensing films without
plasticizers were deposited onto RFID sensors to form a 6 � 8
sensor array (Figure 42B), which was exposed to eight tempera-
tures ranging from 40 to 140 oC using a gradient temperature
heater, and their response stability and gas-selectivity response
patterns were evaluated upon exposure to water and acetonitrile
vapors. The multivariable responses of these sensors were further
examined using PCA (see Figure 42C). Nafion sensing films
formulated with dimethyl phthalate showed the largest improve-
ment in response diversity to these two vapors as indicated by the
largest Euclidean distance. This RFID-based sensing approach
demonstrated rapid, cost-effective, combinatorial screening of
sensing materials and preparation conditions.
The effects of variable 2-D composition of materials arrays

were investigated in sensors based on the change in the work
function of the catalytic metal gate (Pd, Pt, Rh, Ir) because of
chemical reactions on the metal surface.418,419 These sensors are
attractive for detection of different gases (e.g., hydrogen sul-
phide, ethylene, ethanol, different amines, and others). The
chemical reaction mechanisms in these sensors depend on the
specific gas molecules. Optimization approaches of materials for
these sensors involve several degrees of freedom.420 To simplify
screening of the desired material compositions and to reduce a
common problem of batch-to-batch differences of hundreds of
individually made sensors for materials development, the scan-
ning light pulse technique (SLPT) has been developed.421�423 In
SLPT, a focused light beam is scanned over a large area
semitransparent catalytic metal�insulator�semiconductor
structure and the photocurrent generated in the semiconductor
depletion region is measured to create a 2-D response pattern of
the sensing film (aka “a chemical image”).
These chemical images were used to optimize properties such as

chemical sensitivity, selectivity, and stability.343 When combined

with surface-characterizationmethods, this information also has led
to the increased knowledge of gas response phenomena. It was
suggested that a 2-Dgradientmade from two types ofmetalfilms as
a double layer structure should provide new capabilities for sensor
materials optimization, unavailable from thickness gradients of
single metal films.424 To make a 2-D gradient, the first metal film
was evaporated on the insulator with the linear thickness variation
in one dimension by moving a shutter with a constant speed in
front of the substrate during evaporation. On top of the first
gradient thickness film, a second metal film was evaporated with a
linear thickness variation perpendicular to the first film. As the
validation of the 2-D array deposition, the response of devices with
1-D thickness gradients of Pd, Pt, and Ir films to several gases has
been studied with SLPT demonstrating results similar to those of
corresponding discrete components.343

The 2-D gradients have been used for studies and optimization
of the two-metal structures343,424 and for determination of the
effects of the insulator surface properties on the magnitude of
sensing response.425 2-D gradients of Pd/Rh film compositions
were also studied to identify materials compositions for the most
stable performance.343 The Pd/Rh film compositions were tested
for their response stability to 1000 ppm of hydrogen upon aging
for 24 h at 400 �C while exposed to 250 ppm of hydrogen (see
Figure 43A, B). This accelerated aging experiment of the 2-D
gradient film surface demonstrated the existence of two most
stable local regions. One region was a “valley” of a stable response
shown as a dark color in Figure 43C. Another region was a thicker
part of the two-component film with a∼20-nm thick Rh film and
a ∼23-nm thick Pd film. This new knowledge inspired new
questions of position stability of the “valley” and the possibility to
improve sensor stability by an initial annealing process.
3.5. Biomaterials. Biomaterials are defined as any substance

(other than a drug) or combination of substances, synthetic or
natural in origin, which can be used for any period of time, as a
whole or as a part of a system which treats, augments, or replaces
any tissue, organ, or function of the body.426 Biomaterials can be
biopolymers, ceramics, and composites of organic/organome-
tallic/inorganic materials that can be used for in vivo/in vitro
applications.426�428 Examples of biomaterials uses are implants,
organs or parts of them, materials designed and used for drug
delivery, heart valves, bone cement, artificial ligaments/tendons,
blood vessel prosthesis, contact lenses, skin repair devices, and
dental implants.428 Most of recent research on biomaterials is in
the areas of reparative medicine and delivery of biologically active
substances (e.g., drugs or gene) for therapeutic applications.429

Figure 42. Combinatorial screening of sensing film compositions using passive RFID sensors. (a) Phthalate plasticizers dimethyl phthalate N1, butyl
benzyl phthalate N2, di-(2-ethylhexyl) phthalate N3, dicapryl phthalate N4, and diisotridecyl phthalate N5. (b) Photo of an array of 48 RFID sensors
prepared for temperature-gradient evaluations of response of Nafion/phthalate compositions. (c) Results of principal components analysis ofΔF1,ΔF2,
ΔFp, and ΔZp responses of RFID sensors with six types of sensing films to H2O and ACN vapors upon annealing at 110 �C. Arrows illustrate the
H2O�ACN Euclidean distances and the response direction of sensing films N0�N5 starting with ACN and ending with H2O response.414
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Also, due to the advances in analytical techniques and nanos-
ciences, biomaterials research has seen the emergence of nanos-
caled biomaterials in the areas of drug or gene delivery, tissue
regeneration, and in materials for body implants.426�430

Biomaterials should meet biocompatibility and other applica-
tion-specific requirements summarized by the International Orga-
nization for Standardization (ISO).431 Biomaterials used for in vivo
applications should be also biocompatible. The lack of consensus
on the standardization of biocompatibility tests has hampered this
field for years. However, recently, toxicity tests for biocompatibility
and safety assessments and becomingmore standardized432 due to
intensive efforts from various research groups and governments to
identify routine testing cascades for biocompatibility of
materials.433,434 The interactions between the material and the
body or more particularly to the different subsystems are usually
complex. Thus, exploration of these multiple dimensions can be
daunting. Advances in CHT techniques in surface chemistry,
analytical chemistry, and materials chemistry have enabled the
rapid and effective evaluation of these complex spaces.12,435,436

One of significant areas of biomaterials research is to develop
artificial materials for use in the human body to restore, repair
and replace diseased tissue to enhance survival and quality of life.
There has been an explosion of research activity on the work on
biomaterials made from polymers as well as peptides that has
been used in biological systems and more particularly in the
delivery of drugs or genes for therapeutic applications. In light of
these recent trends, polymeric biomaterials that are degradable in
nature are the preferred candidates, especially for tissue engi-
neering applications, drug delivery, and temporary therapeutic
devices. These materials are ultimately made into a system and
injected post formulation into the body, typically for therapeutic
applications. In most cases, the biomaterials have been made and
tested combinatorially as discrete arrays or gradient 2D films for
further biological testing.435,437

Surfaces of biomaterials can be also used to trigger biological
responses and their interaction with biological systems. These
surfaces are being used in evaluating the viability of materials in
regenerative medicine and more particularly in triggering the
growth of stem cells for tissue regeneration as well as repair.438

Being able to rapidly make, characterize and test these materials
enables the accelerated discovery of newmaterials in regenerative
medicine.439,440

In the last few decades, small molecules have played a central
role in many areas of research, especially in drug discovery but

also in materials research and development. With the explosion
of laboratory automation and high throughput synthesis and
characterization techniques, interest in libraries of small mol-
ecules to support drug discovery and materials research have
grown significantly.441�443 In a recent review, Wu and Schultz
have reviewed selected examples of synthesis of unnatural
aminoacids by genetically modified organisms.441 These materi-
als are typically difficult to access in a synthetic point of view and
may find unique applications in the realm of biomaterials/
biopolymers but also been used in medicine for gene delivery.
Biomaterials can also be synthesized and fabricated by using

bioorganisms to access building blocks that are traditionally
difficult to make.444,445 This technology allows chemists to
probe, and change, the properties of proteins, in vitro or
in vivo, by directing novel, lab-synthesized chemical moieties
specifically into any chosen site of any protein of interest.
Biomaterials that have been generated by combinatorial phage
display have been reviewed elsewhere.444,445

3.5.1. Biomaterials Used for Drug/Gene Delivery. Polymeric
biomaterials are among the most important materials in drug and
gene delivery for in vivo applications. When new classes of
pharmaceuticals and biologics (peptides, proteins and DNA-
based therapeutics) are being introduced, these new drugs
typically require efficient delivery to the therapeutic targets.
Additionally, for many conventional pharmaceutical therapies,
the efficacy may be improved and the side effects reduced if the
therapy is administered continuously, in a controlled fashion,
rather than through conventional burst release techniques (oral
ingestion, injection, etc). Development of materials that can
enable the encapsulation of these pharmaceuticals and biologics
has attracted significant interest.435

The main advantages of these polymeric materials are ease
of synthesis, reproducibility but also the access to materials
platforms that can be tuned easily to achieve the desired phy-
sicochemical properties, such as water solubility and biodegrad-
ability/release. A wide range of highly diverse but also focused
materials has been used and considered in this field and especially
polymeric backbones such as PLGA (poly lactic and glycolic
acid) or polycaprolactam and polyhydroxyethylmethacrylate
moieties, which typically break down in in vivo into innocuous
byproducts. In recent years, due to more stringent regulations
from a materials requirement standpoint, synthetic approaches
have shown an increasing level of sophistication employing
nanotechnology, microfluidics, and micropatterning. The CHT

Figure 43. Results of the accelerated aging of 2-D combinatorial library of Rh/Pd film. Chemical response images to 1000 ppm of hydrogen (A) before
and (B) after the accelerated aging. (C) Differential response after and before the accelerated aging, the most stable regions have the darkest color.343
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technologies have been extensively used by various research
groups to accelerate discovery of these important materials.
Biodegradable polymers for drug delivery have been the focus of

engineered materials used for the delivery of drug molecules or
genes but also used as encapsulant for gene therapy. In 2008,
Meredith has reviewed recent advances in the past 10 years.446�448

Recently, Thortensen et al. developed biodegradable polymers
bearing a poly[1,6-bis(p-carboxyphenoxy) hexane] (CPH) and poly-
[sebacic anhydride] (SA) backbone and evaluated them as vehicles
for drug delivery (see Figure 44).449 Libraries of those polymers were
made by using a combination of solution-based gradient deposition
and rapid prototyping.450�452 These materials have been the focus of
studies looking at the effectof blendmiscibility on thebiodegradability
of the material using CHT techniques. The discrete libraries were
made on a Si wafer via the thiolene chemistry. The fabrication of
discrete well plates was accomplished by photolithography. The basic
idea is to formwall-like structures by selectively polymerizing areas of
a thiolene-based resin by means of a collimated UV source and
discriminating mask as shown in Figure 45.
On the other hand, the continuous libraries were prepared by

using a modified procedure to the one published by Meredith
et al. in a 3 step standard workflow (gradient mixing, gradient
deposition, and film spreading (see Figure 45 and 46) using
custom-made automation platforms.453

Blend compositions were characterized by high throughput
transmission Fourier transform infrared (FTIR). The phase
diagrams of CPH/SA polymers, the effect of blend composition

and annealing temperature on the miscibility of the blend were
studied to determine blend miscibility, which is a great indication
for polymer viability and stability. The gradient library was
further examined with optical microscopy and Atomic Force
Microscopy for surface morphology and roughness but also to
locate the miscibility phase boundary marked by differential
microstructure-induced opacity fluctuations (cloud points). A
good correlation was found between results obtained by theore-
tical phase diagrams determination and with surface analysis
obtained with these blends.454 Evaluation of those materials of
similar chemical composition made by CHT was carried out by
the same research group and the effect of polymer chemistry and
device geometry on the in vitro activation of murine dendritic
cells was determined.105

Petersen et al. described the development of polyanhydrides
and the subsequent use for materials enabling controlled drug
release, drug stability, or immune regulation (adjuvant effect).
Understanding the induction of immunomodulatory mechan-
isms of this polymer system is important for the design and
development of efficacious vaccines and tissue compatible multi-
component implantable devices. In light of this, combinatorial
libraries of polyanhydride materials of various sebacic acid (SA)
and 1,6 bis(p-carboxyphenoxy)hexane (CPH) were made as
films and/or nanospheres and tested rapidly in in vitro tests.
Discrete, combinatorial film libraries, linearly varying in copoly-
mer composition of the CPH:SA system, were automatically
characterized with FTIR.105

The polyanhydride array of biomaterials was tested in cell
surface marker expression and cytokine production. Figure 47
showed the interleukine IL-6 and IL12p40 by C57BL/6 DCs
results with the multiplexed CPH:SA libraries. The CPH:SA
polymer film system provided a gentle, biocompatible environ-
ment necessary for multicomponent implants. In contrast, the
CPH:SA nanosphere system provided an adjuvant effect by

Figure 44. Polysebacic acid and poly[1,6-bis(p-carboxyphenoxy) hexane] based monomers used in biocopolymers.

Figure 45. Schematic of photolithographic design of discrete thiolene
well substrates.449

Figure 46. Discrete and continuous experimental phase diagrams used
in poly(CPH)/poly(SA) blends.449
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enhancing DC activation. Further, PCA modeling of the results
of the in vitro tests employed in this study delineated the clear
differences between these chemistry and device geometry. It has
been showed that the CPH:SA system has immunomodulatory
capabilities to regulate both cellular expression of surface markers
and production of cytokines. The generality of the technique
promises to facilitate a more rational development of biomater-
ials for specific applications in drug/vaccine delivery and tissue
engineering.
In a similar approach, a parallel screening method has been

developed to rapidly evaluate discrete library substrates of
biomaterials based on sebacic acid (SA), 1,6-bis(p-carboxyphe-
noxy)hexane (CPH), and 1,8-bis(p-carboxyphenoxy)-3,6-dioxa-
octane (CPTEG). Linearly varying compositional libraries of 25
different polyanhydride random copolymers (based on CPH:SA
and CPTEG:CPH) were designed, fabricated, and synthesized,
characterized at high throughput using infrared microscopy and
validated using 1H NMR and size exclusion chromatography.
The discrete libraries were rapidly screened for biocompatibility
using myeloma, fibroblasts, and macrophage cell lines. No
cytotoxic effect on any of the four cell lines evaluated by any of
the CPH:SA or CPTEG:CPH compositions was observed.
Furthermore, the activation of J774 macrophages was evaluated
by incubating the cells with the polyanhydride libraries and
quantifying the secreted cytokines (IL-6, IL-10, IL-12, and
TNFalpha), which are typically indicators of potential acute
inflammation response. The results indicated that copolymer
compositions containing at least 50% CPH induced elevated
amounts of TNFalpha, which is indicative of the immune
response triggering factor. This work provided crucial informa-
tion toward rapid and rational design of materials for use in
biomedical applications.449

Lin and Gibson reported the development of dimethacrylate
polymers for usage in orthopedic applications.455 Dimethacrylate
polymers and composites that are found commonly in dental
restorative materials have gained interest in regenerative medi-
cine. However, it was highly emphasized that because these resin
based dimethacrylate materials can show some cytotoxicity even
at small concentrations, a battery of toxicity tests needed to be
carried out to demonstrate the viability of these newmaterials for
use as body implant parts. In light of these requirements, effective
exploration of the multivariable space must be carried in order to
get to evaluate critical biological response rapidly. The authors449

developed a combinatorial approach that allows the accelerated

preparation and testing of dimethacrylate polymers and compo-
sites and subjected them to numerous cell based assays for
toxicity evaluation. Various surfaces were prepared on small glass
slides with varying composition of monomers, increasing irradia-
tion time, filler mass ratio, but also small variations in silica based
filler material.
Arrays of the discrete and continuos experimental phase

diagrams used in poly(CPH)/poly(SA) blends were described
by Petersen and co-workers.456105 The objective of this study was
to quantify the osteoblast response to dimethacrylate-based
composites using a combinatorial approach around the degree
of conversion, surface roughness, composition in the filler
material, and hydrophobicity. A thorough characterization of
combinatorial samples allowed for an improved interpretation of
the resulting cell response. As an example, SEM images shown in
Figure 48, highlight the effects of blend chemistries on the surface
morphology/topology of the materials. Low degree of conver-
sion samples displayed light cytotoxicity, but no obvious effect of
filler content on MC3T3-E1 viability was evident. While com-
positions with less than 50 wt % filler showed decreasing cell
density with decreasing DC/increasing roughness/increasing
hydrophobicity, an increased filler content of 65 wt % success-
fully overcame these effects and enabled the recovery of normal
cell density at low DC for some compositions. This study
reveals the importance of some of these developed battery of
cell based assay test that might be appropriate for future
evaluation of photopolymerized composites for use in orthope-
dic applications.
3.5.2. Hydrogels for Drug/Gene Delivery. Among the poly-

meric structures used in drug delivery, hydrogels have remained
the cornerstone of materials used in drug delivery.457,458 The

Figure 47. Effect of poly CPH/SA blends on dendritic cells
stimulation.105

Figure 48. SEM images of the discrete library of combinatorially
fabricated nanospheres starting with (A) Poly(SA), (B) 13:87 CPH:
SA, (C) 25:75 CPH:SA, (D) 37:63 CPH:SA, (E) 50:50 CPH:SA, and
(F) 63:37 CPH:SA.105
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main advantages of hydrogels include unusual high water solu-
bility and physicochemical properties that can easily be tuned.
Hydrogels are typically porous, making them perfect hosts to
accommodate drug molecules in the gel matrix. On the other
hand, due to this unique property, small molecule drugs can be
delivered by controlled diffusion of the latter to the target site.
Equally, hydrogels can be formulated in a wide range of forms
such as microparticles, nanoparticles and coatings to injectable
materials for drug delivery.
Roy et al. recently reported a microparticle-based system

capable of simultaneously delivering siRNA and DNA to
APCs.459 The biomaterial is made from PLGA (poly lactic acid
and glycolic acid) and polyvinylalcohol and functionalized poly-
ethylene imine with encapsulated siRNA-DNA microparticles
(Figure 49A). This system is then further encapsulated with an
in situ dextran or PEG cross-linkable, injectable formulation
containing dendritic cell (DC)-chemo-attractants. The system is
designed as such to attract immature DCs and simultaneously
deliver, to the migrated cells, immunomodulatory siRNA and
plasmid DNA antigens. These low cross-link density hydrogels
were designed to degrade within 2�7 days in vitro and released
chemokines in a sustained manner.
Figure 49B shows the approach in which the si-RNA-DNA

materials from plasmids are integrated into a microparticle which
is then functionalized to a polyethyleneimine microparticle. The
hydrogel is now incorporated alongside with the microparticles.

Cross-linking and formulation of this system will yield the
formation of injectable solutions. A small library of hydrogels
(2 backbones (dextran vinylsulfone vs PEG diacrylate)), various
degree of substitution and gelation times and compositions was
synthesized and characterized using standard characterization
techniques.436,458

An array of dextran VS and PEGDA hydrogels was made with
and without encapsulated microparticles, (Figure 49C) with
various % of the original monomer and different gelation times
to ensure a high degree of cross-linking. Those materials that
displayed complete gelation were carried forward and further
examined with ELISA, SEM as well as in vitro tests for viability of
these biomaterials in gene delivery. This parallel approach
allowed the rapid identification of promising biomaterials for
gene delivery by just varying the chemical composition, the
degree of cross-linking and the porosity, which all affected the
stability of the hydrogel as well as the release kinetics signifi-
cantly. Overall, the studies showed that these novel biomaterials
can deliver genes effectively to the desired sites during the
immunotherapy.
3.5.3. Organic Biomaterials with Cell and Stem Cell Systems.

Understanding interactions between organic or polymeric bio-
materials remains one of the main research directions. Typically
biomaterials that have been designed and made to be used in
regenerative medicine and especially as components used in
body implants have to be tested for biocompatibility and have to

Figure 49. siRNA-DNA materials encapsulated by hydrogels (A) Encapsulation of DNA-siRNA loaded with PEI-PLGA microparticles approach. (B)
Incorporation of hydrogel compents in buffer with microparticles and chemokine. (C) In situ cross-linking of hydrogel.459
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show absence of a significant cytotoxicity. In a mechanistic point
of view, biomaterials enter in a three-way interaction with tissue
or blood proteins present in vivo as well as with some cellular
systems. Hence understanding the chemistry of these surfaces
and their subsequent surface-cell interactions is becoming critical
for the design of the perfect organic biomaterials. Such complex
surface interactions have been examined rapidly and effectively
by powerful combinatorial and high throughput methodologies.
Recent advances in cell interactions with biomaterials in an array
form (discrete libraries) or in a gradient form have been recently
reviewed.436

The most commonly used biodegradable polylactic/glycolic
acid and polycaprolactam materials have been used in the
development of a high throughput cell-material screening strat-
egy, based upon local cell-feature analysis (LCFA) This metho-
dology was applied to screen osteoblast proliferation behavior on
combinatorial libraries of phase separated poly lactic/glycolic
acid and polycaprolactam materials.437 The LCFA method,
based on histograms of distances between cells and microstruc-
tures, was able to identify nonlinear, discrete relationships
between proliferation, PCL diameter, and cell-PCL distance.
Using these results, the authors proposed a model for classifying
the material�microstructure interactions, in which small PCL
islands far from the cell nucleus act as holders for attachment and
large islands close to cells act to shape the cell.
Similarly, tyrosine derived biomaterials have been examined

using a high throughput characterization of the cell adhesive
responses to biomaterials. The substrates were made from poly
DTE carbonate and poly DTO carbonate substrates which
corresponding surfaces are made by gradient annealing.460

Saos-2 cells engineered with a green fluorescent protein (GFP)
reporter for farnesylation (GFP-f) were cultured on the gradient
substrates to assess the effects of nanoscale surface topology and
roughness that arise during the phase separation process on cell
attachment and adhesion strength. The high throughput imaging
approach allowed the rapid establishment of a structure�prop-
erty relationships between cell adhesion and biomaterial proper-
ties. This study found that cell attachment and spreading
increased monotonically with DTE content and was significantly
elevated at the position with intermediate regions corresponding
to the highest “gradient” of surface roughness, while GFP-f
farnesylation intensity descriptors were sensitively altered by
surface roughness, even in cells with comparable levels of
spreading. Simon et al. highlighted the recent advances on the
use of gradients and arrays for combinatorial screening and
development of biomaterials toward tissue engineering.436

Langer and co-workers reviewed the use of combinatorial
chemistry and high throughput screening tools to investigate the
optimization of stem cell microenvironments, which are critical
component to cell growth and proliferation.461 Key studies of
stem cell/biomaterial interactions using combinatorial libraries
of polymers (array of discrete materials or gradient) were
reviewed comprehensively.
An interesting work on the investigation of protein�cell

interactions was also highlighted and specifically the high im-
portance of such interactions in helping the optimization of stem
cell microenvironments.462 As an example, a diverse set of 496
arrayedmaterials have been designed and prepared with 16major
monomers and 6 minor monomers. Combining high throughput
polymer synthesis and rapid quantification of material/protein/
cell interactions, it was possible to quickly map out the interac-
tions among human embryonic body (hEB) cell attachment,

fibronectin (Fn) adsorption, and the chemical structures struc-
tures of the substrates. Both the major and minor monomers
have been shown to affect Fn adsorption and hEB cell attach-
ment. Further analysis revealed that the chemistry diversity
created here can generate a diverse collection of materials with
varying amounts of adsorbed Fn and cell adhesion. Controllable
hEB cell attachment was shown to be reproducible on four
polymer films with three distinct cell-attachment capacities, and
the biological properties of the scaled up films were found to be
similar to their microscale counterparts. It was believed the
integrated high-throughput synthesis and rapid quantification
of materials/protein/cell interactions may accelerate the devel-
opment of biomaterials for various applications, such as materi-
als-directed stem cell differentiations.462

3.5.4. Inorganic Surfaces with Cell Systems. Biomaterials,
including those used as part of body implants, often contain
inorganic components. Work in elucidating and studying surface
interaction between these components attracted increasing
interest. A significant amount of work in the area has already
been reviewed recently by Simon et al.436 Lovmand et al.
explored the use of combinatorial topographical libraries for
the screening of enhanced osteogenic expression and mineraliza-
tion.463 In this study, micro and nanofunctionalized surfaces have
been screened in a combinatorial approach for cell response. This
strategy has the merit to be able to provide crucial information
toward the optimization of the design of the biomaterials that will
be able to regulate cellular differentiation. A library of 504 unique
distinct surfaces (created using the Biosurface structure array
platform) has been screened for the osteoblastic cell line inter-
action and subsequent mineralization. Each BSSA is a wafer
which is composed by a 13 � 13 array with 169 unique area
testers. These platforms have been constructed rapidly using
boron-doped p-type Si-wafers. The “combinatorial patterns”
were created using standard lithography and subsequent etching
processes using Cl2, NF3, and HBr. The micro and nanostruc-
tured surfaces of various sizes, shapes and heights which were
obtained were then screened for cellular response and more
particularly osteoblast cell expression and subsequent minerali-
zation. An example of the effect of mineralization height as a
function of surface topography is shown in Figure 50. Once
exposed to the optimal micro/nano surfaces, the surfaces were

Figure 50. Mineralization height as a function of various surface
topographies.463
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subjected to an immunofluorescence assay using an Antios-
teopontin, an antiosteocalcin and a monoclonal antivinculin
as the primary antibodies and an Anti IGg mouse (labeled) as
the secondary antibodies. Each area tester contains up to 3600
cells that are being scrutinized by a state of the art custom
designed fluorescence microscope and an automated picture
taking software (Figure 51). This approach promises to
facilitate identification of optimal surface heights, shapes
and sizes that would yield the highest cell proliferation profile
as well as the best mineralization capacity for silicon contain-
ing nano- and microsurfaces.

4. SUMMARY AND OUTLOOK

Combinatorial technologies in materials science have been
successfully accepted by the research groups in the academia and
governmental laboratories that have overcome the entry barrier
of dealing with new emerging aspects in materials research such
as automation and robotics, computer programming, informatics
and materials data mining. The main driving forces for combi-
natorial materials science in industry include broader and more
detailed explored materials and process parameters space and
faster time to market. Industrial research laboratories working on
new catalysts were among the first adopters of combinatorial
methodologies in industry. The classical example of an effort by
Mittasch who has spent 10 years (over 1900�1909) to conduct
6500 screening experiments with 2500 catalyst candidates to find
a catalyst for industrial ammonia synthesis464 will never happen
again because of the availability and affordability of modern tools
for high-throughput synthesis and characterization.

CHT screening technologies are increasingly impacting the
development of materials in several distinct ways. The availability
of the parallel synthesis and high-throughput characterization tools
has already provided previously unavailable capabilities to perform
multiple experiments on a much shorter time scale. In these
experiments, the quality of data can be even better than in
conventional one-at-a-time experiments because of the elimination
of possible experimental artifacts because of an uncontrolled
variation of experimental conditions. Time savings and data quality
inspire scientists in academia and industry to explore more risky
ideas, which were previously too time-consuming to experiment
with. The application of only small amounts of reagents needed for
combinatorial experiments makes this approach very cost-effective
per experiment basis. New combinatorial schemes should be

developed where various reaction variables can be altered simulta-
neously and where important cooperative effects can be carefully
probed to provide better understanding of variation sources. This
information should lead to the development of new desired
materials performance models that will relate intrinsic and perfor-
mance material properties.

Advances in computational chemistry, data mining, and
informatics will provide more capabilities for virtual screening
and more guided selection of space for experimental screening of
materials as diverse as detailed in this review: catalysts, electronic
and functional materials, polymer-based industrial coatings,
sensing materials, and biomaterials. Overall, gathered and ana-
lyzed data will provide new opportunities for reduction of gaps in
materials-development knowledge, and for the more cost- and
time-effective materials design. There is a strong need to link
combinatorial library synthesis to the significant advances in
computational modeling related to a variety of phenomena
including interdiffusion, microstructural evolution, and thermo-
mechanical processing. Achieving these links to theory and the
related assessment of accuracy of measurements in high through-
put screening is also critical if for instance combinatorial libraries
actually are to become a source of generating reference data. The
value of materials informatics lies in its ability to establish
quantitative and mathematically robust interpretation of data,
uncertainty analysis, and model driven fabrication. This will
ensure that combinatorial experimentation is not simply a plat-
form for high throughput empirical observations but truly an
accelerated knowledge discovery tool.

Production of combinatorial leads on a larger scale reveals
how reliable and realistic is the data obtained on the combi-
natorial scale. Materials developed at the combinatorial scale
and validated on scale-up versions or in practical applications
include catalysts,465�469 phosphors,470 formulated organic
coatings,35 sensing polymers,471 and some others. Unfortu-
nately, applications of CHT methods are not always revealed,
making it difficult to reliably judge the impact of CHE on
science and industry.

The true multidisciplinary aspects of combinatorial techni-
ques will continue to impact the researchers as well. An
effective combinatorial chemist and materials scientist will
acquire skills as diverse as experimental planning, automated
synthesis, basics of high-throughput materials characteriza-
tion, chemometrics, and data mining. Perhaps, everyone who
will deal with massive amounts of data will be able to perform
standard multivariate statistical and cluster analysis using
available tools for rapid assessment of materials trends that
are not visually noticeable due to several components involved
in the experimental design. These skills will provide a powerful
vision for the design of new materials, including those within
the Materials Genome Initiative, impossible to imagine in the
20th century.
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’EXTENDED GLOSSARY
abrasion resistance: ability of a material to withstandmechanical
action, such as rubbing, scraping, or erosion, that tends progres-
sively to remove material from its surface
accuracy: in characterization, closeness of the agreement be-
tween the result of a measurement and a true value of the
measurand
biocompatibility: refers to specific properties of a material that is
compatible with biological systems without triggering adverse
cellular, immunological, biological response in vitro or in vivo
biodegradable material: a material designed in a way that it can
serve its function for a determined amount of time and can
degrade in the environment to yield perfectly safe components
that are cleared by the environment system
biofilm: a complex aggregation of microorganisms growing on a
solid substrate
biofouling: the undesirable accumulation of microorganisms,
plants, algae, etc. on wetted structures
biomaterial: any substance (other than a drug) or combination
of substances, synthetic or natural in origin, which can be used
for any period of time, as a whole or as a part of a system which
treats, augments, or replaces any tissue, organ, or function of
the body
cross-link: chemical bonds that link one polymer chain to
another
database: a systematic compilation of data whether it be from
combinatorial experiments or those producing reference data
data mining: an interdisciplinary field merging ideas from
statistics, machine learning, databases, and parallel and distrib-
uted computing providing a unique tool to integrate scientific
information and theory for materials discovery
descriptor: a piece of stored information that represents an
atom, a molecule or a material by capturing its physicochemical
characteristics and properties; it is often the final result of a
logical and mathematical procedure that transforms chemical
information encoded within a symbolic representation of a
molecule into an useful number
drug delivery: a field that focuses on the delivery of active drugs
in the body via formulation or via entities that can transport the
active agent to the sites of therapeutic interest

dynamic range: in characterization, the range between the
maximum usable measurement result and the minimum usable
measurement result; a distinction may be made between the
linear dynamic range, where the response is directly proportional
to concentration, and the dynamic range where the responsemay
be nonlinear, especially at higher concentrations
effective oxide thickness (EOT): equivalent thickness of SiO2

layer that would give the same capacitance compared to the
capacitance of a given dielectric material
ferromagnetic shape memory alloy: metallic alloy that displays
large magnetic field induced strain due to motion of martensitic
variants which are coincident with magnetic domains
fingerprint: in characterization and sensing, a unique pattern
indicating the presence of a particular molecule, based on
specialized analytic techniques such as mass- or X-ray-spectros-
copy, used to identify a pollutant, drug, contaminant, or other
chemical in a test sample
flat-band voltage: voltage that induces zero net charge in the
underlying semiconductor; bias conditions of a metal-oxide-
semiconductor capacitor for which the energy band diagram of
the silicon is flat
fouling-release: the ease of removal of biofouling from a surface
glass transition temperature: the temperature at which a poly-
meric material undergoes a transition from the glassy state to the
rubbery state
Hotelling’s T2 statistic: the sum of normalized squared scores
and is a measure of the variation in each sample within the
Principal Components Analysis (PCA) model; the T2 contribu-
tions describe how individual variables contribute to the Ho-
telling’s T2 value for a given sample
informatics: academic field focused on human-computer inter-
actions, processing, management, and retrieval of information
linear solvation energy relationships (LSER): equations invol-
ving the application of solvent parameters in linear or multiple
(linear) regression expressing the solvent effect on the rate or
equilibrium constant of a reaction
loadings plot: shows the relations between analyzed variables
based on a developedPrincipalComponentsAnalysis (PCA)model
loss tangent: the ratio of the imaginary part of the dielectric
constant over the real part of the dielectric constant. Ameasure of
loss in dielectric constant
multiferroic material: material that possesses or displays more
than one of the three ferroic properties, namely, ferroelectricity,
magnetism, and ferroelasticity
nanobiomaterial: a nanomaterial that can be used in the area of
nanobiotechnology toward applications in regenerative medicine,
tissue engineering, drug delivery, and surfaces for cell growth
one-bead-one-compound (OBOC): first recognized by Lam
et al.472 is based on the fact that combinatorial bead libraries,
prepared via an S&P approach, contain single beads displaying
only one type of compound although there may be up to 1013

copies of the same compound on a single 100 μm diameter bead
optical clarity: a materials ability to allow visible light to pass
through without scattering
pattern: a set of elements repeating in a predictable manner
pattern recognition: is the identification of patterns in large data
sets, using appropriate mathematical methodology
piezoelectric material: materials which displays piezoelectricity,
where electrical charges are accumulated because of mechanical
strain; piezoelectric materials are used for sensors and actuators
utilizing this effect, as well as the converse effect, where applied
voltage in the material leads to mechanical strain



625 dx.doi.org/10.1021/co200007w |ACS Comb. Sci. 2011, 13, 579–633

ACS Combinatorial Science REVIEW

polysiloxane: polymers possessing a backbone comprised of
alternating silicon and oxygen atoms
precision: in characterization, the closeness of agreement be-
tween independent test results obtained by applying the experi-
mental procedure under stipulated conditions; the smaller the
random part of the experimental errors that affect the results, the
more precise the procedure
principal component (PC): the weighted sum of the original
variables in a developed Principal Components Analysis
(PCA) model
Principal Component Analysis or Principal Components
Analysis (PCA): a mathematical technique useful for an un-
supervised reduction of the dimensionality of data
Q residual: the squared prediction error and describes how well
the Principal Components Analysis (PCA) model fits each
sample; it is a measure of the amount of variation in each sample
not captured by principal components retained in the model
quantitative structure�activity relationship (QSAR)(sometimes
QSPR, quantitative structure�property relationship): the depen-
dency by which a chemical molecular or crystal structure is quantita-
tively correlated with a chemical activity or a physical property
regenerative medicine: a field that encompasses medical
sciences aiming at facilitating tissue healing, bones repair and
more broadly enabling accelerated patient’s recovery from
surgical intervention, wounds or diseases, fully exploiting tech-
nology in biomaterials
scores plot: shows the relations between analyzed samples based
on a developed Principal Components Analysis (PCA) model
Seebeck coefficient: a measure of the magnitude of an induced
thermoelectric voltage in response to a temperature difference
across that material
selectivity: in characterization, the extent to which other sub-
stances interfere with the determination of a substance according
to a given procedure
sensing material: a material that demonstrates a predictable
response (property change) to a change in the environment
sensitivity: in characterization, sensitivity is the slope of the
calibration curve; if the curve is in fact a “curve”, rather than a
straight line, then of course sensitivity will be a function of analyte
concentration or amount
sensor: a miniature system that recognizes a change in a single or
multiple environmental parameters and converts this informa-
tion into an analytically useful signal
Split and Pool (S&P) or “Mix and Split”, “Split and Combine”,
“Selectide-Process”: a concept proposed by Furka et al.122 that is
originating from multiple peptide synthesis and describing the
division of spherical beads, porous, and homogeneous in size and
loading capacity, into equal aliquots, addition of different mo-
lecular fragments or ions to each aliquot and recombination of
the aliquots after washing into one pool; after a number of cycles
S the total number of library elementsN is calculated asN =MS, if
the number of precursors is denoted as M. As a large number of
compounds can be evaluated with very little effort the method is
suited for very high-throughput (vHT) screening
tissue engineering: the use of cells as building blocks to
regenerate tissues to enable bone or organ reconstruction or
replacement, wound healing, facilitating recovery or replacing
biological functions
transduction: in characterization and sensing, is converting one
form of energy into another
transducer: an analytical instrument which provides an output
quantity having a given relationship to the input quantity

weatherability: the ability of a material to withstand changes in
appearance and structure resulting from outdoor exposure
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