Subscriber access provided by V. Vernadsky | National Library of Ukraine

Combinatorial and High-Throughput Development

of Sensing Materials: The First 10 Years
Radislav A. Potyrailo, and Vladimir M. Mirsky
Chem. Rev., 2008, 108 (2), 770-813 « DOI: 10.1021/cr068127f
Downloaded from http://pubs.acs.org on December 24, 2008

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 1 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Chemical Reviews is published by the American Chemical Society. 1155 Sixteenth
Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/cr068127f

770 Chem. Rev. 2008, 108, 770-813

Combinatorial and High-Throughput Development of Sensing Materials: The

First 10 Years

Radislav A. Potyrailo*" and Vladimir M. Mirsky*

Chemical and Biological Sensing Laboratory, Materials Analysis and Chemical Sciences, General Electric Global Research,
Niskayuna, New York 12309, and Institute of Analytical Chemistry, Chemo- and Biosensors, University of Regensburg, 93040 Regensburg, Germany

Contents

1. Introduction
1.1. Requirements for an Ideal Sensor

1.2. Challenges in Rational Design of Sensing
Materials

2. Combinatorial and High-Throughput Materials
Screening

2.1. General Principles
2.2. Opportunities for Sensing Materials

2.3. Gradient and Discrete Sensing Material
Libraries

2.4. Dynamic Combinatorial Libraries
3. Inorganic Sensing Materials
3.1. Catalytic Metals for Field-Effect Devices
3.2. Metal Oxides
3.2.1. Conductometric Metal Oxide Sensors
3.2.2. Cataluminescent Metal Oxide Sensors
3.3. Plasmonic Nanomaterials

3.3.1. Nanoscale Materials for
Surface-Enhanced Raman

3.3.2. Nanoscale Materials for Plasmon
Resonance

3.4. Semiconductor Nanocrystals
4. Organic Sensing Materials

4.1. Indicator Dyes

4.2. Polymeric Compositions

4.3. Homo- and Copolymers

4.4. Conjugated Polymers

4.5. Molecularly Imprinted Polymers
5. Summary and Outlook
6. Acknowledgments
7. References

1. Introduction

770
770
771

772

772
773
774

775
775
775
777
777
783
785
785

786

788
790
790
792
794
797
801
806
807
807

Received July 30, 2007

a chemical or biological sensor is an analytical device that
utilizes a chemically or biologically responsive sensing layer
to recognize a change in a single or multiple chemical or
biological parameters of a measured environment and to
convert this information into an analytically useful signal.

In a sensor device, a sensing material is applied onto a
suitable physical transducer to convert a change in a property
of a sensing material into a suitable physical signal. The
obtained signal from a single transducer or an array of
transducers is further processed to provide useful information
about the identity and concentration of species in the sample.
The energy transduction principles that have been employed
for chemical and biological sensing involve radiant, electrical,
mechanical, and thermal types of enef§yBpecific sensing
concepts are further implemented with each energy trans-
duction. Sensors based on radiant energy of transduction can
employ intensity, wavelength, polarization, phase, or time
resolution detection. Sensors based on electrical energy of
transduction can employ conductometric, potentiometric, or
amperometric detection. Sensors based on mechanical energy
of transduction can employ gravimetric or viscoelastic
detection. Sensors based on thermal energy of transduction
can employ calorimetric or pyroelectric detection. Hyphen-
ated techniques in sensing are of significant importance and
combine several transduction techniques in one séfdar.
addition to a sensing material layer and a transducer, a
modern sensor system often incorporates other important
components such as sample introduction and data processing
components.

In contrast to sensing based on intrinsic analyte properties
(e.g., spectroscopic, dielectric, thermal), indirect sensing
utilizes a responsive sensing matefiaf '3 This approach
dramatically expands the range of detected species, improves
sensor performance (e.g., analyte detection limits), and is
more straightforwardly adaptable for miniaturizatfort. 33
These attractive features can be offset by some limitations
of indirect sensors, for example, insufficient selectivity,
poisoning, poor long-term stability, and slow response and

Chemical and biological sensors have found their niche recovery times. Nevertheless, indirect sensors constitute the
among modern analytical instruments when real-time deter- most active research area in developing sensing approaches
mination of the concentration of specific sample constituents that cannot be addressed with direct sensing.

is required. Development of sensors with new capabilities

is driven by the ever-expanding monitoring needs of a wide 1,1, Requirements for an Ideal Sensor

variety of species in gases and liquids. On the basis of a
variety of definitions of sensofs? here we will accept that
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The exact configuration of a sensor for a particular
application may be dictated by the nature and requirements
of that application. Nevertheless, it is useful to set the features
that one would wish in an ideal sensor for chemical and
biochemical species. Requirements for an ideal sensor system
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Table 1. Sensor Requirements

system requirements
and performance

sample  sensing transduction data
introduction material principle analysis

dynamic range X X X
ergonomic design
false-positive rate

initial cost

long-term stability
maintenance simplicity
multicomponent detection
multiple operation modes
operation cost

operation simplicity
power consumption
probability of detection
response speed
response reversibility
robustness

selectivity

self-calibration

sensitivity

shelf life

size

sterilizability X

X
X
X

xxxxxx
X Xosex X X%

x XX xx

X ¢ X s

XXX o XXX e X X
XXX

X x X X ><><

a Analytical definitions are provided in refs 5 and 34.

(2) sensing material, (3) transduction principle and imple-
mentation, and (4) data analysis. As shown in Table 1, the
proper design of each individual subsystem has a significant
impact on the overall system requirements and performance.
For example, a desired sensor dynamic range can be obtained
with an appropriate design of sample introduction, type of
sensing material, transduction principle selected for the
generation of the sensor signal, and data analysis.

In real-world applications, the qualities of an ideal sensor
are often weighted differently according to application. High
reliability, adequate long-term stability, and resolution top
the priority list for industrial sensor users, whereas often the
size and maturity of the technology are the least important
factors?3® A low false-positive rate and an ergonomic design
are very critical for first responde#é.In contrast, medical
users focus on cost for disposable sensors. Specific require-
ments for medical in vivo sensors include blood compatibility
and minute siz& Resistance to gamma radiation during ster-
ilization, drift-free performance, and cost are the most critical
specific requirements for sensors in disposable bioprocess
componentg® The importance of continuous monitoring also
differs from application to application. For instance, glucose
sensing should be performed two to four times a day using
home blood glucose biosensors, whereas blood-gas sensors
for use in intensive care should be capable of continuous
monitoring with sub-second time resolutiéf+?

1.2. Challenges in Rational Design of Sensing
Materials

As illustrated in Table 1, all subsystems, including sensing
materials, are equally important for a successful sensor.
Rational design of sensing materials based on prior knowl-
edge is a very attractive approach because it avoids time-
consuming synthesis and testing or numerous candidates.
However, to be quantitatively successful, rational deSigh
requires detailed knowledge regarding how the intrinsic
properties of sensing materials relate to their performance
properties (e.g., magnitude of response to analyte and
interferences, long-term stability, shelf life, resistance to

can be analyzed from the viewpoint of requirements for indi- poisoning, response and recovery times, best operation
vidual subsystems that include (1) sample introduction, temperature, adhesion stability to substrate).
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Unfortunately, the multidimensional nature of the interac- development of polymer- and biopolymer-based sensing
tions between the function and the composition, preparation materialst®
method, and end-use conditions of sensing materials often This review is organized in several sections. First, it sets
makes difficult the rational design of sensing materials for a stage with the general principles of combinatorial and high-
real-world application$®44“8 Thus, in addition to rational  throughput materials screening technologies followed by the
design, a variety of sensing materials have been developedanalysis of opportunities that are provided for sensing
using detailed experimental observations or discovered by materials from these new technologies. A section on com-
chance®>7 Such an approach in the development of sensing binatorial inorganic sensing materials provides a critical
materials reflects a more general situation in materials designanalysis of developments in catalytic metals for field-effect
that is “still too dependent on serendipity” with only limited devices and metal oxides for conductometric and catalumi-
capability for rational materials design as recently noted by nescent sensors, plasmonic, and semiconductor nanocrystal
Eberhart and Cloughertf.Examples of significant discover- materials. A section on combinatorial organic sensing ma-
ies that have been recognized with the Nobel Prize in terials provides a critical analysis of developments in indi-
chemistry and that are currently being explored as the cator dyes, polymeric compositions, homo- and copolymers,
foundation of new sensing technologies include discovery conjugated polymers, and molecularly imprinted polymers.
and development of conductive polymers by Heeger, Mac- Because the widespread applications of combinatorial tech-
Diarmid, and Shirakawa (2000), discovery of fullerenes by hiques for sensing materials are quite recent, this review also
Curl, Jr., Kroto, and Smalley (1996), development and use Serves as an introduption to this field. We dt_amo_nstrate that
of molecules with structure-specific selective interactions nNew parallel synthesis and advanced analytical instruments
(crown ethers) by Cram, Lehn, and Pedersen (1987), ande_md data mining tools a}ccelerate the Q|scovery and optimiza-
investigations in surface chemistry by Langmuir (1932).  tion of sensing materials and provide more fundamental

. . : . . . knowledge on the material fabrication with tailored initial
Conventionally, detailed experimentation with sensing

materials candidates for their screening and optimization and long-term stability properties.

consumes tremendous amounts of time and project cost ] ) ) )

without adding to “intellectual satisfaction”. Fortunately, new 2. Combinatorial and High-Throughput Materials

synthetic and measurement principles and instrumentationScreening

significantly accelerate the development of new materials.

Several of these developments that are currently routinely 2.1. General Principles

used in creation and characterization of sensing and other . ) . ) .
materials have been recognized with Nobel Prizes in N pharmaceutical and biotechnology industries, combi-
chemistry and physics. These include design of the first hatorial synthesis and high-throughput analysis methods have
electron microscope by Ruska (1986), design of the scanningfound their applications in systematic searching of large
tunneling microscope by Binnig and Rohrer (1986), develop- Parameter spaces for new candidate therapeutic agent
ment of methodology for chemical synthesis on a solid matrix Molecules” Combinatorial chemistry originated in several
by Merrifield (1984), construction of maser and laser systems laPoratories arour}ds the world when Frank in Germéhy,
by Townes, Basov, and Prokhorov (1964), invention of the Geysen in Australid? and Houghten in the Un|ted_ Staes
phase contrast microscope by Zernike (1953), invention of dev_eloped_metglods to make more compounds in a shorter
partition chromatography by Martin and Synge (1952), penod of time® In materials science, the materials prop-
discovery of new light scattering effect by Raman (1930), erties depepd not only on composition but also on mor-
and invention of the method of microanalysis of organic phology, microstructure, and other parameters related to

substances by Pregl (1923). The pracical challenges 2 TE(eTAL peparation condions, e 2 esul o U
rational sensor material design also provide tremendous plexity, b y

. . . erformed in materials science with a complete set of
rospects for combinatorial and high-throughput research,p : .
\F/)vhicﬂ is the applied use of technologgies andgaEtomation for materials and process variables explored. Instead, carefully

the rapid svnthesis and performan reening of relativel selected subsets of the parameters are often explored in an
€ rapid syntnesis and perio 67a C€ screening of relalively 5 ytomated parallel or rapid sequential fashion using high-
large numbers of compounés.

throughput experimentation (HTE). The terms “combinatorial
Sensing materials can be categorized into three generakhemistry” and “combinatorial materials science” are often
groups that include inorganic, organic, and biological materi- applied for all types of automated parallel and rapid
als. In this review, inorganic sensing materials are defined sequential materials evaluation processes. Thus, an adequate
as materials that have inorganic signal generation componentsiefinition of combinatorial and high-throughput materials
(e.g., metals, metal oxides, semiconductor nanocrystals) thatscience is a process that couples the capability for parallel
may or may not be further incorporated into a matrix. production of large arrays of diverse materials together with
Organic sensing materials comprise indicator dyes, polymer/ different high-throughput measurement techniques for vari-
reagent compositions, conjugated polymers, and molecularlyous intrinsic and performance properties followed by the
imprinted polymers. The emphasis of this review is to subsequent navigation in the collected data for identifying
comprehensively cover combinatorial and high-throughput “lead” materials®!-6481
development of inorganic and organic sensing materials. Individual aspects of accelerated materials development
Development of biological receptors such as aptamers, have been known for decades. These include combinatorial
peptides, and antibodies using combinatorial approaches hasind factorial experimental desig#fsparallel synthesis of
been extensively reviewed elsewHé&ré® and is beyond the  materials on a single substr&f# screening of materials
scope of this review. Other earlier reviews were focused on for performance properti€8,and computer data process-
applications of sensats’*and MEMS device®:">for high- ing 8687 However, it took the innovative scientific vision of
throughput materials characterization and on high-throughputJoseph Hanak to suggest in 1970 an integrated materials
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Figure 1. Combinatorial and high-throughput approach for materials development: (A) typical combinatorial materials development cycle;
(B) development phases of new sensing materials in sensors and opportunities for combinatorial and high-throughput experimentation.

development workflovf® Its key aspects included (1) com- In addition to the parallel synthesis and high-throughput
plete compositional mapping of a multicomponent system characterization instrumentation that significantly differs from
in one experiment, (2) simple, rapid, and nondestructive all- conventional equipment, the data management approaches
inclusive chemical analysis, (3) testing of properties by a also differ from conventional data evaluati$nn an ideal
scanning device, and (4) computer data processing. Hanakcombinatorial workflow, one should “analyze in a day what
was truly ahead of his time and “it took 25 years for the is made in a day*??which requires significant computational
world to realize his idea® assistance. In an exemplary combinatorial workflow (Figure
In 1995, Xiang, Schultz, and co-workers initiated the 1A), design and synthesis protocols for materials libraries
avalanche of applications of combinatorial methodologies are computer assisted, materials synthesis and library prepa-
in materials science with the publication of their paper “A ration are carried out with computer-controlled manipulators,
combinatorial approach to materials discoveiy/&ince then, and property screening and materials characterization are also
combinatorial materials science has enjoyed much successsoftware controlled. Furthermore, materials synthesis data
rapid progress for over a decade, and tremendous diversifica-as well as property and characterization data are collected
tion into a wide variety of types of materials. Besides sensing into a materials database. Data in such a database are not
materials, discussed in this review, examples of materialsjust stored but also processed with the proper statistical
reported in conjunction with combinatorial and high-through- analysis, visualization, modeling, and data mining tools.

put screening techniques include supercondugtdesro-
electric)® magnetoresistiv&, luminescent? agricultural?®
structural* hydrogen storag®,and organic light-emittint§
materials; ferromagnefitand thermoelastié shape-memory
alloys; heterogeneoig homogeneou¥? polymerizationt®®
electrochemical®?> and hydrogen evolutidff® catalysts;
polymers!®* zeolites!®® and metal alloy$? materials for
methanol fuel celld)” solid oxide fuel cell¥® and solar
cells%® automotivel!® waterborné!* vapor-barrie? ma-
rine 1'% and fouling-releasé* coatings, and others.

A typical modern combinatorial materials development
cycle is outlined in Figure 1A. Compared to an initial idea,

Table 2 illustrates important current capabilities and remain-
ing needs for the data management systém.

Production of combinatorial leads on a larger scale reveals
how reliable and realistic are the data obtained on the
combinatorial scale. Materials developed at the combinatorial
scale and validated on scale-up versions or in practical
applications include catalysts, polymers, phosphors, formu-
lated organic coatings, and sensing matefiaig116:124130

2.2. Opportunities for Sensing Materials

Development of a sensor system with a new sensing

the modern workflow has several new important aspects suchmaterial includes several phases such as discovery with initial
as planning of experiments, data mining, and scaleup. In observations, feasibility experimentation, and laboratory-scale
combinatorial screening of materials, concepts originally detailed evaluation, followed by the transition to the pilot
thought of as highly automated have been recently refined scale and to commercial manufacturing (see Figure 1B). At
to have more human input, with only an appropriate level the initial stage, performance of the sensing material is
of automation. For the throughput of 5Q00 materials matched with the appropriate transducer for the signal
formulations per day, it is acceptable to perform certain generation. The stage of the laboratory-scale evaluation is
aspects of the process manuaf$*16 very labor-intensive because it involves a detailed testing of
To address numerous materials-specific properties, asensor performance. Some of the aspects of this evaluation
variety of high-throughput characterization tools are required. include optimization of the sensing material composition and
Characterization tools are used for the rapid and automatedmorphology, its deposition method, detailed evaluation of
assessment of single or multiple properties of the large response accuracy, stability, precision, selectivity, shelf life,
number of samples fabricated together as a combinatoriallong-term stability of the response, effects of potential
array or “library”82117.118 Typical library layouts can be poisons, etc. The pilot-scale manufacturing focuses on the
discret&*8%and gradient? 88119121 A gpecific type of library identification and elimination of manufacturing issues that
layout will depend on the required density of space to be affect the reproducible, high-yield manufacturing of the
explored, available library fabrication capabilities, and sensors. During this phase, alpha and beta tests are typically
capabilities of high-throughput characterization tools. performed. The alpha tests are typically performed by the
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Table 2. Functions of Data Management Systei?®

Potyrailo and Mirsky

function

current capabilities

remaining needs

experimental planning

database

instrument control

data analysis

composition parameters
process parameters
library design

entry/search of composition/process variables
operation with heterogeneous data
unification of data between different instruments

operation of diverse instruments

visualization of composition/process conditions and
measured parameters of library elements
univariate/multivariate processing of
steady-state and kinetic data

iterative intelligent experimental planning based on
results from virtual or experimental libraries

storage and manipulation (search) of large
amounts (terabytes and more) of data

interinstrument calibration

full instrument diagnostics
plug’n’play multiple instrument configurations

advanced data compression

processing of large amounts (terabytes and
more) of data, cloud computing
when required

quantitative analysis
outlier detection

prediction of properties of new materials
virtual libraries
cluster analysis
molecular modeling
QSAR

data mining identification of appropriate descriptors on
different levels (atomic, molecular,

process, etc.)

researchers on an advanced sensor device prototype talimensionality of the hyperspace of independent chemical
identify issues related to sensor operation and functionality. sensor features is-10?* (see Figure 2) and includes the
Beta tests are typically performed on the further improved permutations of various sensor materials, transducer prin-
version of the sensor system by the identified group of end- ciples, and modes of operation for each sensor/transducer
users (“early adopters”) to seek their feedback on sensorcombinationt33-13%
performance, ease of use, failure modes, etc.

The pioneering work by Xiang, Schultz, and co-workers £:°:
published in 199% inspired applications of combinatorial ~ LiPraries
methodologies for sensing materials. In 1996, Lundstro In the past, spatial gradients in functional materials were
proposed to make arrays of sensing films with multiple types generated by varying composite and structural characteris-
of metals!3! In 1996, Natan and co-workers applied a tics!'® Gradients in polymeric materials were produced by
solution-based combinatorial assembly of metal nanoparticleschanging the chemical nature of monomers, the molecular
to create an efficient substrate for surface-enhanced Ramarconstitution of polymers, and their supramolecular structure
measurements? In 1997, Walt and co-workers performed or morphology:?® Several methods for fabrication of surface
combinatorial polymerizations of sensing films and fabricated molecular chemical gradients have been repofted® In
discrete and gradient film arrafsCombinatorial and high-  sensing materials, additional parameters of gradients are also
throughput experimentation provides an attractive opportunity required that can include concentrations of formulation
to accelerate the development and optimization of sensingadditives, thickness, temperature, extent of cross-linking, and
materials. These development aspects of sensing materialsome others. Gradient sensor libraries (or arrays) can be
are highlighted in Figure 1B and include initial screening, produced using solvent-assisted polymerizatfdiier draw-
detailed performance screening, accelerated shelf life, anding,**>*draw coating'®14>14%r ink jet printing** Once a
long-term stability testing. In this review, we will provide gradient sensor array is formed, it is important to estimate
critical analysis of these developments. It is quite remarkable the possibilities to adequately measure the variation of
that most of the types of sensing materials have beenproperties along the gradient. These can be intrinsic (thick-
explored with combinatorial technologies, which demon- ness, chemical composition, morphology, etc.) and perfor-
strates the desire of the sensing community for the acceler-mance (response magnitude, selectivity, stability, immunity
ated development of sensing materials using newly intro- to poisoning, etc.) properties. Discrete sensor arrays can be
duced research tools. 'Gel showed that a theoretical produced using ink jet printef4>147 liquid-dispensing

2.3. Gradient and Discrete Sensing Material

1021

features

Ay C TR g %

Figure 2. Hyperspace of chemical sensor features with abotitih@ependent features. Reprinted with permission from ref 133. Copyright
1998 Elsevier.
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robots?>148 microarrayers?® and automated dip-coatitf

or during in situ polymerization®¥1152 Ink jet printing
typically produces dispense volumes of around several
picoliters, whereas the liquid-dispensing robots can dispense
several nanoliters and up to several microlitéfs.

Once the gradient or discrete sensor film array is fabri-
cated, it is exposed to an environment of interest and steady-
state or dynamic measurements are acquired. Scanning (e.qg.,
complex impedance, UVvis, excitation-emission fluores-
cence, X-ray diffraction) systems often provide more detailed
information compared to imaging systems. When a dynamic
process (e.g., a response time) of sensor materials arranged
in an array is monitored with a scanning system, the
maximum number of elements in a sensor library that can
be measured with the required temporal resolution can be
limited by the data acquisition ability of the scanning
systemt43

Figure 3. Mechanisms of sensing response tpdtid NH; with
. . . . . the catalytic Pt metal gate: (A) in hydrogen gas, hydrogen atoms
2.4. Dynamic Combinatorial Libraries are mostly formed on the metal surface; (B) in ammonia gas,
. ) ) ) ) ) ) . hydrogen atoms are produced mostly at the three phase boundaries.

An emerging field in combinatorial chemistry is dynamic  Reprinted with permission from ref 161. Copyright 2007 Elsevier.
combinatorial chemistr§s®-15 which is very attractive for
the development of synthetic receptors and indicator éffes.
Traditional combinatorial chemistry involves the use of
irreversible reactions to generate static libraries of related
compounds. Dynamic combinatorial chemistry involves the
use of reversible reactions to generate equilibrating mixtures
of molecules, known as dynamic combinatorial libraries
(DCLs). The composition of a DCL is able to respond to
molecular recognition events resulting from the addition of Surface Catalytic Layered
a target of interest. The preferential binding of one member additives metal structure
of the DCL to the target induces a shift in the equilibrium
toward the formation of that particular compound. Thus,
whereas in combinatorial chemistry library synthesis and
screening are two separate processes that are performed
sequentially, dynamic combinatorial chemistry offers in situ
screening of the combinatorial library simply by comparing
its composition in the absence or presence of the target and
identifying library members with a high affinity for the
respective targef’ Figure 4. Diversity of optimization parameters during the prepara-
tion of catalytic metals for field-effect devices.

3. Inorganic Sensing Materials . ,
g 9 catalytic metal surface, and then they diffuse through the

3.1. Catalytic Metals for Field-Effect Devices metal layer until a steady state is established between the
concentrations of hydrogen atoms on the surface and at the
In 1973, in the laboratory of Prof. Lundstm a phenom- metal-insulator interface. Some other hydrogen-containing
enon of hydrogen response of a thin Pd metal film that was molecules, such as hydrocarbons and alcohols, give rise to
tried as a gate of a field-effect transistor was discovéred? a response in a similar manner as hydrogen. However, the
Later observations in the same laboratory of sensing responseesponse mechanism to ammonia gas differs from the
on defective films with cracks and holes led to the discovery hydrogen response because of the fundamental differences
of effects of discontinuous metal gates and to the develop-in the dissociation sites. The ammonia sensitivity is related
ment of sensors for ammonia g&$Further developments  to the pores (exposed oxide) in the thin metal film (see Figure
of these sensors with gates of a variety of catalytic metals 3B).161.162 Optimization approaches of materials for these
(Pd, Pt, Rh, Ir) demonstrated their sensitivity to numerous sensors involve several degrees of freetfdms illustrated
other gases (e.g., hydrogen sulfide, ethylene, ethanol, dif-in Figure 4.
ferent amines). The mechanism of the response involves a To simplify screening of the desired material compositions
change in the work function of the catalytic metal gate due and to reduce a common problem of batch-to-batch differ-
to chemical reactions on the metal surface. ences of hundreds of individually made sensors for materials
Currently, it is understood that chemical reaction mech- development, the scanning light pulse technique (SLPT) has
anisms in these sensors depend on the specific gas moleculelseen developed by Lunds$troand co-workerg?1.164.165|n
as shown in Figure ¥ For example, the response to these measurements, a focused light beam is scanned over a
hydrogen gas is due to a dipole layer, which is induced by large-area semitransparent catalytic mebasulator-semi-
trapping of hydrogen atoms at the metaisulator interface ~ conductor structure, and the photocurrent generated in the
of the device (see Figure 3A). The hydrogen atoms are first semiconductor depletion region is measured and creates a
formed by dissociation of hydrogen molecules on the 2-D response pattern of the sensing film (aka “a chemical
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image”). An alternative method to scan such gradients utilizes
a vibrating capacitor method developed by MiZ$&i16°
These chemical images were used to optimize properties
such as chemical sensitivity, selectivity, and stability.
When combined with surface characterization methods, this
information also has led to the increased knowledge of gas
response phenomena. Early in these investigafitig? it
was shown how to take advantage from the ability of forming
a temperature gradient along the test structure to study the
temperature-dependent catalytic activity of metals. The
catalytic activity of metals is related to the reactive sticking
coefficients, which. in turn, relates to the probability that
an adsorbate is formed when a molecule hits an unoccupied
part of the sensor surface. The sticking coefficieahd the
rate constants for reactions and r,, which remove an
adsorbate from the surface, are thermally activated with
activation energieks, E;, andE,, respectively. The variables
s, 1, andr; are the functions of positior, along the surface
due to the temperature gradient. Thus, the temperature-
gradient-induced response can be describétt as

d( S(x)

©
]

Abs. difference [V]

175

11.2 14.4
Rh thickness [nm]

8.1

= ) ~{(E,— E;) expEKT) +

r09 + 1r5(x)

)
r,,(X) (Es — E,) exp(—E,/KT)} ‘;_;I(— 1) % F

where d/dx is determined by the variation of the operating
temperaturd along the surfacek is Boltzmann’s constant,
andr,; = cJ/c, is the ratio of the frequency factors of the
two reaction rates.

The use of combinatorial gradient techniques facilitated
the increase of the understanding of the properties of catalytic
metal gates and their influence on the selectivity and
sensitivity of gas-sensitive field-effect devices. Temperature
gradient experiments provided the required knowledge for
selection of specific operating temperatures for detection of
different gase$®.:164By using the 1-D thickness gradients
to study catalytic films, the effects of the variation of the
film thickness that influence the gas response sensitivity,
selectivity, and stability were discoveréd. 174

It was suggested that a 2-D gradient made from two types MM &S8gacasas
of metal films as a double-layer structure should provide new [wu) sseuxoiy pd
capabilities for sensor materials optimization, unavailable
from thickness gradients of single-metal filAi18.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, with results
similar to those of corresponding discrete componéfits.

The 2-D gradients have been used for studies and
optimization of the two-metal structufé%'’>and for deter-
mination of the effects of the insulator surface properties on
the magnitude of sensing responige Two-dimensional
gradients of Pd/Rh film compositions were also studied to
identify materials compositions for the most stable perfor-
mancet’® 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 5A,B). This accelerated aging experiment of the 2-D

Rh thickness [nm]

Response [V]
1
8.1 1.2 14.4 175 206
Rh thickness [nm]

50

18

[wiu] sseuyoip pd

Figure 5. Results of the accelerated aging of 2-D combinatorial library of Rh/Pd film: chemical response images to 1000 ppm of hydrogen (A) before andh¢Bycaftderated aging; (C
differential response after and before the accelerated aging (the most stable regions have the darkest color). Aging conditions: 24 h of &s@egumeofch®drogen at 400C. Reprinted with

permission from ref 170. Copyright 2005 The Institute of Electrical and Electronics Engineers, Inc.
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/‘\ Figure 7. Key strategies for development of semiconducting metal
3 rd oxide materials for conductometric sensors: (A) polycrystalline

Pt
SnG, with two discontinuities; (B) single-crystal straight nanowire.
Solid color and lines on the left correspond to vacuum or reducing
conditions. Lighter areas on the right show the formation of
depletion layers that reduce the effective diameter of the conducting

channel (dashed arrows): As adsorbed electron-acceptor species,
Vs is adsorbate-induced Schottky barrieiis the initial radius of
ir (100) Ru (100) the conducting channel in a straight nanowlWéjs radius of the
conducting channel upon adsorption. Reprinted with permission

31z3 e from ref 184. Copyright 2007 Institute of Physics Publishing.
B cle|7]|8 different gate metallizations (see Figure 6). These four
0 [10]11 |12 evaporation stepan(= 4) through two masks will produce
131415 |18 2" = 16 different materials compositions. Such an approach
- should be very attractive in the future to study layered and
/ alloyed multicomponent film compositions that are difficult
--------- or impossible to make using gradient deposition techniques.
TI XK} Ry P g9 P q
] p- .
‘:l ane o SR 3.2. Metal Oxides
t B N | 4 3 e v | . .
i- Y 3.2.1. Conductometric Metal Oxide Sensors

The origin of conductometric gas sensors that utilize
Figure 6. Use of binary masks for synthesis of a combinatorial S€miconducting materials goes back to the 1950s to the
library of catalytic metals for a gas-sensing field-effect chip to discoveries of gas reaction effects with germanium by
produce different selectivity patterns at different areas on the chip: Brattein and Bardeéf? and with semiconducting metal
(A) 16 different areas are obtained with variable metal compositions oxides by Heilan&#®and Bielanski and co-worket&t In the

and 4 evaporation steps (1, 500 A of Pd; 2, 100 A of Pt; 3, 100 A ; 3 ; :
of Ir; 4, 100 A of Ru); (B) example of the principal structure of 232%/ Slgr?gsr,SSelyarﬁﬁ and Taguchf* fabricated the first

the gate in area 15. The exact composition of the gates (alloys, . . . .
mixtures, layered structures) depends on the metals used and the At Présent, in conductometric sensors, semiconducting
details of the fabrication methods. Reprinted with permission from Mmetal oxides are typically used as gas-sensing materials that
ref 131. Copyright 1996 Elsevier. change their electrical resistance upon exposure to oxidizing
or reducing gases. While over the years significant techno-

gradient film surface demonstrated the existence of two of logical advances have been made that resulted in practical
the most stable local regions. One region was a “valley” of and commercially available sensors, new materials are being
a stable response shown as a dark color in Figure 5C. Anotherdeveloped that further improve the sensing performance of
region was a thicker part of the two-component film with a these sensors. Current strategies for materials development
~20 nm thick Rh film and a~23 nm thick Pd film. This in this type of sensors are illustrated in Figuré®¥.
new knowledge inspired new questions of position stability ~ The first strategy (Figure 7A) typically employs polycrys-
of the valley and the possibility to improve sensor stability talline 2-D films in which electron transport is determined
by an initial annealing process. by dimensionally small interconnections between metal oxide

In the developed SLPT methodology, the gate layers weregrains. Assuming (1) a narrow size distribution of the
typically electrically conducting metal films. To expand the e€lectrically active grains in the sensing layer and hence
applicability of this high-throughput screening technique to homogeneous electrical properties, (2) percolation paths of
other functional materials beyond catalytic metals, a new grid the conductivity independent of the work function changes,
gate structure has been develop€d:his advancement made and (3) constant mobility of the charge carriers in the
possible investigations of semiconductor or insulating ma- hanoparticles, the sensor conducta&ean be described
terials with the possibility of studying nanometer-sized as®
clusters of functional deposits in atmospheric conditions.

To make sensing films with multiple types of metals, G = Gy exp{[(Ec — Ep), — eVdl/kT} 2)
Lundstran'3! proposed to adapt a sensing film deposition
strategy from combinatorial chemistf§and combinatorial ~ where Ec — Ef)y is the energy difference between the Fermi
materials synthesi$ applications. In this approach, the level and the conduction band in the bukis the electron
desired pattern of sensing films can be produced using a settharge, and/s is the band bending. In general, bot:(—
of binary masks and a mask that defines the gate areas orkf), andeVs may change upon gas exposure.
the chip. The use in sequence of only two shadow masks The second strategy (Figure 7B) is based on adsorbate-
and four metal evaporation steps can give 16 areas withinduced change in the effective cross section of the conduct-



778 Chemical Reviews, 2008, Vol. 108, No. 2 Potyrailo and Mirsky

gradient membrane
(SiO, or AlLO,)
approx. 2 to 50 nm

electrode (Pt)
1um

detector layer
(SnO, or WO,)
substrate approx. 150 nm

heater (Pt)

_:""-'——= —— temperature gradient
D 20

Isopropancl
15}

Ethanol Teflon

( ;%/L W@) &

clean air

i

(=T )]

*)
e
8

'W'D‘O, ' green
insulation
- @ materialf
40| Xylene™~ Toluene
ETFE
10 20

-30 -20 -10 0
Pattern component 1

Figure 8. Double-gradient sensor microarray for selective gas detection. (A) Sensor schematic illustrating a single metal oxide thin film
segmented by electrodes (SE) and arranged on a temperature gradient heater. The sensing film is further covered with a gradient thckness
ceramic membrane. Used with kind permission from Goschnick. (B) False color thermal infrared image of the heated gradient sensor array
with a temperature gradient of 62€/mm. The white arrow depicts the airflow direction. Reprinted with permission from ref 198. Copyright

2004 Molecular Diversity Preservation International. (C) Radar plot of resistance of 38 sensor segments operated with a temperature gradient
from 310 to 360°C (6.7 °C/mm). Resistance values (Mohm): acetone (red), ethanol (blue), ammonia (green), and propanol vapors (light
blue). Reprinted with permission from ref 198. Copyright 2004 Molecular Diversity Preservation International. (D) Results of the linear
discrimination analysis of the signal patterns in practical tests to detect gaseous precursors of smoldering fires induced by overheated cable
insulation (ETFE: ethylene tetrafluorine ethylene). Reprinted with permission from ref 195. Copyright 2002 The Institute of Electrical and
Electronics Engineers, Inc.

Pattern component 2
]

30

ing channel of a single-crystal nanowire from its initial radius sputtered on the same side of the substrate as the f8mQ
r to the changed radius of the conducting chaniwalpon under a shadow mask for structuring the films. The arrange-
adsorptiof# ment of the electrodes subdivided the monolithic Sfilth
into 38 sensor segments on an area of 8 mn?. Finally,
W ~ |_D(evs/k'|')1’2 () Pt heaters were deposited onto the backside of the substrate
to operate the chip with the 5@ temperature gradient from
whereLy is the Debye length for the semiconductor metal 310 t0 360°C (see Figure 8B):* Operation of the sensor
oxide, which is a measure of the field penetration into the with the_ SnQ:Pt film for the detec_:thn of acetone, _ethanol,
bulk, Lp = (eeckT/€n0)12, € being the dielectric constard ammonia, ar)d propanol vapors is |IIu_strat_ed in Figure 8C.
the permittivity of free space, amd the carrier concentration. 1 1€ @pplication of a temperature gradient increased the gas
Details on these response mechanisms are available in sever&fiScrimination power of the sensor by 35%. The sensor with
reviews!2186-191 a SiQ gradient thickness membrane was employed for
Realizing the opportunities that arise with the temperature detéction of gaseous precursors of smoldering fires induced
dependence of the sensor response described by eqs 2 arit) Overheated cable insulation (see Figure 8B).
3, temperature-gradient-based sensors that utilize a single The microstructure of the metal oxides deposited onto
metal oxide thin film segmented by electrodes have been sensors depends on the deposition method (e.g., evaporation,
developed by Goschnick and co-workét&1% In addition sputtering, sotgel techniques, aerosol methods, screen-
to the spatial temperature gradient heater, one of the designgrinting) and material processing conditiodg® For ex-
of the sensor chip also had a Si@r Al,O; membrane with ample, in chemical vapor deposition (CVD), one must choose
a gradient thickness from 2 to 50 nm (see Figure $A).  suitable precursor chemistry, reagent gas concentrations, and
Such a ceramic membrane provided an additional responseprecursor partial pressure to control the composition and
selectivity?® through the thickness-dependent gas transport. microstructure of metal and metal oxide thin fil#&3Sputter
To fabricate such a temperature and membrane gradientdeposition processes are typically sensitive to target condi-
sensor, a gas-sensitive Snet film (Pt content of 0.8 atom  tion, sputtering power, reactant concentrations, and substrate
%) was deposited onto a thermally oxidized Si wafer by RF orientation. Nearly all deposition processes are strongly
magnetron sputtering using a shadow mask. Next, Pt stripinfluenced by substrate temperature during and after deposi-
electrodes and two meander-shaped thermoresistors wer¢ion.
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| MWURLTUTITITIN | ture, formation of large grains was observed. With the
A : T | ‘: increase in deposition temperature to 280 the large grains

- n lﬂ U ﬂ - subdivided along a particular crystallographic direction and

S n n n n - formed a plate-like microstructure. Increasing the depo_'sl_tlon

= = temperature further to 400 caused these plates to subdivide

el el into smaller grains.

[ - In the studies by Semancik and co-workers, the;M@s

= ﬂ ﬂ ﬂ ﬂ s in the anatase form as shown by X-ray diffraction df&ta.

:'203_391 ST \“ The anatase and rutile crystalline structures of ;Tiave

different growth kinetics, thermodynamic stabilities, surface
energies, and physicochemical properties. Thus, to facilitate
the understanding of the mechanisms underlying gas re-
sponse, Mazza et al. developed a method for the fabrication
of libraries of nanostructured TiJilms with a controlled
gradient of the rutile/anatase ratio, film thickness, morphol-
ogy, and crystalline dimensiod¥. This was obtained by
using rutile <10 nm diameter clusters as seeds for crystal
growth in competition with anatase nucleation from the
amorphous phase. With a simple one-step postdeposition
thermal treatment, a 14 15 array with individual 1x 1

mn? chemoresistive sensing elements was formed and
characterized for vapor response at 3600 °C. Nanostruc-
tured TiQ films with variable anatase/rutile ratio were
controlled independently from the size of the nanoparticles
that allowed detailed exploration of chemical and process
conditions parameters. Using a micro-Raman mapping, the
relative abundance of the rutile/anatase phases in annealed
samples was determined as shown in Figure 10A. These
determinations were done by examining the RaiBamode

of anatase (144 cm) and Eg and Ayg modes of rutile (447
and 612 cm?); those intensities depend on abundances.
Measurements of vapor response were performed using a
volt amperometric technique at a constant 10 V potential
and measuring the resultant currédt.The variation of
conductancé\G can be described asG/G = AC®, where

A andB are empirically determined constants related to the
temperature, grain size, film porosity, and gas adsorpgtibn.
Figure 10B shows responses to 200 ppm of methanol from
three representative locations in the array. The sensitivity
of the sensors was found to be correlated to the rutile/anatase
Figure 9. Results of CVD experiments with Tidilms performed ratio of the sensing layers.

using a single 16-element array and incremental deposition tem- . .
peratures: (A) optical micrograph of a 16-element microhotplate To enhance the response selectivity and stability, an

array; (B~E) SEM microstructure images for four elements within  2ccepted approach is to formulate multicomponent materials
the 16-element microarray. Dependence of microstructure on that contain additives in metal oxides. Introduction of addi-
deposition temperaturé®): (B) 120; (C) 210; (D) 296; (E) 398. tives into base metal oxides can change a variety of materials
Reprinted from ref 202. properties including concentration of charge carriers, ener-
getic spectra of surface states, energy of adsorption and de-

Semancik and co-workers have applied arrays of micro- sorption, surface potential and intercrystallite barriers, phase
machined silicon microhotplates as a platform to tailor metal COMposition, sizes of crystallites, catalytic activity of the base
oxide thin film properties for microsensors for gas detection ©Xide, stabilization of a particular valence state, formation
in air2°3-207 and for volatile organic compounds in wagét. of active phases, stabilization of the catalyst against reduc-
To screen materials properties, microarrays of 4, 16, 36, andtion, the electron exchange rate, &¢2 Dopants can be
48 individually addressable elements, each element with its added at the preparation stage (bulk dopants) that will affect
own independent heating and electrical probe contacts, werethe morphology, the electronic properties of the base material,
employed. The nominal size and mass of the suspendedand its catalytic activity. However, the fundamental effects
structure were 10& 100um and 0.2ug, respectively. The  of volume dopants on base materials are not yet predict-
low thermal mass and embedded heater enabled heat rategble?'? Addition of dopants to the preformed base material
of 10°—10° °C/s and operation temperatures 500 °C. (surface dopants) can lead to different dispersion and segre-
Figure 9 depicts representative results of CVD experiments gation effects depending on the mutual solubtftand
with TiO; films performed using a single 16-element array influence of the overall oxidation state of the metal oxide
and incremental deposition temperatures to illustrate the surfacet218818921The diverse optimization parameters during
microstructure’s temperature dependence when TijiN@as the preparation of metal oxide sensing films are summarized
used as the precurst? At the lowest deposition tempera- in Figure 11.
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Figure 10. Screening of vapor response of cluster-assembled
nanostructured Ti©films with a gradient in the rutile/anatase

Potyrailo and Mirsky

employed 36-element sensor arrays to evaluate various
surface-dispersed catalytic additives on equivalent CVD,SnO
films.213214 Catalysts were deposited by evaporation to
nominal thicknesses of 3 nm, and then the microhotplates
were heated to effect the formation of a discontinuous layer
of catalyst particles on the SnGurfaces. The layout of the
fabricated 36-element library is shown in Figure 12A. The
response characteristics of Sn@ith different surface-
dispersed catalytic additives are presented in Figure 12B.
These radar plots show sensitivity results to benzene,
hydrogen, methanol, and ethanol for operation at three
temperatures.

Fabrication of gas sensor materials was also demonstrated
using a combinatorial pulsed-laser deposition (PLD) approach
that provides a spatially selective deposition of composi-
tionally varying discrete or gradient samples with arbitrary
layout designg*® Takeuchi and co-workers fabricated thin-
film combinatorial gas sensor libraries based on doped
semiconducting Snghin films 26 Deposition of 50 nm thick
sensor films of different compositions was performed at 550
°C on 2 x 2 mm Au electrode patterns (see Figure 13A).
The electrode patterns were fabricated opO8lsubstrates
using a photolithographic lift-off process prior to the sensor
film deposition. Each sensor array consisted of 16 different
compositions of the SnOhost material and ZnO, W9
In,0s, Pt, and Pd dopants, added to modify the selectivity
pattern of the sensot&?” The ability of the developed
materials to distinguish different gas species is depicted in
Figure 13B for responses to 100 ppm of chloroform,
formaldehyde, and benzene. Each gas produced a different
response pattern with the five sensing materials. The response
patterns for different gases were distinct with gas concentra-

ratio: (A) quantitation of rutile/anatase ratio from ratiometric Raman tions down to 12.5 ppm. It was suggested that this combi-

analysis; (B) dynamical response of three sensors exposed to 20

ppm of methanol. (Inset) Map of the deposited sensorx145
element array; gradient in film thickness is shown as gray scale.
The central white column indicates no deposition of JiGreen,
blue, and red dashed vertical lines in (A) indicate corresponding
sensor responses in (B). Reprinted with permission from ref 210.
Copyright 2005 American Institute of Physics.

Deposition

Base method and
single or mixed conditions of
metal oxides base metal

oxide(s)

Metal oxide Annealing
. method and
material conditions
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materials

Figure 11. Diversity of optimization parameters during the
preparation of metal oxide sensing materials.

To improve the productivity of materials evaluation by

hatorial PLD technique can be applied for not only screening

of different dopants in Sn{and other semiconducting films
but also for manufacturing of compact sensor arrays.

To expand the capabilities of screening systems, it is
attractive to characterize not only the conductance of the
sensing materials with DC measurements but also their
complex impedance spect®.The use of complex imped-
ance spectroscopy provides the capability to test both ion-
and electron-conducting materials and to study electrical
properties of sensing materials that are determined by the
material microstructure, such as grain boundary conductance,
interfacial polarization, and polarization of the elec-
trodes?'9220Simon and co-workers designed and built a 64
multielectrode array for high-throughput impedance spec-
troscopy (16-10" Hz) of sensing materials (see Figure
14A) 29 In this system, an array of interdigital capacitors
was screen-printed onto a high-temperature-resistai;Al
substrate. To ensure the high quality of determinations,
parasitic effects caused by the leads and contacts have been
compensated by a software-aided calibrafitinAfter the
system validation with doped 483 and automation of the
data evaluatio®°the system was implemented for screening
of a variety of additives and matrices with the long-term
goal to develop materials with improved selectivity and long-
term stability. Sensing films were applied using robotic
liguid-phase deposition based on optimized-s@| synthesis
procedures. Surface doping was achieved by the addition of
appropriate salt solutions followed by library calcination.
Screening results at 35C of thick films of WO; and 1,05
base oxides surface doped with various metals are presented

using combinatorial screening, Semancik and co-workersas bar diagrams in Figure 14B,C, respectivéhf?? The
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Figure 12. Combinatorial study of effects of surface dispersion of metals into CVD-deposited f8mS: (A) layout of a 36-element
library for study of the sensing characteristics of Sriins with 3 nm of surface-dispersed Pt, Au, Fe, Ni, or Pd (Cencontrol; 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 350C. Reprinted from ref 213.

effects of various surface doping elements on the gas-sensing2) an analytical relationship for the temperature-dependent
properties of 1pO; thick films sensors at multiple temper-  conductivity in air and nitrogen that described the oxidation
atures over 2568400 °C are compared in Figure 14%7 It state of the metal oxide surface, taking into account sorption
was found that some doping elements lead to changes inof oxygen???

both the conductivity in air and gas-sensing properties toward  Simon and co-workers further employed this high-
oxidizing (NG, NO) and reducing (1 CO, propene) gases.  throughput complex impedance screening system for the
Correlations between the sensing and the electrical propertiegeliable screening of a wide variety of less explored material
in reference atmosphere indicated that the effect of the dopingformulations. Polyol-mediated synthesis has been known as
elements was due to an influence on the oxidation state ofan attractive method for the preparation of nanoscaled metal
the metal oxide surface rather that to an interaction with the oxide nanoparticle¥? It requires only low annealing tem-

respective testing gases. peratures and provides the opportunity to tune the composi-
This accelerated approach for generating reliable system-tion of the materials by mixing the initial components on
atic data was further coupled to the data mining statistical the molecular level?*#22>To explore previously unknown
techniques that resulted in the development of (1) a modelcombinations of p-type semiconducting nanocrystalline
associating the sensing properties and the oxidation state ofCoTiO; with different volume dopants as sensing materials,
the surface layer of the metal oxide based on oxygen spilloverthe polyol-mediated synthesis method was used to synthesize
from doping element particles to the metal oxide surface and nanometer-sized CoTiOfollowed by the volume-doping
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Figure 13. Application of a microfabricated electrode sensor array for evaluation of gas responses of doped semiconducting PLD-deposited
SnG; thin films: (A) microfabricated electrode sensor array; (B) radar plot of the normalized drift-corrected resistance change of five
sensors to different gases at 48D. Reprinted with permission from ref 216. Copyright 2003 American Institute of Physics.

with Gd, Ho, K, La, Li, Na, Pb, Sh, and Sm (all at 2 atom previously applied to heterogeneous catal{siEhe motiva-
%). The SEM-estimated primary particle size of the volume tion for the use of the IR-thermography was to use it as a

doped CoTiQ@ materials was in the range from 30 to 140
nm, with the smallest particle size for Co#Qa and the
largest for CoTiQK.

rapid primary screening tool, capable of discovering new
compositions with sensor properties. As a control, response
of these materials at 25@100°C was evaluated concurrently

From the temperature-dependent responses to propylendy resistance measurements. It was found that emissivity-

and ethanol, it was discovered that the Cofi@ [with a
precursor of 0.730 mmol of TI{OCH(CGH}]4 and 0.715 mmol

of Co(CH;COO)-4H,0] had an outstanding ethanol response
compared to all other materials and insensitivity to air
humidity [0—90 % relative humidity (RH)]. Evaluation of
response selectivity was tested for all materials in the library.
The selectivity of the volume-doped materials toward ethanol

corrected IR-thermography, although providing rapid imaging
capability, ranked tested materials with deviations from the
ranking obtained using automated resistive measurerfénts.
In particular, it was found that most materials (except the
noble metal dopants) did not show the thermography/
resistivity correlation (see Figure 1&f The thermography/
resistivity correlation for doped W{was slightly better than

is shown in Figure 15A, demonstrating that highest selectivity that for doped I503.228 Possibly, the materials-ranking ability

(at 425 °C) was found for CoTi@Pb and CoTi@K.

of the IR-thermography could be improved when applied

Because of the highest ethanol sensitivity, the new promising for screening of more diverse types of sensing materials

CoTiOs:La material was further used for the long-term

including those operating at relatively low, even room,

stability testing in 45% RH air for 200 h to examine the temperature$

baseline stability and reproducibility of the signal change to
a given analyte concentration. The stability test for CaTiO

The enormous amount of data collected during these
experiments facilitated the successful efforts of Maier,

La was done by periodic measurements of the sampleSimon, and co-workers to develop data mining tech-
resistance in air and the response and recovery behaviomique$?®?®°and a database systéf.The developed data
toward propylene (20 ppm) every 12 h as shown in Figure mining tools (see Figure 17) have been successfully applied
15B. Doping strategy for this CoTigda material has been  to identify from resistance measurements several promising
also expanded with its surface doping with various metals materials candidates such asgl#0y sOx, WedCy Y .50y,
(Au, Ce, Ir, Pd, Pt, Rh, Ru) in different concentrations Wyg3Tap2Y 1Mo sOx, WogsTaysOx, and Whg sRhy 04 with
(0.2—0.6 atom %¥?*The enormous productivity of this high-  different gas-selectivity patterd&
quality, high-throughput experimentation approach has been The formation of mixed oxides has an enormous potential
further demonstrated in the fabrication and testing of p-type for sensing materials originating from the opportunities for
semiconducting perovskite-type LnM@Ln = La, Pr, Nd, tailoring of chemical composition, microstructure, porosity,
Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu; M= Cr, Fe) and surface propertié%234In contrast to crystalline materi-
oxides. It was found that these materials exhibited a als, these amorphous mixed oxides are prepared under mild
correlation between the (LrO) binding energy and the gas- reaction conditions in ambient atmosphere, making available
sensing propertie®’s a variety of precursors, additives, modifiers, solvents,
It is known that there are some similarities between catalysts, and post-treatment conditions to provide numerous
chemical sensing and heterogeneous catalysis, making catafine-tuning options. The functional properties of such solids
lytic activity of materials an important (but not a determining) are largely unexploré& and provide a tremendous op-
parameter for sensing materials selecfi$ii**Because of portunity for the development of new sensing materials. The
the possibility of similarity between the sensing and catalytic facile preparation and accessibility of these materials make
activity of materials, Maier and co-workers prepared libraries them ideally suited for the application of high-throughput
of sensing materials with different base oxides (W&nQ, technologies to allow investigators for the first time to access
TiO,, Zr0,, Iny0s, Bi0s, Ce0s) and bulk and/or surface  and optimize mixed oxides on a realistic time scéfe.
dopants (Ag, Au, Ce, Co, Cu, Er, Fe, Gd, Lu, Mn, Pr, Ru, Initial results include the works by Maier and co-workéts
Sc, Sm, Th, Th, Ti, V, Y, YB¥”and evaluated their catalytic ~ on In,Os/WQOs libraries and by Lee and co-worké#son
activity by the emissivity corrected IR-thermography, as SnQ/ZnO libraries.
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Figure 14. Screening of sensor metal oxide materials using complex impedance spectroscopy and a multielectrode 64-sensor array. (A)
Layout of 64-sensor array. Reprinted with permission from ref 219. Copyright 2002 American Chemical Society. (B) Relative gas sensitivities
at 350°C of the WQ base oxide materials library surface-doped with multiple salt solutions, all at 0.5 atom % (bulk dopant, 0.5 atom %
Ta). Sequence of test gases and their concentrations (with air between), & ppm), CO (50 ppm), NO (5 ppm), N@5 ppm), and

propene (50 ppm). Reprinted with permission from ref 221. Copyright 2004 Wiley-VCH Publishers. (C) Relative gas sensitivities at 350
°C of the InO; base oxide materials library surface-doped with multiple salt solutions; concentration 0.1 atom % if not denoted otherwise;
ND = undoped. Sequence of test gases and their concentrations (with air betweery @&agppm), CO (50 ppm), NO (5 ppm), N@5

ppm), and propene (25 ppm). Reprinted with permission from ref 222. Copyright 2007 American Chemical Society. (D) Dependence of the
relative gas sensitivities on the concentration of doping elements of a library type shown in (C). Reprinted with permission from ref 222.
Copyright 2007 American Chemical Society.

In the area of metal oxide sensing materials, combinatorial sensors. Thus, development of new sensing materials that
techniques will tackle very challenging and rewarding will in situ selectively detect pollutants at high temperatures
directions in the development of conceptually new materials (500—700°C) could be another focus area for combinatorial
that will provide new applications for practical metal oxide experimentation.
sensors. One significant application area could be to develo . .
metal oxide matgerials thatF:/sill be sensitive, selective, stablep3'2'2' Cataluminescent Metal Oxide Sensors
and free from water interferences when operating at low In 1976, Breysse and co-workétsobserved a chemilu-
(80—150°C) and room temperaturé® 24 Such materials  minescence emission during a catalytic oxidation of carbon
will become a foundation for a new generation of low-power monoxide on thoria. Because this emission was due to the
sensors. The second significant application area is sensorgatalytic effect, it was named cataluminescence (CTL).
for exhaust monitoring in diesel engines and other harsh Oxidation of gas molecules at the surface of the solid catalyst
environment application®!?42Although diesel engines are is the heterogeneous catalytic reaction. The mechanism of
one of the greener technologies, the operation temperatureshe CTL emission involves recombinant radiation and
of these engines are too high for conventional metal oxide radiation from excited specié$ The reaction process is
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' Figure 17. Hierarchical clustering map of 2112 responses of
o diverse sensing materials to,HCO, NO, and propene (Prop.) at
= four temperatures established from the high-throughput constant

1.2x10°4 current measurements and processed with Spotfire data-mining
software (clustering algorithm was “complete linkage” of the
Euclidean distances). Reprinted with permission from ref 232.
L Copyright 2006 Molecular Diversity Preservation International.
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Figure 15. Performance of nanometer-sized CoJ&ynthesized
via the polyol method with different volume dopants: (A) results

of high-throughput screening of response selectivity to ethanol; (B) Boundary
evaluation of long-term stability of CoTiO3:La at 400. Reprinted layer
with permission from ref 225. Copyright 2007 Elsevier.
10 T Au o0 Pd o
oo
o Pd Aga )
0.8 1 X X/
o
-]
& o
0.4 1 8 Figure 18. Five stages of the heterogeneous catalytic reaction
" process that produce cataluminescence emission through the
021° recombinant radiation and radiation from excited species. See text
3 for details. Reprinted with permission from ref 244. Copyright 2005
Springer.
23 R s S B SRR B 1 catalyst surface with a part of the adsorbate desorbed to the
0 04 08 12 16 2.0 gas phase. quthermore, chemisorbed &d Qg react to
AT (K) produce chemisorbed Rgbn the surface. Next, the reaction

r RO i r from th rface. Finally, R
Figure 16. Correlation between temperature change and relative product RO is desorbed from the surface ally, RO

o . NS . diffuses off to the gas phase. Upon exposure to different
gas sensitivity of a library of §O; sensing films doped with a - L
wide variety of surface dopants including different concentrations ©'danic vapors, the CTL emission effect has been observed
of noble metal (Au, Ag, Pd) dopants upon exposure $caH350 on a variety of nanosized materials with different particle
°C. Used with kind permission of Maier and Sim&8. sizes such as MgO+28 nm), TiG (~20 nm), AbO3z (~18

nm), Y>0z (~90 nm), LaCo@Sr* (~50 nm), and SrC®
schematically depicted in Figure 18 and involves five stages. (~25 nm)?*>Zn0O nanoparticles were shown to have the CTL
Initially, gas molecules R and O diffuse from the outer gas upon exposure to ethantf
phase and reach the proximity of the catalyst surface. Next, The rate of CTL emission strongly depends on temperature
gas molecules are chemisorbed to forg &d Qg on the through the rate of formation of chemisorption surface state
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science. After numerous rejections, the eventual publication
of the discovery of the surface enhancement Raman scat-
tering (SERS) cross sectitffis a classical example of slow
acceptance by fellow scientists of new phenomena that are
difficult or impossible to predict using rational approaches.
At present, two commonly considered mechanisms for SERS
include an electromagnetic enhancement and a chemical
enhancemert! For plasmonic structures and appropriate
excitation conditions, the electromagnetic enhancement
mechanism dominates. In this mechanism, the SERS en-
]Uﬁ\\xﬂ hancement factor EF at each molecule is a result of enhancing
0 oé\{\oi‘\ the incident excitation electromagnetic fiel,(w) and

) ® the resulting Stokes-shifted Raman electromagnetic field
Eou{w — w,). The SERS electromagnetic enhancement factor
is given by>?

10 (8
307 g

20 _‘"

CTL intensity (a. u.)

J
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Avelength ( ppy,

40 T
: |Egul@)?] |Equllw — @,)?
E)

30 EFserd®,) = 4

whereE, is the magnitude of the applied field. On the basis

of experimental measurements, the enhancement factor can

- be calculated from the SERS-enhanced Raman intensity

0 _ = 10 -~ Iserdw,) normalized by the number of molecules bound to

the enhancing metallic substrate,; by dividing the normal

velength ¢ Qo Raman int_ensityINRg,(_wv)_ normalized b_y the number of
(nm) molecules in the excitation volunié,q given by?>2

Figure 19. Spectroscopic images on the cataluminescence emis-
sion-based sensor under the gradient temperature distribution from EFcend®,) = {lserdw, )Ny,
SER -
" { INRS(a)v)/NvoI}

440 to 530°C over the 12 mm of heater length: (A) response to
800 ppm of ethanol in air; (B) response to 250 ppm of acetone in

Reports on the enormously large SERS enhancement
factors of 16*—10'> have facilitated the single-molecule

air. Reprinted with permission from ref 247. Copyright 1998
Elsevier.

k. detectiod>*2**and have inspired the development of new
erg’ developed a temperature gradient technique coupledS€Nsing materials. The SERS enhancements‘f10° are

with spectroscopic imaging to evaluate the sensing capabili-"éduired to detect a single molecdfé. The maximum

ties of different candidate materials during catalytic oxidation €l€ctromagnetic enf:}ancement iactor at the single-particle
of organic vapors as a function of temperature and wave- [€vel was calculated® to be~10" and can be obtained at

length. A 12 mm long gradient heater was operated to interstitial sites between particles and at locations outside
produce a 90C temperature gradient from 440 to 530. sharp surface protrusions. It was suggested that the rest of
Figure 19 illustrates typical results obtained from the the enhancement has to be contributed from the chemical
enhancement. There are three types of the charge-transfer
process that contribute to the chemical enhancertéfit)
the change of molecular polarizability when the molecule
interacts with the surface or other surface species; (2) the
change of molecular polarizability when the molecule forms
a surface complex with a metal ion or electrolyte ion; and
(3) the photon-driven charge-transfer process that occurs
when the incident laser energy matches the energy difference
between the surface molecules’ HOMO or LUMO and Fermi
isobutane in tertiary mixtures with detection limits in the €v€! or surface Istate of the metal substrate. A chemical
5-80 ppm rang@* enhar:c;rgen;] 'th Qrom ArL]J Ibow—tlt=::hnanoant(_ennalls Ea? beedn
Lo .. _repor which is m rger than previ iev
Future possible improvements for the CTL sensor materials &?ﬁ 184)’ Dete(z:tio?"n O;J CSESSgehas a;)egneaggosrzplighzdeon
could be in the areas of discovery of catalysts with better chemicali systems with small or no plasmon resonance
selectivity, more active catalysts for lower temperature of contributions, including small Ag clusters such assAgd

operation, activators of the catalysts that emit at shorter Agao (10 enhancemerf®25%and semiconductor nanocrystals
wavelengths to avoid incandescent radiation, and higher(104 enhancemengfl.262

10 14

CTL intensity (a. u.)

(5)

or production of excited species. Nakagawa and co-wor

temperature gradient experiments.

Several degrees of freedom were suggested for the
discrimination of different vapors. These included the vapor-
dependent ratio of CTL emission peaks, the activation energy
of the CTL, and the temperature at the turning point of the
CTL intensity peak in temperature dependence. In addition,
it was possible to construct a sensor array that contained
nanosized SrC¢) y-Al,0; and BaCQ@ for quantitative
analysis of explosive gases such as propadajtane, and

Tl S 4
efficiency emission catalysts! Combinatorial approaches have been applied to optimize
. . metallic SERS substrates. These approaches include 2-D
3.3. Plasmonic Nanomaterials variation of nanoparticle density to discover the existence

33.1. Nanoscale Materials for Surface-Enhanced Raman of an optimal surface coverage for the most effective SERS
o enhancemeft? and combinatorial exploration of the rough-

In a recent articlé}®Van Duyne provided a brief historical  ness effects of metallic substratésNatan and co-worket®
perspective on difficulties to accept unpredicted concepts in proposed that the SERS enhancement of optimized periodic
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Figure 20. Combinatorial discovery of the most active SERS region from a 2-D gradient of variable surface coverage of 12 nm diameter
Au nanoparticles and the variable thickness of Ag shell: (left) background-subtracted SERS intensity map for the"1 pd@cymitroso

stretch ofp-nitrosodimethylaniline (each shaded box represents one SERS spectrum collectec ifh en? area); (right) AFM images

of nanoparticles (50& 500 nn¥) from regions A-D. Reprinted with permission from ref 132. Copyright 1996 American Chemical Society.

structures can be much larger than that of simple island films are widely used for chemical and biological sensing
films. They demonstrated the power of solution-based as summarized in recent reviews and botk$’+27In SPR
combinatorial approaches for synthesis of surfaces exhibitingwith a uniform film, the sensor respon&ecan be defined
nanometer-scale variation in mixed-metal composition and either as the shift in the wavelengtti or angleA6 of the
architecture. The SERS response with a variable surfaceSPR minimum in reflected light intensity associated with
coverage of colloidal Au and the amount of Ag coating on analyte adsorption. The SPR sensor respéiserelated to
Au nanoparticles (Ag staining) was studied in detail. A the change in the refractive indé due to the presence of
gradient in particle coverage was produced along the adsorbed species%%

direction of immersion of a glass slide by a fixed rate

immersion of the (3-mercaptopropyl)trimethoxysilane-coated R=mAn{1 — exp(—2d/L)} (6)
glass slide into an aqueous solution of 12 nm diameter
colloidal Au particles. The slide was further rotated by,90
and fixed-rate immersion was performed into an Ag-ion-
containing solution for Ag staining of Au. This second
immersion step produced a gradient in particle size over the

wheremiis the refractive index sensitivityl is the effective
thickness of a layer that experiences the change in the
refractive index, andly is the characteristic electromagnetic
X X o . o field decay length. The localized surface plasmon resonance
new immersion direction. The resulting surface exhibited a (| spR) response is measured as the change in the extinction
continuous variation in nanometer-scale morphology as WaS(or scattering) wavelength maximum, which is related\to
defined by particle coverage and particle sizes. The SERS ¢, through eq 6 but with a shorlieg.é52 The nanoparticle
signal for adsorbeg-nitrosodimethylaniline was measured | gpr approach was established for biosensing with the
over a 2x 2 cm sample exhl_b|t|ng_ continuous gradients N pioneering work of Mirkin and co-workers, who demon-
Au coverage, and Ag cladding thickness s_howe(_j a spatial gyaied the selective colorimetric detection of polynucleotides
map of the background-corrected SERS intensity for the i the use of the distance-dependent optical properties of
phenylnitroso stretch at 1168 cfn A detailed interrogation 5, nanoparticle€? The approach that utilizes the aggrega-
revealed a region that wasl0*-fold more SERS-enhancing o induced, red-to-blue color change associated with Au
than the least active sites (see Figure 20). The na”.ometer'nanoparticles is attractive for myriad applications ranging
scale morphology at positions of interest was determined by ¢, sereening of combinatorial libraries of DNA-binding
atomic force microscopy. These results showed the signifi- .\ Jlacules with DNA-functionalized Au nanoparticdiésto
cant changes in SERS enhancement factor over only smallopemical sensing’823t Analysis of hybridization events in
alterations in surface morphology. combinatorial DNA arrays using oligonucleotide-modified
Re.p_rodumble surface enhance.ment and surface treatmeng,q Ag-stained Au nanoparticle probes on a conventional
conditions that extend the shelf life of SERS surfaces have fjathed scanner had a detection sensitivity exceeding that of
been recently reported (for several examples, see refs 264y,4 analogous fluorophore system by 2 orders of magni-
and 265). The combinatorial computational approaches will 4,4g282
play an increasingly imporEant role f?r the identification of Although plasmonic nanoparticles potentially offer proper-
the best morphologies for “hot spots” and their g&30r  ies that are unavailable in molecular or mesoscopic systems,
the best surface treatment conditions to extend the shelf lifej, grder to benefit from these properties in new functional
of SERS surfaces, and for dzggeper understanding of the effect,omponents such as sensors, it is critical to develop methods
of chemical enhancemefft’ for placing particles into chemically and structurally well-
defined environment$3 To generate 2-D and 3-D assemblies
of plasmonic nanoparticles, Genzer and co-workers devel-
First explanations of colored effects from colloidal Au oped an approach to use polymer brushes that offer environ-
were reported by Faraday in his Bakerian lectiPé7° At ments for controlled organization of nanoparticles within
present, for sensing applications, plasmon resonance on metgbolymer matriced3-286 This desired arrangement of nano-
nanopatrticles and surface plasmon resonance on thin metalligarticles in polymers requires control of several parameters

3.3.2. Nanoscale Materials for Plasmon Resonance
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—NH; groups in APTES was controlled by varying the pH
of the Au colloid?%®

To visualize and quantify the gradient distribution of
plasmonic nanoparticles in sensing films, Dovidenko, Po-
tyrailo, and co-workers developed an approach based on
focused ion beam (FIB) cross-sectioning of a sensing film
followed by the 3-D reconstruction of the spatial distribution
of nanoparticles (see Figure 23Y.These new methods for
controlled organization of nanoparticles within polymer
matriced®328¢ coupled with the visualization and quantitation
of nanoparticles in the polym&P are important for the
development of chemical and biological sensors with the
tailored dynamic range of sensor response.

Plasmonic nanoparticles are also attractive for deposition
onto solid sensor substrates in desired discrete arrangements.
Numerous lithographic and other nanofabrication techniques
are readily applicable for the formation of nanoparticle
Figure 21. Diversity of optimization parameters during the affaysz-sw% Among the lithographic techniques, dip-pen
preparation of polymeric sensing materials with plasmonic nano- nanolithograph$?*2° is one of the most versatile for the
particles. fabrication of combinatorial materials libraries for their

screening of ligand-binding events. Dip-pen nanolithography,
shown in Figure 21. The large number of parameters madewhen operated in nanoplotter mode, is a powerful tool for
probing the behavior of brush/nanoparticle hybrids very combinatorial nanotechnologfy because it can be pro-
difficult without a combinatorial approaci>?8’Systematic =~ grammed to generate a series of patterns that vary with
studies of the effects of the loading of nanoparticles and respect to composition, feature size, and feature spacing and
polymer structure were performed by fabricating orthogonal can be deposited onto different substrates. These patterns
polymer gradient substrates, in which the polymer molecular subsequently can be used to study chemical and biochemical
weight (MW) and grafting density were changed indepen- recognition in the combinatorial fashion as was recently
dently in two orthogonal directions (see Figure 22). The demonstrated for several combinatorial applicati##s
citrate-covered Au nanoparticles were attached to a poly- The use of dip-pen nanolithography with conventional
(dimethylaminoethyl methacrylate) (PDMAEMA) polymer cantilevers offes a 5 nmspatial resolutioi?* making it a
brush grafted on a silica substrate as shown in Figure 22A. straightforward tool to arrange plasmonic nanoparticles in a
The electrostatic interaction between the positively charged nanoarray format®

DMAEMA groups and citrate ions attached to the surface  The addressable combinatorial arrays were successfully
of Au nanoparticles at pH 6.5 was responsible for binding used for light-directed, spatially addressable parallel chemical
the nanoparticles to the underlying brush. Thus, the extinction synthesig/® combinatorial synthesis of materials arrdys,
wavelength maximum of plasmonic nanoparticles caused thejight-directed assembly of metallic nanopartictés,and
color of the slide in Figure 22B to change from light red combinatorial patterning of nanocryst&fsand were pro-
(region of low MW and lowo) to dark violet blue (region  posed for catalytic metal film sensd@.Koenderink and

of high MW and higho), indicating interparticle plasmon  co-worker8® have theoretically demonstrated an approach
coupling associated with an increase in uptake of particles for addressable combinatorial arrays using the principles of
in the brush upon an increase of MW amdThe increase in  surface plasmon resonant nanolithograf§%°The distinct
intensity of the plasmon absorbance peak in the direction of emission patterns of hot spots from 1-D or 2-D arrays of
increasing MW oro (see Figure 22C) was due to the plasmonic subwavelength nanoparticles were created even
increasing number of particles attached to the polymer chains.though all particles in the array were irradiaf8@lllumina-

The concomitant red shift of the plasmon peak position tion with unfocused light of all particles in the array allowed
suggested intensified interparticle plasmon coupling ac- optical addressing of particles by varying the wavelength,
companying the nanoparticle crowding on the substrate. incidence angle, and polarization of the incident wave. The
Upon variation ofo, the color variation was more pronounced coherent coupling of all fields in closely spaced particles in
for low MW (shorter) chains relative to longer chains, an array was tuned through the relative phases with which
suggesting that the number of particles bound to the brushparticles were excited to controllably create hot/cold spots
was dependent on the number of favorable sites that particlesof constructive/destructive interference on a single or several
have access &4 dipoles depending on array geometry and illumination

Initially employed Au nanoparticles were relatively large ~conditions?® Figure 24 illustrates all five symmetry-distinct
(16 nm) to penetrate the brush; however, the use of smallerpatterns that were created by illuminating a<22 square
ones (3.5 nm) made it possible to load the nanoparticlesarray of Ag particles (radius= 25 nm, spacing= 75 nm)
inside the polyme#®® In subsequent studies, Bhat and Genzer With linearly polarized light under various angles. When
also developed an approach to control the number densitySymmetry was taken into account, combinatoriabhary
of citrate-stabilized Au nanoparticles on flat substrates by combinations of four particles that can be exposed or
varying the concentration of the grafted amino groups on unexpos_ed was reduced to five unique patterns with at least
the surfaces and their degree of ionization. The concentrationone particle exposed.
of grafted amino groups was controlled by decorating silica- Such on-demand combinatorial excitation of particles in
based substrates with a molecular gradient of (3-aminopro-the array upon an illumination of the whole array with an
pyhtriethoxysilane (APTES). The degree of ionization of the unfocused light brings a host of opportunities for sensing,
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Figure 22. Combinatorial approach for systematic studies of the simultaneous effects of the loading of Au nanoparticles and polymer
structure: (A) schematic of the attachment of citrate-covered gold nanoparticles to a PDMAEMA polymer brush grafted on a silica substrate;
(B) photograph of a glass slide showing a reflected light color originated from 16 nm diameter Au nanoparticles bound to an orthogonal
o-MW gradient of surface-grafted PDMAEMA; (C) visible light absorbance spectra taken along red circles (path A, constant MW,
gradient) and green squares (constgrdgradient MW) shown in (B). Reprinted with permission from ref 284. Copyright 2004 Wiley-VCH
Publishers.
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Figure 23. Visualization and quantitation of the gradient distribution of plasmonic nanoparticles in sensing films utilizing FIB cross-
sectioning followed by the 3-D reconstruction: (A) 3-D representation of the set; (B) demonstration of ability to visualize da¥ ¥ong
andZ axes by moving one slice at a time aloA@nd continuously irX andY directions. Data sets e#25 nm thick FIB serial slices are
sectioned normal t& direction in the picture (lateral dimensions,= Y = 3.4 um). Reprinted with permission from ref 280. Copyright
2006 Materials Research Society.

ranging from sequential excitation of differently function- as labels for biodiagnostic applications and biotechnology.
alized particles in the array that have the same optical Although at present organic fluorophores dominate sensing
response to sequential metal-enhanced fluorescence readowpplications because of the diversity of their functionality
to avoid photobleaching of the whole array at once. and well-understood methods of their synthesis, new semi-

Further implementation of local plasmonic effects in conducting nanocrystal labels have several advantages (pho-
sensors requires the development and optimization of highly tostability, relatively narrow emission spectra, and broad
reproducible yet cost-effective surfaces containing plasmonic excitation spectf3'4 over organic fluorophores. Thus,
nanostructure$!3°’High-thoughput materials development finding a solution to complement the existing organic fluor-
techniques for optimization of these structures as well as escent reagents with more photostable, yet chemically or
computational and combinatorial development of plasmonic biologically responsive, nanocrystals is very attractive. It is
negative refractive index metamater?&t§®for sensor¥%3'*  known that a variety of photoluminescent materials are sen-
will be critical for the timely introduction of these new sitive to the local environme#t® In particular, polished or
physical phenomena in practical bioanalytical applications. etched bulk CdSe semiconductor cryst#t&!” and nano-

. crystal$!®3®were shown to be sensitive to environmental

3.4. Semiconductor Nanocrystals changes. To better understand the environmental sensitivity

Semiconducting nanocrystals were independently intro- of semiconductor nanocrystals upon their incorporation into
duced by Alivisatos and co-workétdand Nie and Cha® polymer films, Potyrailo and Leach incorporated mixtures
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Figure 24. Individual addressing of all combinations of Ag nanopatrticles inxa 2 array. The filled-in dots show the relative amount of
excitation on each sphere; the contour plots show the resulting electric field intensity in a plane just 5 nm above the array; the location of
the spheres is indicated by open circles. Reprinted with permission from ref 305. Copyright 2007 American Chemical Society.

Table 3. Polymer Matrices for Incorporation of Different Sizes of CdSe Nanocrystafg?

polymer polymer type rationale for selection as sensor matrix

1 poly(trimethylsilyl)propyne polymer with largest known solubility of oxygen, candidate for efficient
oxidation of CdSe nanocrystals

2 poly(methyl methacrylate) polymer for solvatochromic dyes

3 silicone block polyimide polymer with very high partition coefficient for sorbing organic vapors

4 polycaprolactone polymer for solvatochromic dyes

5 polycarbonate polymer with high for sorbing of organic vapors

6 polyisobutylene polymer with lowW, for sorbing of organic vapors

7 poly(dimethylaminoethyl) methacrylate polymer for surface passivation of semiconductor nanocrystals

8 polyvinylpyrrolidone polymer for sorption of polar vapors

9 styrene-butadiene ABA block copolymer polymer for sorption of nonpolar vapors

of multisize CdSe nanocrystals into numerous rationally high stability of PL intensity??® Results of cluster analysis
selected polymeric matrices (see Table 3) and screened thesef PL response patterns upon exposure to methanol and
films for their photoluminescence (PL) response to vapors toluene after incorporation into polymeric matrices are
of different polarities upon excitation with a 407 nm demonstrated in the dendrogram in Figure 25C. The den-
lasers20-322 drogram was constructed by performing principal component
It was discovered that CdSe nanocrystals of different sizesanalysis (PCA) on the data from Figure 25A and further using
(2.8 and 5.6 nm diameter) and passivated withniri- Mahalanobis distance on three principal components (PCs).
octylphosphine oxide using known methé&ds?4had dra- From this dendrogram, it is clear that polymers 6 and 7 were
matically different PL response patterns upon exposure tothe most similar in their vapor response with studied CdSe
methanol and toluene after incorporation into polymeric nanocrystals as demonstrated by a very small distance to
matrices (see Figure 25A). As an example, Figure 25B showsK-nearest neighbor between them. Polymer 4 was the most
response patterns of gas-dependent PL of the two sizes oflifferent from the rest of polymers as indicated by the largest
CdSe nanocrystals in poly(methyl methacrylate) (PMMA) diversity distance to K-nearest neighbor. Such data mining
sensor film. The difference in the response patterns of thetools provide a means to quantitatively evaluate polymer
nanocrystals was attributed to the combined effects of the matrices. When coupled with quantitative structtpeoperty
dielectric medium surrounding the nanocrystals, their size, relationship simulation tools that will incorporate molecular
and surface oxidation state. The sensing films were testeddescriptors, new knowledge generated from high-throughput
for 16 h under a continuous laser excitation and exhibited a experiments may provide additional insights for the rational
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Figure 25. Diversity of steady-state PL response of two-size (2.8 and 5.6 nm) mixtures of CdSe nanocrystals to polar (methanol) and
nonpolar (toluene) vapors: (A) magnitude of PL change in nine polymer matrices listed in Table 3 (reprinted with permission from ref 322;
copyright 2006 Materials Research Society); (B) gas-dependent PL of the two-size CdSe nanocrystals sensor film (polymer 2) with emission
of 2.8 nm nanocrystals at 511 nm and emission of 5.6 nm nanocrystals at 617 nm (reprinted with permission from ref 321; Copyright 2006
American Institute of Physics); (C) results of cluster analysis of PL response patterns upon exposure to methanol and toluene after incorporation

into nine polymer matrices. Numbers 1 and 2 in (B) are replicate exposures of sensor film to methanol (6% vol) and toluene (1.5% vol),
respectively.
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design of gas sensors based on incorporated semiconductomore complex, nonadditive interactions between the two
nanocrystals. In the future, such work in vapor sensors building blocks also played a role in determining the
promises to complement existing solvatochromic organic dye molecule’s optical and biological properties.

SENSOrs with more photostable and reliable sensor materi-  pynamic combinatorial libraries were utilized by Buryak

als?*? In sensors for ionic specié¥ ligand screening will 504" Severin as highly selective colorimetric sensors for
be also attractive to perform using combinatorial techniques. dipeptided® and tripeptided® An analyte-induced adapta-

tion of a DCL was used to identify the respective analyte

4. Organic Sensing Materials when the library was composed of compounds of different
, colors. The compounds in the libraries were chelating-dye
4.1. Indicator Dyes metal salt complexes that were able to undergo ligand-

Although photoluminescent nanocrystals are becoming exchange reactions..Forsuch a sensor, the information about
attractive for sensing applications as discussed in section 3_4,the' sample was dlSt”byted over the entire-ts spectrum,
development of new colorimetric and fluorescence dyes asWhich was a “fingerprint” for the analyte. In conventional
analyte-responsive reagents remains important in the desigrf€nsor arrays, each sensor is independent, and the sample is
of new sensors with improved selectivity and sensitivity. identified by analysis of several nonspecific sensors with a
Using existing knowledge, it is possible to computationally construction of a characteristic fingerprifitin contrast, a
predict general spectral features of d§&s$28 However, DCL sensor consisted of compounds that were connected
quantitatve computations of the selectivity of analyte by exchange reactior#® The addition of a target molecule
recognition, extinction coefficient, and quantum yield of that selectively interacted with some members of the library
emission for new reagents are very challenging. Additional caused a re-equilibration of the whole library, and this
practical challenges may occur from difficulties in the adaptation was used to identify library members with a high
synthesis of those best reagent structures predicted fromaffinity for the respective target molecule.
computations. Thus, combinatorial synthetic approaches have crego-Calama and co-workers explored the surface-
been applied for the development of new fluorestént™ confinement effects in sensing self-assembled monolayers
and colorimetrig®>*°reagents. Recent reviews are available (saMs) that were developed for determinations of cations
on the fluorescent labels and prolsés¥**Recent develop-  and aniong*-34 The key advantages of SAMs for surface-
ments resulted in the discovery of a wide _varlesmst?)’fssrgew confined sensing are in the possibility of the introduction of
“Sef‘;'sjeag%g‘gs.for the dfst‘?c“on. of rsngetal IS 203% additional chelating effects from the preorganization of the
ATP ZGTP*dipeptides trzlpepude.s?, andreagentsthat g, tace-immobilized reagent. The binding groups and fluo-
selectively bind to amylof#* and different cell compo- 5hh5re molecules in the SAM are in close enough proximity,

42,343 A | . R . X
nents? . . . thus the binding groupanalyte interaction is communicated
To navigate in the vast amount of data, Rosania, Chang,, the fluorophore, resulting in a modulation of the fluores-

and co-worker$2***demonstrated a cheminformatic strategy e ce intensity (see Figure 27A). Sensing SAMs were made
for a multiparameter analysis of combinatorial libraries of on glass tailored with two building blocks. One block
dyes to predict not only their spectral properties but also j,;4ed small molecules that supplied different function-

tdhelr antaI{teciblngilhng albl;htles. 1f—hlst a;ljpéoach tr:]ats been alities acting as binding groups (e.g., ureas, amides, thioureas,
f|3$22(s;err?te|i (;Nlhilica c;ti:)ar:)s/ gn ds tyhrgt Wﬁ: seal‘eclclivveerle sulfonamides). Another block included fluorescent dye
accumulated ig rﬁitochondria and other regions in living cellg molecules for reporting the recognition event. The properties
. ; e . of the layer were a result of the combination of the nature
Egg‘iﬁgmb?rr]%’ir:tgwiz;igg;?:tse%g‘yatp'gsiggg%}\fz ogﬁzell)er— of the different binding groups, the fluorescent dye molecule,

. o 9 . e and surface functionalization. To make combinatorial librar-
protein-specific binding featurés: Dye synthesis (see Figure ies of sensing SAMs, glass slides were functionalized with
26A) was done by the co'ndens.auon of 41 aId_ehydes (bundmga SAM  of N-[3-(trim’ethox silyhpropyllethylenediamine
block A) that were of various sizes, conjugation lengths, and OXysilyl)propy y '

followed by the sequential covalent attachment of fluoro-

electron-donating or -withdrawing capabilities and 14 pyri- e . .
dinium salts (buiiqding blociB) tha?wer% 2 or 4-methylp€/¥ phore molecules and small binding groups. These libraries

ridine derivatives condensed with each other with a second-Were produced by two methods that were (1) a solution-
ary amine catalyst. Due to the structural diversity, the Pased procedure with a sequential dipping and (2) a micro-
emission colors of the library of compounds covered a broad contact printing. For determination of anions, fluorophores
range from 470 to 730 nm. The binding ability of the dyes N one pf these comblnatqual librarié$ were Ilssamlng
library in the cells was assessed by the incubation of dyeshodamine B sulfonyl chloride and tetramethylrhodamine-
with live human melanoma cells. From the detailed analysis 5-(@and 6)-isothiocyanate, whereas the anion binding func-
of 119 of 276 fluorescent compounds that localized to tional groups were amino, amide, sulfonamide, urea, and
specific subcellular compartments (i.e., mitochondria, endo- thiourea (see Figure 27B). From the fluorescence response
plasmic reticulum, vesicles, nucleoli, chromatin, cytoplasm, ©f this combinatorial library to 10 M acetonitrile solutions

or granules), the structure-binding relationships have beenof tetrabutylammonium salts of HSQ NOs™, H,PO,™, and
developed as presented in Figure 26B. A model was AcO™ anions (see Figure 27C), a general trend in the
developed that related the spectral and subcellular localizationresponse magnitude between the library elements based on
characteristics of styryl compounds to the two chemical different fluorophores was discovered. This trend was
building blocksA and B that were used to synthesize the attributed to the differences in the attachment point func-
molecules. The model predicted the subcellular localization tionality of two fluorophores. From these experiments, the
and spectral properties of the styryl compounds from variables of fluorophores, binding groups, and their substit-
numerical scores that were independently associated with theuents that affected the sensitivity and selectivity of the
individual building blocks of the molecule. It was found that sensing SAM were applied to develop more understanding
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Figure 26. Chemoinformatic strategy for a multiparameter analysis of combinatorial libraries of styryl dyes to predict their spectral properties afuraliadytbility: (A) schematic of dye §

synthesis by the condensation of 41 aldehydes (building hjcand 14 pyridinium salts (building blocR); (B) localization distribution of the organelle specific styryl dyes [(#) nuclea), ( >
nucleolar, ®) mitochondria, @) cytosolic, (x) endoplasmic reticular ) vesicular, and £) granular]. Reprinted with permission from ref 342. Copyright 2003 American Chemical Society
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Figure 27. Combinatorial approach for sensing SAMs: (A) schematic representation of an analyte (purple ovals, top schematic) interaction
with the SAM due to its coordinating properties followed by reporting of the interaction by the fluorophore [binding groups are depicted
by octahedrons, and fluorescent groups are depicted by orange spheres (bottom schematic)]; (B) combinatorial SAM compositions of the
anion-sensing library; (C) normalized fluorescence intensity of sensing SAMs in the presencé idfddlutions of HSQ~, NOs~, H,PO,~,

and AcO as tetrabutylammonium salts in acetonitrile. Reprinted with permission from ref 344. Copyright 2004 American Chemical Society.

on the origin of selectivity and response magnitude for ion to extra-stable and accurate performance of sensors in
sensing* bioprocess contréi*-352over only several weeks of operation,

In the future, combinatorial techniques promise to provide to nonleaching of reagents from an immobilization matrix
experimental data to generate descriptors for further com-in the in vivo sensors for analysis of blood parametets
putational design of diverse indicator molecules to predict selective determination of a wide variety of ionic species in
not only their optical properties but also their analyte-binding environmental and industrial wat& 3¢ to extremely

selectivity in the presence of interferences. sensitive sensing of contaminants in drinking wé&téiFor
_ . these and many other applications, the generally accepted
4.2. Polymeric Compositions strategy is to employ formulated sensing compositions.

Applications of formulated compositions of analyte re-  The key components of formulated sensing films include
sponsive reagents immobilized onto a solid support go backanalyte-responsive reagents, polymer matrices, functional
to ancient times when the Romans used papyrus impregnated@dditives, and common solvents. An extensive optimization
with an extract of acorns for selective colorimetric determi- is required to identify sensor formulations with best sensor
nations of iron sulfate and copper sulf&tgin those and performance (e.g., largest sensor sensitivity, smallest response
many other more recent applications (for example, in the to interferences, shortest response time, enhanced stability).
detection of acids and alkalis with a litmus paper by Lewis There can be easily five or six functional additives in
in 1767) only qualitative determinations were performed, yet formulated sensing films for opticaf**°and potentiomet-
they provided critical analytical information about the ric*®°sensors, not taking into an account a solvent, which in
presence or absence of analytes of interest in a sample. turn can be binary or even ternary to ensure the solubility

Modern sensing based on immobilized reagents is the mostof all components. Figure 28 depicts needed types of
widely used sensing approach because of the diversity offormulation components to tailor dynamic range, selectivity,
analytes that can be detected and the diversity of transductioraccuracy, sensitivity, long-term stability, spectral response,
principles involved in detection that include radiant, electri- and response time of formulated materials. Often, optimiza-
cal, mechanical, and thermal energies. The diversity of tion of formulated sensor materials requires evaluation of
requirements for such sensors can be quite broad and camumerous polymeric matrices or multiple additives at their
range from the need for the long-term autonomous monitor- multiple concentrations and ratios. Of course, general
ing in remote locatior®® without sensor film degradation  knowledge exists for the design of formulated sensing films.
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Figure 28. Diversity of optimization parameters during the
preparation of formulated polymeric sensing materials.

However, rational design of formulated sensing materials is
often limited by poor solubility and compatibility of formula-
tion components, photobleaching, and other practical

'Ssueg"s’?e.Hes The_se s_tlgnlflcan_t knowledge gaps prevent a Figure 29. Colorimetric formulated poly(2-hydroxyethyl meth-
more efficient application of rational approaches of develop- acrylate) hydrogel sensing films for detection of ions in water: (A)
ment of formulated sensor materials. concentration optimization of a colorimetric chlorine-responsive
Walt and co-worker$ pioneered in situ polymerization reagent in a formulated polymeric gradient sensing film [exposure,
of combinations of starting monomers and an analyte- 1 ppm of chlorine; (inset) spectrum of the optimal dye concentration
responsive ndcatorand employed ths approach to fabricatef e T, ) Soverions optce (i it pies “ereng,
discrete and gr_ad|ent arrays of sensing f"ms with reSponses; i, sensing films for detection of chlorine in water [(inset) close-
that were not simply related to the proportion of the starting 5 of the screen-printed sensing film].
materials. Bright and co-workéfé3¢5developed an approach
to use a high-speed printer to rapidly produce and screenconcentration gradient of a near-infrared cyanine dye was
biodegradable polymer and xerogel-based formulations for formed in a poly(2-hydroxyethyl methacrylate) hydrogel
biosensors. Robotic-based approaches for fabrication andsensing film. The optical absorption profil&y(x) was
testing of libraries of solvent-cast formulated sensing film obtained before analyte exposure to map the reagent con-
compositions for gas and water analysis have been developedentration gradient in the film. A subsequent scanning across
by Wolfbeis and co-workef&¢ and Potyrailo and co- the gradient after the analyte exposure (1 ppm of chlorine)
workers?#8:143.148,366 resulted in the determination of the optical response profile
Optimization of concentrations of formulation components Ag(x). The difference in responseSAA(X) = Ao(X) — Ae(X),
can require significant effort because of the nonlinear revealed the spatial location of the optimal concentration of
relationship between additive concentration and sensorthe reagent that produced the largest signal change (see
responsé#367-373 For detailed optimization of formulated Figure 29A). Unlike traditional concentration optimization
sensor materials, Potyrailo and co-worRérased concentra-  approache&’>373the new method provided opportunities for
tion- and thickness-gradient sensor material libraries. The time-affordable optimization of the concentration of multiple
one-, two-, and three-component composition gradients wereformulation components using concentration gradients. Sens-
made by flow-coating individual liquid formulations onto a ing films with the optimized concentration of the cyanine
flat substrate and allowing them to merge under diffusion dye for chlorine determinations in industrial water were
control when still containing solvent&> These gradient films ~ further screen-printed as a part of sensing affayento
were applied for optimization of sensor material formulations conventional optical disks as shown in Figure 29B. The
for the analysis of ionic and gaseous speétég’®A very guantitative readout of changes in film absorbance was
low reagent concentration in the film is expected to produce performed in a conventional optical disk drive in a recently
only a small signal change. The small signal change is alsodeveloped laboratory-on-a-disk systétf3%6 With this
expected when the reagent concentration is too high. Thus,system, it was possible to quantify signal changes from
the optimal reagent concentration will depend on the analyte sensing films with dimensions down to several tens of
concentration and activity of the immobilized reagent. micrometers, limited only by the size of the laser beam on
Because the activity of reagents upon immobilization is too the disk surfacé>*356
difficult to quantitatively predict, an optimization of reagent The effect of the thickness of sensor films on the stability
concentration is typically performed. of the response in water to ionic species has been also eval-
To illustrate this approach, concentration optimization of uated using gradient-thickness-sensing filffisSensor re-
a colorimetric reagent was performed in a polymer film for agent stability in a polymer matrix upon water exposure is
the detection of trace concentrations of chlorine in water. A one of the key requirements. In the gradient sensor arrays,
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employed several different phthalic acid derivatives as
additives in Nafion. Phthalate plasticizers in different
polymeric films were used previously to induce the diversity
in vapor respons&%-38° Potyrailo and co-workers formulated
five different phthalate plasticizers in Nafion at 10% vol,
and the films were deposited onto RFID sensors. An array
of 48 RFID sensors was form&das shown in Figure 31C
and further arranged on a gradient temperature heater to
generate a linear temperature gradient from 40 to A0
The interrogation of RFID sensors in the array was done
with a single transmitter (pick-up antenna) coil positioned
on an X-Y translation stage and connected to a network
analyzer. After temperature annealing in air, the differential
impedance response after and before the annealing from each
sensor was calculated (see Figure 31D). The smallest
response was associated with the most stable film composi-
tion after annealing. This demonstrated approach provided
the capability of using conventional passive RFID tags as

0123 high-performance transducers for rapid aging studies of
sensing materials. As pointed out earlier by Potyrailo and
co-workers'® in general, the increase of the level of
environmental stress may be problematic if the correlation
with traditional test methods is lost. To avoid this situation,
it will be critical to plan the detailed accelerated-aging high-

throughput experiments with positive and negative controls.

Time (h)

Figure 30. Application of gradient-thickness sensor film arrays

for evaluation of reagent leaching kinetics: (A) variable film

thickness; (B) reagent-leaching kinetics at pH 10. Reprinted with
permission from ref 143. Copyright 2005 American Institute of
Physics.

the thickness of sensor films was determined from the

absorbance of the film-incorporated bromothymol biue 4-3- Homo- and Copolymers

reagent (Figure 30A). When these arrays were further At Pittcon of 1963, King reported a new gas-sensing
exposed to a pH 10 buffer (Figure 30B), an “activation” technique with thickness shear mode (TSM) resonators (aka
period was observed before leaching of the reagent from thequartz crystal microbalances, QCMs) coated with a variety
polymer matrix became detected as the absorbance decreasef sorbing materials including several types of hydrophilic
This apparent activation period was roughly proportional to polymers3! This study has inspired many generations of
the film thickness. However, the leaching rate was indepen- scientists to explore the use of different films on acoustic-
dent of the film thickness as indicated by the same slopeswave resonant and cantilever devices to develop sensors for

of the response curves at-8.5 h exposure time periods.

practical gas- and liquid-phase analysis. Numerous reviews

In sensing materials based on solid polymer electrolytes and books provide a comprehensive coverage of the current

[e.g., polyethylene oxid&? poly(dimethyldiallylammonium
chloride)?”” Nafion2"® etc.], the conductivity depends on
ionic mobility rather than electron mobility. Modifications

state of the art in such transducers, (see, for example, refs
392 and 393).
In gas sensing with polymeric materials, polymanalyte

of selectivity patterns of this type of sensing materials in interaction mechanisms include dispersion, dipole induction,
response to different analytes have been achieved bydipole orientation, and hydrogen bondit**>The response
formulating them with different functional additives. For of polymeric matrices was shown to be stable over several
example, Nafion films have been formulated with hydro- years>6:3%6:397 Although there have been several models
gels3™jonic liquids 8 salts3®! surfactant§®2and many other ~ developed to calculate polymer respon®8s®? the most
additives. Potyrailo and Morid&383recently demonstrated  widely employed model is based on the linear solvation
an approach for multianalyte sensing using a single conven-energy relationships (LSER¥3*°The LSER method sys-
tional radio frequency identification (RFID) tag that has been tematically explores the role of vapor-solubility properties
adapted for chemical sensing. Unlike other approaches ofand fundamental interactions in selectivity and diversity of
using RFID sensors, where a special tag is designed at asensing polymers. The LSER modeling was initially per-
much higher cost, conventional RFID tags$l) were formed using~2000 compounds with the goal of under-
utilized and simply coated with chemically sensitive films standing the development principles of more effective
(see Figure 31A). In such RFID chemical sensors, both the stationary phases for gas chromatograffi§°*The results
digital tag ID (see Figure 31B) and the complex impedance were further expanded into sensor applicati$#ig® The
of the resonant circuit of the RFID antenna were mea- LSER method calculates polymer/gas partition coefficients
sured®’8384The measured digital ID provided information as a linear combination of terms that represent several
about the sensor and the object onto which the sensor wasnolecular types of interactiorigs3%°
attached. By measuring simultaneously several parameters
of th(_a co_mplex impedance from a Nafion_—coated resonant logK =c+ IR, + SﬂZH + aZazH + bZﬂzH + 1 log 16
LC circuit of the RFID sensor and applying multivariate (7)
statistical analysis methods, the identification and quantitation
of several vapors of interest with a single RFID sensor were where R,, 7", o, 2, and logL!® are parameters that
demonstrated with parts per billion vapor detection lirdits.  characterize the solubility properties of the vapor in a sorbent
To induce an additional selectivity in vapor response and polymer, coefficients, s, a, b, andl are the corresponding
to study long-term stability, Potyrailo and co-workips sorbent polymer parameters, anig the regression constant.



Combinatorial Development of Sensing Materials Chemical Reviews, 2008, Vol. 108, No. 2 795

A
Antenna
Sensin:
st Film,
chip Inert
& Substrate
10.mm
Sensing Film
RFID Sensor
P
D

N 30—

> -

2 20 7140

o

310

r g Annealing
- temperature
2 5 4o (°C)

Sensing film 6

composition

Figure 31. Combinatorial screening of stability of sensing film compositions using passive RFID sensors: (A) strategy for adaptation of
conventional passive RFID tags for chemical sensing by deposition of a sensing film onto the resonant circuit of the RFID antenna [(inset)
analyte-induced changes in the film material affect film resistaRe dnd capacitanceCg) between the antenna turns]; (B) photo of a

typical employed RFID sensor (memory chip typel*CODE1L, memory chip ID= 0900 000 457D 5E12); (C) photo of an array of 48

RFID sensors prepared for temperature-gradient evaluations of response of Nafion/phthalates compositions; (D) results of temperature
annealing of 48-film library in air plotted as the differential impedance respdpsdéter and before the annealing from each sensor as a
function of annealing temperature and material composition. Nafion sensing film compositions: 1, control without plasticizer; 2, dimethyl
phthalate; 3, butyl benzyl phthalate; 4, di-(2-ethylhexyl) phthalate; 5, dicapryl phthalate; 6, ditridecyl phthalate.
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materials screening strategy of sensing materials.
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Experimentally, the polymer/gas partition coefficients are least a 100 times more sensitive response for the detection
measured as the ratio of the analyte concentration in theof chlorinated organic solvent vapors than other known
polymer sensor film to the analyte concentration outside polymers®4°To provide discrimination between analytes
the film4%4405The LSER method has proven to be very and interfering species, polymer modifications have been
effective at correlating the polymer-vapor sorption properties introduced to the base silicone block polyimide polymer. For
with R > 0.95 correlation between the predicted and screening of sensing materials candidates, a 24-channel TSM
experimentally obtained partition coefficients for single sensor system was built that matched & & microtiter
vapors?06:407 wellplate format (Figure 32A,B). A comprehensive materials
Potyrailo and co-workers applied the LSER method as a screening was performed with three le¥&l$12as shown in
guide to select a combination of available polymers to Figure 32C. In the primary (discovery) screen, materials were
construct a TSM sensor array for the determination of organic exposed to a single analyte concentration. In the secondary
solvent vapors in the headspace above groundwtEield (focused) screen, the best materials subset was exposed to
testing of the sensor systéifidemonstrated that its detection analytes and interferences. Finally, in the tertiary screen,
limit with available polymers was too high (several parts remaining materials were tested under conditions mimicking
per million) to meet the requirements for the detection of the long-term application. Although all of the screens were
groundwater contaminants. Potyrailo and Sivavec have foundvaluable, the tertiary screen provided the most intriguing data
a new polymer for sensing (silicone block polyimide) that because aging of base polymers and copolymers is difficult
had the partition coefficient200,000 to parts per billion  or impossible to modéef From the tertiary screening, the
concentrations of trichloroethylene (TCE) and provided at decrease in materials response to the nonpolar analyte vapors
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Figure 33. Application of the 24-channel TSM sensor array system for mapping of solvent resistance of polycarbonate copolymers: (A)
general view of the screening system with & 81 microtiter wellplate positioned below the sensor array (reprinted with permission from

ref 150; copyright 2004 American Chemical Society); (B) example of property/composition mapping of solvent resistance of polycarbonate
copolymers in tetrahydrofuran (reprinted with permission from ref 414; copyright 2006 American Chemical Society). Numbers in the

contour lines are normalized sensor frequency shift values (hertz per milligram of polymer in a well of the microtiter wellplate).

and the increase in response to a polar interference vapompolymeric sensing films at different temperatures on the
were quantified. vapor-response patterns. In one set of high-throughput
This 24-channel TSM sensor array system was further screening experiments, Nafion film-aging effects on the
applied for the high-throughput screening of solvent resis- selectivity pattern were studied. Evaluation of this and many
tance of a family of polycarbonate copolymers prepared from other polymeric sensing materials lacks the detailed studies
the reaction of bisphenol A (BPA), hydroquinone (HQ), and on the change of the chemical selectivity patterns as a
resorcinol (RS) with the goal to use these copolymers as function of temperature conditioning and aging. Conditioning
solvent-resistant supports for deposition of solvent-containing of Nafion-coated resonators was performed at 22, 90, and
sensing formulation&'2 During the periodic exposure of the  125°C for 12 h. Temperature-conditioned sensing films were
TSM crystals to polymer/solvent combinations (Figure exposed to water (#0), ethanol (EtOH), and acetonitrile
33A19, the mass increase of the crystal was determined, (ACN) vapors, all at concentrations (partial pressures)
which was proportional to the amount of polymer dissolved ranging from 0 to 0.1 of the saturated vapor presdeye
and deposited onto the sensor from a polymer solution. Theand their responses were measured using a network analyzer.
high mass sensitivity of the resonant TSM sensors (10 ng), The collected data were processed using PCA as shown in
use of only a minute volume of a solvent (2 mL), and parallel Figure 34B-D. It was found that conditioning of sensing
operation (matching a layout of the available 24 microtiter films at 125°C compared to room temperature conditioning
wellplates) made this system a good fit with available poly- provided (1) an improvement in the linearity in response to
mer combinatorial synthesis equipment. These parallel deter-EtOH and ACN vapors, (2) an increase in relative response
minations of polymersolvent interactions also eliminated to ACN, and (3) a 10-fold increase of the contribution to
errors associated with serial determinations. The data wereprincipal component 2. The latter point signifies an improve-
further mined to construct detailed solvent-resistance mapsment in the discrimination ability between different vapors
of polycarbonate copolymers and to determine quantitative upon conditioning of the sensing material at 1Z5 This
structure-property relationships (see Figure 33f. The new knowledge will be critical in designing sensors for
application of this sensor-based polymer-screening systempractical applications when a need exists to preserve sensor
provided a lot of stimulating data that were difficult to obtain response selectivity over long exploitation times or when
using conventional one-sample-at-a-time approaches. there is a temperature cycling for an accelerated sensor-film
To eliminate the direct wiring of individual TSM sensors recovery after vapor exposure.
and to permit materials evaluation in environments where In the area of homo- and copolymers, combinatorial
wiring is not desirable or adds a prohibitively complex technologies have been also employed for the development
design, Potyrailo and Mori® developed a wireless TSM  of sensing materials for chemical analysis in liquids. Using
sensor array system in which each sensor resonator wasiocatalytic polymer synthesis, Dordick and co-work&r&'?
coupled to a receiver antenna coil and an array of these coilscreated a 15-member library of polyphenol polymers.
was scanned with a transmitter coil (Figure 34A). Using this Although the general knowledge exists on complexation of
sensor wireless system, sensing materials can be screenegolyphenol polymers with metal iort& the origin of the
for their gas sorption properties, analyte binding in liquids, selective response to different metal ions is less known, and
and changes in chemical and physical properties uponwhen a more selective polymer response is desired, it is more
weathering and aging tests. The applicability of the wireless difficult to predict such responses quantitatively. Thus, this
sensor materials screening approach has been demonstratezhly general knowledge inspired a detailed exploration of
for the rapid evaluation of the effects of conditioning of combinations of a variety of starting monomers with an
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Figure 34. Concept for wireless high-throughput screening of materials properties using thickness shear mode resonators: (A) configuration
of a wireless proximity resonant sensor array system for high-throughput screening of sensing materials with a single transmitter coil that
scans across an array of receiver coils attached to resonant senseb®; €Baluation of selectivity of Nafion sensing films to several
vapors after conditioning at different temperatures [(B) 22, (C) 90, and (D)°C25Vapors: HO (water), EtOH (ethanol), and ACN
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Reprinted with permission from ref 415. Copyright 2007 American Institute of Physics.

expectation to find polymeric materials for high-selectivity have desired receptor groups, incorporation of biological
determination of metal ions of environmental importance. receptors, and molecularly imprinted polymerization. Several
An array of 15 phenolic homopolymers and copolymers was roles of conjugated polymers in sensing films include
combinatorially generated from 5 phenolic monomers by catalytic layers, redox mediators, molecular recognition
peroxidase-catalyzed oxidative polymerization. These poly- receptors, analyte preconcentrators, and electrical and optical
mers were screened for their intrinsic UV fluorescence (322 transducerd+42°

nm excitation) response to ?634%#: Co?*, and NF* ions Properties of conjugated polymers for sensing applications
at 0.2-1 mM concentration$.®#t’As shown in Figure 35,  gepend on many factors summarized in Figure 36. Synthesis
the combinatorial approach gene_ra;ed a diverse metal i0Not conjugated polymers is typically realized either by the
response of new polymers from a limited number of phenolic 4qgition of oxidizing agents or by electrochemical oxida-
monomers. New polymers demonstrated preferential selec-jo, 430431 e type and physical conditions of polymeriza-
tivity to certain metal ions yet with some cross-sensitivity. tion, choice of solvent, counterions, and the presence and

. type of additional dopants affect final properti€sUpon

4.4. Conjugated Polymers careful selection of the factors shown in Figure 36, these

Conjugated polymers are organic polymers with conju- POlymers can recognize, transduce, and, sometimes, amplify
gated bonds between single monomers that have electricalchemical or biological information into an optical or electrical
electronic, magnetic, and optical properties similar to the Signal?**#**Specifics of immobilization of receptor biomol-
properties of metals and semiconductors while preserving €cules include adsorption onto electropolymerized films,
the processability and other properties of conventional entrapment during the electropolymerization process, cova-
polymers*® Examples of conjugated polymers include ent binding on electrogenerated polymers, and anchoring
po|yparapheny|ene' p0|ypheny|eneviny|ene’ p0|ypyrro|e, po|y_ by aﬁlnlty interactions between biomolecules and Conjugated
acetylene, polythiophene, polyfuran, polyheteroaromatic vi- polymers?®
nylenes, polyaniline, and numerous derivatives of these To effectively evaluate the complexity of the composition
compounds. Conjugated polymers have found their wide and process parameters space, combinatorial approaches have
applicability as unique sensing materfdf§®42% because  been applied for screening of conjugated polymers for
recognition and transduction can be performed within the numerous applicatiorf§6-438 Manipulation of reaction com-
same chemical moiety. This feature is complementary to ponents during combinatorial synthesis of conjugated poly-
immobilization of individual recognition and transducing mers include microfluidic and liquid-dispensing approaches.
additives into sensing films based on nonconjugated poly- Microfluidic and microflow systems are well established in
meric compositions. combinatorial chemistfyj®-442 because of several important

Current efforts in the development of conjugated polymers features they provide that include high efficiency, short time
as sensing materials include introduction of diverse recep- scales, safe conditions, and low amounts of waste. Micro-
tors into polymers, copolymerization with monomers that fluidic systems for combinatorial materials science have been
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Figure 35. Results of combinatorial synthesis of a 15-member array of metal-ion sensitive homo- and copolymers from five phenolic
monomersl—5; fluorescence responses of 15 materials to 4 metal ions: (A) 0.2 ni¥] &) 1.0 mM C&#*; (C) 1.0 mM Cé*; (D) 1.0
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acid. Results were calculated from data reported by Dordick and co-wdikers.

previously applied for organic phase synthetic reactions,
formation of surface composition gradients, and many other
applications?66.443-445

Combinatorial synthesis of polypyrrole-based polymers
reported by Xiang and LaVa#f involved a microfluidic
system for gradient mixing of reagents and subsequent
parallel electropolymerization in multichannels (see Figure
37). The microfluidic electrochemical polymer reactor gener-
ated stable concentration gradients of solutions of pyrrole
and the sodium salt of polystyrenesulfonate (PSS) acid and
other additives that resulted in controlled deposition of
polypyrrole films with different thicknesses (see Figure 38).
Doping of conjugated polymers [e.g., polypyrrole, poly-
aniline, poly(3,4-ethylenedioxythiophene)] with PSS is known
to provide an improvement in chemical sensing ability via
self-doping*744° Multiple polypyrrole compositions were
synthesized in 11 parallel fluidic channels over 4 electrodes
per channel. However, with the gradient mixer it was possible
to generate multiple bufixed compositions, and such a
device did not allow any arbitrary ratio of reactants when
multiple constituents were used. By using immiscible liquid
plugs that form a droplet-based microfluidic syst&aXiang
and LaVan demonstrated that it was possible to produceFrigure 36. Diversity of optimization parameters during the
arbitrary compositions from more than two starting constitu- preparation of conjugated polymer sensing materials.
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Figure 37. Design of a microfluidic system for combinatorial electrochemical synthesis of conjugated polymers: (A) general schematic
of the system (the microfluidic channels are shown in blue and electrodes in red); (B) gradient generator [two differen §ped)jend

B (blue) were injected into the gradient generator from the top]; (C) parallel electrochemical synthesis reactor. Reprinted with permission
from ref 446. Copyright 2006 The Institute of Electrical and Electronics Engineers, Inc.

N Mirsky and co-workers developed an approach based on
— \ electrically addressed polymerization that did not require a
_ L controlled liquid flow or delivery to each individual polym-
_— N\ erization regiort>152:45045 nstead, the addressable electro-
_— \ chemical polymer synthesis on the defined electrodes was
/ performed by controlling the electrical potential of the given
electrode group of the electrode array while all other elec-
trode groups were kept below the required polymerization
potential. To deposit different materials onto sensing regions
60 in the electrode array, polymerization solutions in the electro-
~ 400 . L .
&s@? polymerization microcell were simply changed between the
polymerizations. For combinatorial electrochemical poly-
merizations, Mirsky and co-workers developed a screening

%, Anode 100 \ V=% system that utilized a chip with 96 groups of electrodes. Each
% anode 1000 @ ‘/‘/.-----J %, % 8® electrode group had a size of 480400um? and consisted

Anode zmo!1 %, 1\6\.—,6‘” of four electrodes designed for two- and four-point measure-

% o« ments. The 96-element chip operated in an electropolymer-

Figure 38. Combinatorial polymer deposition from the mixture ization microcell through an electronic multiplexer. The

of pyrrole and polystyrene sulfonic acid on platinum anodes placed delivery of polymerization solutions and rinsing between
at distances of 500, 100, 1000, and 2Q0@ from the platinum individual polymerizations was performed with an automated
cathode. Reprinted with permission from ref 446. Copyright 2006 ¢osing station.

The Institute of Electrical and Electronics Engineers, Inc. . . .
To provide an automated high-throughput screening

ents*¢ Immiscible liquid plugs can provide rapid mixing of ~ capability of chemosensitive properties of synthesized ma-
components, control of the timing of reactions, control of terials, the system was integrated into the combinatorial
interfacial properties, and the ability to synthesize and information workflow with the automated data analysis of
transport solid reagents and produt®tsA developed pro-  analyte exposures of sensing films (see Figure 39). The key
totype was composed of a plug microgenerator and a multi- aspects of the workflow are summarized in Figure 3%A.
well polymer microreactor. A microarray of as many as 100 The developed automated procedure to test polymerized
plugs was generated, and redox reactions of monomers anaonjugated sensing films included two analyte-pulsed ex-
dopants were conducted by properly activating microelec- posures at one concentration and a sequence of analyte-
trodes installed in each microwell. By varying the ratio of pulsed exposures at increasing concentrations. An automated
input constituents, such a device was able to form dropletsdata analysis of materials responses included calculated
with any arbitrary composition and to deliver them within absolute and relative analytical sensitivity, response and
the immiscible carrier fluid to the prescribed locations. recovery rate, recovery efficiency, reversibility, reproduc-



800 Chemical Reviews, 2008, Vol. 108, No. 2

=] feedback J-—
v
Design of initial Screening
combinatorial library protocol
vy v v ¥ 2
Control of Control of
electro- | | Control of poly- Control of Control of
chemical | | electrical merization analytes screening
poly- addressing reagents additions
merization additions
Electrochemical
polymerization

Data
acquisition
on the
polymerization
process

T O T
iﬁmﬁlnmial Iﬁ‘ary of polymers
A on electrode a

E I

Investigation of electrical properties of combinatorial
libraries and analytes influence
Data acquisition on polymer properties

A 4 /
Data analysis:

Database lg—] Sensitive properties:absolute and relative sensitivity,
response time, regeneration time, reproducibility,
reversibility, linearity or binding constant,

Physical properties: electrical conductance,
temperature effects

i

[y ey

Figure 39. Combinatorial electrochemical polymerizations of
conjugated sensing polymers: (A) combinatorial information work-

flow with the automated data analysis of analyte exposures of the

sensing films (in the photo of 96-element combinatorial library

Potyrailo and Mirsky

parameters. As seen in Figure 39B, the relative sensitivity
of response (normalized to initial conductance) of polym-
erized sensing materials had its optimal (maximum) value
at the polymerization charge 6f0.5 mC, further employed
for more detailed studies.

A summary of exemplary screening results for different
binary copolymers is presented in Figure 40. An introduction
of nonconductive monomers into polymer decreased the
polymer conductance and therefore decreased the difference
between conductive and insulating polymer states. This
caused a decrease of the absolute sensitivity (Figure 40A).
Normalization to the polymer conductance without analyte
exposure compensated this effect and demonstrated that the
polymer synthesized from the mixture of anthranilic acid and
aniline possessed the highest relative sensitivity (Figure 40B).
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 40C,D). 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 to2 weeks of laboratory work using
traditional electrochemical polymer synthesis and materials
evaluationts!

Mirsky and co-workers used the developed system also
for optimization of enzymatic biosensors for glucose with
electrocatalytic transductidfit Developed sensing films for
glucose were multilayer systems that contained an electro-
catalyst, an enzyme, and a conjugated polymer. To form
glucose-sensitive films, a layer of variable thickness of
Prussian Blue (an electrocatalyst for decomposition of
hydrogen peroxide) was electrochemically synthesized on
the electrode groups in the array. Then the films were
exposed to hydrogen peroxide, and their electrochemical
response was compared to optimize the thickness of the
catalyst layer. Next, a solution of pyrrole-containing glucose
oxidase was electropolymerized with variable thickness on
the electrode groups in the array, and the electrocatalytic
currents observed upon glucose additions were analyzed to
determine the best sensing film candidates. This convenient
layout of combinatorial libraries in the form of small amounts
of polymers of a few micrograms on the surface of the

of sensing films, dark regions in the center of the combinatorial €lectrode array allowed not only characterization but also
library are formed by synthesized polymers) (reprinted with further storage and organization of banks of sensing materials
permission from ref 452; copyright 2005 American Chemical for further investigations.

Society); (B) example of user interface demonstrating automaticall
compu)?eo(l rzalativepsensitivity of response of combir?atorial Iibraryy Schuhmann a_nd co_-workers develqped a general_ purpose
of sensing films to 3.5 ppm of HCI gas as a function of SE€Up for combinatorial electrochemistry by combining a
polymerization charge. The leftmost region of the interface panel liquid-dispensing mechanical robot and electrochemical
is the menu for selection of analyzed parameters for display. Seesystent> The setup operated with one electrode set (consist-
text for details. ing of classical three-electrode configuration), moving it
between different cells or with an eight-electrode set provid-
ibility, binding constant (for sensor materials that obey ing simultaneous eight-channel measurements compatible
Langmuir's adsorption isotherm), and response linearity (for with a microtiter wellplate layout. Such a system was applied
sensor materials that obey Henry’s adsorption isothé¥m). successfully for high-throughput investigation of porphy-
This system was employed for screening a wide variety rins**® and would be certainly very helpful for screening of
of sensing materials. In screening of chemosensitive proper-other types of combinatorial libraries, for example, of
ties of polyanilines, copolymers of anilines, and aniline metallic nanoparticle$545"This system was used by Berle
derivatives, combinatorial libraries were tested for their and co-worker$for high-throughput electrochemical char-
response to HCI ga§1“*°The measured electrical resistance acterization of combinatorial libraries afconjugated oligo-
was detected simultaneously by two- and four-point tech- thiophenes. Such materials are widely used for optical and
niques?®14%3 Figure 39B illustrates an example of data electrical detection of gases and metal i61¥s6? A regio-
analysis interface with a user-selected display of calculatedregular head-to-tail coupled quater(3-arylthiophene) was
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selected as the lead structure (Figure 41A) for combinatorial tropolymerization can be combined with electrochemical
synthesis to systematically investigate the substitutent influ- deposition of metals or other types of conductive or non-
ence on the energy levels of the molecular orbitals and to conductive layers with different functions. Postsynthetic
develop structureproperty relationships. This oligothio- chemical modifications or grafting photopolymerization can
phene was substituted at the 3-position of each thiophenebe also additional ways for formation of more advanced
subunit with phenyl groups and at the para positions with structures.
one of four groups (C§ H, CHs;, OCHg). These four groups
have different electronic nature expected to affect the 45, Molecularly |mprinted Polymers
electronic structure of the quaterthiophenes without greatly
changing the overall geometry of the molecule. The synthe-  The key feature of molecularly imprinted materials is their
sized 256-oligomer library included all possible permutations engineered selectivity of binding to an analyte of interest.
of the four diversity elements. The electronic consequences These synthetic materials mimic the hypothesis of generation
of the oligomer substitution on the relative energy levels of Of antibodies by the immune system and trace their origin
the frontier orbitals were further investigated by automated to the works of Mudéf® and Paulind® The early work in
cyclic voltammetry to obtain the data on the substituent molecular imprinting involved silica gels and was done in
effects on redox potentials. A systematic shift to the higher the 1930 and 1940s by Polyakov in the Soviet Ufi#dand
first oxidation potential&; occurred when the substituents by Dickey in the United State$? Wulff and Sarhan were
had a more pronounced acceptor character as shown in Figuréhe first to syntheS|ze and characterize molecularly |mpr|nted
41B. A similar trend was also found for the second oxidation Organic polymers®” At present, the area of research on
potentialsE,? of the quaterthiophenes. The correlation of the molecularly imprinted materials is not only tremendously
collected redox potentials was further established with the active but also one of the most advanced in the combinatorial
substituent descriptd€o,". This descriptor was defined as and rational aspects of materials design. A comprehensive
the sum of the Hammett constantg™ of the individual database of literature on molecularly imprinted materials is
substituents and numerically reflected the overall contribu- accessible at the homepage of the Society for Molecular
tions of the individual substituents. The relationship between Imprinting (www.molecular-imprinting.org). Recent reviews
the first E:° and secondE® oxidation potentials and are available in refs 468477.
substituent descript@®oy," is illustrated in Figure 41C. Thus, Synthesis of molecularly imprinted polymers (MIPs)
combinatorial methodologies allowed the synthesis and includes several essential steps (Figure 42) such as (1)
evaluation of carefully planned libraries of conjugated preparation of a non-covalent complex or covalent conjugate
polymers to deduce structur@roperty relationships. between polymerizable functional monomers and analyte or
In the future, combinatorial screening of electrical proper- its analogue, (2) polymerization of these functional mono-
ties of conjugated polymers can be combined with automatedmers, and (3) removal of the analyte or its analogue from
analysis of optical properties to gain more insight into the the polymer. Thus, MIPs are synthesized using several
function of differently doped conjugated polymers. Elec- functional monomers and an analyte molecule (known as a
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Figure 42. Application of molecularly imprinted polymerization
for development of chemical and biological sensing materials.

sensing applications with different types of transducers. In
a liquid-phase detection, replacement of water by analyte
molecules leads to changes of electrical (e.g., capacitance)
and/or optical (e.g., refractive index) properties of the
polymer layer, which may occur due to analyte binding or
as a result of a subsequent osmotic swelling. These changes
can be detected by impedah€e*® or surface plasmon
resonancg&®482483measurements. A “gate effett**8>ac-
companying analyte binding to a MIP film can be detected
by conductivity measurements. Mechanical changes of the
polymer layer (including its mass and acoustic thickness)
lead to broad applications of TSM transdudg<®8 for
sensing with MIP films. Fluorescent sensing can be used
for detection of fluorescent analytes in competitive as-
say$894% or in fluorescent MIP4$21492 Electrochemical
techniques can be applied for direct detection of electro-
chemically active analytes or for replacement of electro-
chemically active markers in competitive ass&§js?> Other
detection approaches include colorimetfiz?°’ calorimet-
ric,*® and ISFET*%%5% |n addition to the use of various
sensing platforms, detailed investigations of affinity of MIPs
are performed by HPLC.

There are two specific aspects for MIP-based receptors
for application in chemical sensors. The first aspect is related
to the polymer morphology and thickness and is driven by
the relatively slow analyte diffusion in MIPs. In conventional
3-D imprinting, the thickness of the employed polymer layers
is from several nanometers to about a micrometer. A
deposition of thin polymer layers can be performed by spin-
coating, electropolymerization, and grafting photopolymeri-
zation#78480.501 |n many detection techniques the sensor

determined because of sample impurity); (C) relationship between signal can be increased by increasing the sensor surface; this

the substituent descriptdo,™ and the firstE.® and second=,°
oxidation potential of the combinatorial library of quaterthiophenes.
Reprinted with permission from ref 458. Copyright 2001 Wiley-
VCH Publishers.

“template”). During the MIP synthesis, monomers self-

is a motivation for development of MIPs based on im-
mobilized dendrimers or nanopartick83°2 The second
aspect of MIPs is related to the heterogeneity of their binding
sites with only scarce reports on quasi-homogeneous binding
sites. This heterogeneity causes broad distribution of the

assemble and cross-link around the template. The presencéinding constants of different binding sites of the same

of template during the polymerization process of the MIP

polymer. This leads to a broader range of measured analyte

facilitates the formation of a cavity that closely matches the concentrations, but this advantage is compromised by a less
template. Once the template is removed from the fabricatedpredictable sensor behavior. After analyte removal, some of
MIP, the material can be used as a polymeric receptor for the analyte molecules remain in the stronger binding sites,
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exactly the same mixtures of polymerization monomers were
reportedi’®“8lindicating the possibility of finding a mixture
of monomers that can be used for more than one application
for molecular imprinting.

In 1999, groups of TakeuchP and Sellergreti®indepen-
dently introduced combinatorial technologies into molecu-
larly imprinted polymerization. In these first combinatorial

and only weak binding sites can be occupied during the next studies, both groups selected herbicides as model analyte
analyte exposure. Thus, the binding constant and bindingsubstances and validated the high-throughput combinatorial

kinetics of such a sensing material will be defined mainly

molecularly imprinting technique as a working method for

by the weak binding sites. This results in the dependence offinding optimal conditions of MIP preparation. Following

apparent sensor affinity on the desorption efficiency. There-

fore, the critical requirement for analyte quantitation using
MIP materials is the reproducible desorption of analyte.

The complex between analyte and polymerizable mono-

these pioneering studies, the combinatorial screening tech-
nology has been improved by decreasing the sample volumes
in combinatorial libraries te~50 mg, increasing the size of
combinatorial libraries up to 60 polymer samples, and

mers can be stabilized by cleavable covalent bonds and/orapplication of additional initiation approaches such as
by non-covalent interactions. Advantages and disadvantageshermoinitiation?” The MIP synthesis was further performed
of covalent and non-covalent types of complexes were by liquid-handling robots in 96-well microtiter plates with

summarized earliet’® Covalent imprinting was primarily
developed by Wulff and co-workef&7:503505 An example
of the functional monomer that is often used for covalent
imprinting is phenylboronic acid as a receptor fos-1,2-
andcis-1,3 diols, including saccharides, nucleotides, AMP,
and NAD(P)306-508 A more sophisticated covalent imprinting
typically requires a synthesis of cleavable polymerizable
derivative of an analyte and results in the formation of more
homogeneous binding sites.

Non-covalent imprinting, introduced by Mosbach and co-
workers?®is more flexible but leads to higher heterogeneity
of binding site$1° The non-covalent interactions are provided

the automated binding detection analyzed by analytical
instrumentation designed for combinatorial screetfh&?®
as shown in Figure 44.

Multiple parameters shown in Figure 43 that could be
optimized to find an ideal MIP material may lead to a costly
and complicated workflow even when high-throughput
automated systems are employed. Thus, it may be attractive
to optimize not the final MIP product but rather each step
of the product preparation. A complex formation between
functional monomers and template shown in Figure 42 is
the crucial step in the synthesis of effective MIPs. Therefore,
recent optimization efforts have been focused on the

by hydrogen bonds, ionic bonds, van der Waals forces, andtemplate-functional monomer complexes. The complex

hydrophobic interactions. Higher flexibility and simplicity

stoichiometry has been evaluated with microcalorimetty.

of the non-covalent approach are, of course, very attractive.Also, *H NMR was used for the fast evaluation of functional

However, at the same time this flexibility makes an

groups of the template that can form bonds with functional

optimization of sensing materials extremely resource- and monomers$?5526The Job’s plot of chemical shifts measured

time-consuming. Figure 43 illustrates the diversity of pa-
rameters involved in the fabrication of MIPs with desired
selectivity and capacity. Molecular organization around the

for binary mixtures of the templatdunctional monomer
complex demonstrated the 1:1 stoichiometry of the com-
plex525526 Both methods belong to simple prescreening

template is provided by the non-covalent interactions betweentechniques that can be used for further design of combina-

the template and the functional and cross-linking monomers.

The morphology and selectivity of the resulting MIP are
affected by the stoichiometry and concentration of the
template and monome?&: The timing of the phase separa-

tion during polymerization that influences the binding

properties of the resulting MIP is determined by the
polymerization porogen (solvent) and by the physical condi-
tions (temperature, pressure) during polymerizatiérp'4

A number of successful imprintings of different analytes by

torial libraries for functional screening.

Besides the growing range of combinatorially developed
artificial receptor$?” the data mining technologies also have
been significantly improved. Simple comparisons of trends
and maxima of the most important analytical characteristics
such as binding and selectivity have been complemented with
the multivariate statistical data analy%:53 An application
of this approach for development of MIP for sulfonamides
is shown in Figure 45. The optimal molar ratio of template,
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T:M:X = 1:8:40
Prediction = 34.3%

Figure 45. Optimization of the template/monomer/cross-linker (T:M:X) ratio of the MIP using a three-level full-factorial design. Reprinted

with permission from ref 530. Copyright 2004 Elsevier.
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Figure 46. Rational design of MIPs: (A) virtual library of 20 monomers used for in silico optimization of the complex with ephedrine;
computed structures of the ephedrine complex with (B) methacrylic acid and (C) hydroxyethyl methacrylate. Reprinted with permission

from ref 534. Copyright 2001 The Royal Society of Chemistry.

monomer, and cross-linker (T:M:X) was predicted from
statistical analysis and confirmed by a direct experini&ht.
Independent multivariate analysis was applied for optimiza-
tion of MIP for bisphenol A. In addition to the T:M:X ratio,
a concentration of initiator, a polymerization porogen (tet-
rahydrofuran, chloroform, toluene, or acetonitrile) and an
initiation procedure (photochemical or thermal) were opti-
mized>?°

The goal to find approaches for rational design of MIPs
was formulated in 1998253 However, the task was
considered to be too complicat&d The first study to replace
experimental screening of molecularly imprinted polymers
by screening in silico was performed by Piletsky and co-
workers®34 To develop a MIP specific to ephedrine, a virtual

library of 20 functional monomers was developed and
computationally evaluated (see Figure 46). Molecular model-
ing was used to calculate binding energy between the
monomers and the template. Although effects of cross-linker
and porogen were not considered during the calculations, a
good correlation between calculated results and a further
HPLC study was obtained. Later, this approach was used
by Piletsky and co-workers to design MIPs for creatirfitfe,
microcystin2%® biotin,>%” and carbary?3® Table 4 demon-
strates a comparison of properties of MIPs optimized by
molecular modeling with properties of mono- and polyclonal
antibodies3® Molecular modeling was also implemented by
other scientific groups, and MIPs for other analytes were
developed?7.539-543
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Table 4. Comparison of MIPs Based on Methacrylic Acid, MIPs Optimized by Computational Design, and Polyclonal and Monoclonal
Antibodies (Adapted from Reference 536)

MIP optimized MIP based on

by computational  methacrylic monoclonal polyclonal
properties of sensitive materials design acid antibodies antibodies
binding properties reciprocal binding constant, nM £#8.1 0.9+0.1 0.030+ 0.004  0.50+ 0.07
sensitivity rangeug/L 0.1-100 0.8-100 0.025-5 0.05-10
cross-reactivity, % Microcystin-RR 2t 1 19+ 1 106+ 1 92+ 2
Microcystin-YR 27+ 2 30+3 44+ 2 142+ 1
Nodularin 224+ 2 36+1 18+1 73+ 1
stability under harsh conditions 8C 89+1 52+ 2 17+£5 9.9+ 0.2
(remaining affinity of receptors)  80% DMF 1622 97+ 2 19+ 4 18+ 1
pH 2 100+ 3 102+ 2 16+1 9442
pH 11 102+ 3 118+5 18+5 44+7
10 mM CuSQ 98+1 56+ 2 24+1 17+1

Artificial receptors synthesized by molecularly imprinted evaluated to prepare large amounts of different receptors that
polymerization were also formed as 2-D structures on solid can distinguish not only molecules of different compotiffds
supports. The development of 2-D molecular imprinting was but also the molecules with different chiraliti¢®d However,
initially independent from 3-D imprinting. One of the first a number of factors complicate an affinity prediction of these
observations of this effect was reported by S&gtwvho spreader-bar structures. First, a design of preparation condi-
described a memory effect and molecular shape recognitiontions of mixed monolayers in equilibrium conditions requires
for the monolayers of octadecyltrichlorosilane. This effect information on the affinity of corresponding compounds to
was further observed for non-cross-linked self-assembledthe electrode surfacd? which is currently available only
monolayers of alkylthiols on golef® Further attempts to  for a few compounds. Additionally, mixed monolayers from
stabilize the system resulted in the development of the compounds with strong intermolecular interaction leading
spreader-bar approach, in which the template molecules werego the formation of domains should be excluded. Detailed
not removed*>54’ The principle of the spreader-bar ap- structural investigation of such systems is time-consum-
proach is illustrated in Figure 47&7 This approach was ing.2%5®Even for well-characterized mixed monolayers it
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Figure 47. Approach for high-throughput development of 2-D imprinting with stabilization by the molecular spreader-bar technique: (A)
principle of the spreader-bar technique (reprinted with permission from ref 547; copyright 2003 The Royal Society of Chemistry); (B)
schematic of an electrochemical system for parallel investigation of biosensing materials formed by the spreader-bar technique; (C) responses
of 2-D imprinted materials (as a scores plot of the first and second principal components) on additions of caffeine (1), uracil (2), adenine
(3), cytosine (4), thymine (5), and uric acid (6) (reprinted with permission from ref 547; copyright 2003 The Royal Society of Chemistry).
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is not easy to predict their affinity properties. This was the the areas of molecular imprinting, polymeric compositions,
motivation for the development of a system for high-through- catalytic metals for field-effect devices, and metal oxides
put impedance screening of affinity properties. The system for conductometric sensors. In those materials, the desired
for simultaneous capacitance measurements was based oselectivity and sensitivity have been achieved by the explora-
eight lock-in amplifiers with current input as shown in Figure tion of multidimensional chemical composition and process
47B. This approach was used for the development of a sensoparameters space at a previously unavailable level of detail
array for the determination of purines and pyrimidines using at a fraction of the time required for conventional one-at-a-
PCA (Figure 47Cy# time experiments. These new tools provided the opportunity
The true 2-D molecularly imprinted polymers, with polym-  for the more challenging, yet more rewarding, explorations
erization and removal of the template, have been developedthat previously were too time-consuming to pursue.
mainly for large analytes (e.g., proteins and bacteria) that Future advances in combinatorial development of sensing
are difficult to extract from the bulk polymgp?>°t>>4 materials will be related to several key remaining unmet
Typical technologies of their preparation are very similar to needs that prevent researchers from having a complete
that for 3-D MIPs. For example, Tappura et al. reported 2-D combinatorial workflow and to “analyze in a day what is
imprinting of morphin&*>when the structure of binding sites  made in a day22
was optimized by molecular dynamic simulation. Most of  First new fabrication methods of combinatorial libraries
the approaches developed for high-throughput screening ofof sensing materials will be implemented ranging from those
3-D polymers can be adapted for 2-D imprinted materials. agapted from other materials synthesis and fabrication

In the future, promising approaches for the design of MIPs a55r0ache®855%0 those developed specifically for sensing
may be based on a two-step procedure including an initial gppjications’s

optimization of the complex content and stoichiometry (by
either experimental combinatorial screening of binding
or/and theoretical modeling) and a final experimental func-
tional optimization of the imprinted polymer.

Second, although the evaluation of performance properties
of sensing material has been automated and numerous
sensing systems have been developed to collect reliable
response data from sensing materials, the remaining need is
to develop screening tools for high-throughput characteriza-
5. Summary and Outlook tion of intrinsic materials properties to keep up with the rates

Combinatorial and high-throughput technologies in materi- of performance screening of sensing materials candidates.

als science have been successfully accepted by research©f €xample, in the area of conductometric metal oxide
groups in academia and governmental laboratories that have>e"SOrS, & variety of employed techniques (e.g., Hall, catalytic
overcome the entry barrier of dealing with new emerging COnversion, and work function measurements, DRIFT spec-
aspects in materials research such as automation and roboticd/©ScoPy) are at different stages in their high-throughput
computer programming, informatics, and materials data SCT€€ning capabilities.
mining. The main driving forces for combinatorial materials ~ Third, certain portions of the data management aspects of
science in industry include broader and more detailed the Com_blna'gorlal workflow are still under development as
explored materials and process parameters space and fastéummarized in Table 2. However, over the past several years,
time to market. Industrial research laboratories working on there have been a growing number of reports on data mining
new catalysts and inorganic luminescent materials were in sensing materiaf§>414528.53%Searching for a needle in-
among the first adopters of combinatorial methodologies in the haystack” was popular in the early days of combinatorial
industry. The classical example of an effort by Mittasch, who Materials scienc®:>*%'At present, it has been realized that
has spent 10 years (over 190D909) to conduct 6500 screening of the whole materials and process parameters
screening experiments with 2500 catalyst candidates to findSPace is still too costly and time prohibitive even with the
a catalyst for industrial ammonia synthe¥&swill never availability of existing tools. Instead, designing the high-
happen again because of the availability and affordability throughput experiments to discover relevant descriptors will
of modern tools for high-throughput synthesis and charac- become more attractivé?
terization. Fourth, predictive models of behavior of sensing materials
In the area of sensing materials, reported examples ofunder realistic conditions over long periods of time are
significant screening efforts are less dramatic, yet also heeded. These modeling efforts will require inputs not only
breathtaking. For example, a decade ago, Cammann, Shulgafrom screening of the performance and intrinsic properties
and co-worker®® reported an “extensive systematic study” Of sensing materials but also from screening of the effects
of more that 500 compositions to optimize vapor-sensing of interfaces between sensing materials and transducers.
polymeric materials. Walt and co-workefseported screen- This review has attempted to critically analyze the benefits
ing of over 100 polymer candidates in a search for “their of combinatorial technologies from the standpoint of prac-
ability to serve as sensing matrices” for solvatochromic titioners of these tools. Perhaps the best response to one’s
reagents. Seitz and co-work&rsnvestigated the influence  possible skeptical arguments that “this is not intellectually
of multicomponent compositions on the properties of pH- satisfying”, “this is not science”, and “this is too Edisonian”
swellable polymers by designing 8 3 x 3 x 2 factorial is two observations. The first observation is a quote from a
experiments. Clearly, combinatorial technologies have beenbook chapter by Gumel and Reinharét published in 1996
introduced at the right time to make the search for new before the broad acceptance of combinatorial technologies
materials moréntellectually rewardingNaturally, numerous  into materials science. ®el and Reinhardt mentioned “...it
academic groups that were involved in the development of is surprising that no sensor group has so far screened
new sensing materials turned to combinatorial methodologiessystematically the many well-established metal oxide based
to speed knowledge discovetd > 152,161,219,221,365 catalysts for their potential use as sensor materials. On the
From numerous results achieved using combinatorial and other hand, it is surprising that only a few catalysis groups
high-throughput methods, the most successful have been inrmake use of the possibility of characterizing their catalysts
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by complementary monitoring their sensor properties.” The
second observation is that 10 years later, the multidisciplinary

essence of combinatorial technologies has brought together

sensor and catalysis grodps?3¢232. 564 agnd many other

diverse research groups and has affected researchers as well.

At present, an effective combinatorial scientist acquires skills

as diverse as experimental planning, automated synthesis,

basics of high-throughput materials characterization, chemo-
metrics, and data mining. These new skills can be now
obtained through the growing network of practitioners and
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world in combinatorial methodologies. Combinatorial and

high-throughput experimentation was able to bring together
several previously disjointed disciplines and to combine
valuable complementary attributes from each of them into a
new scientific approach.

6. Acknowledgments

We gratefully acknowledge GE components for support
of our combinatorial sensor research. We thank J. Cui, W.
Morris, A. Pris, N. V. Roznyatovskaya, C. Surman, and O.
S. Wolfbeis for fruitful discussions; R. Oudt for the help
with figures; and T. Leib, G. Chambers, W. Flanagan, and
A. Linsebigler for support and encouragement.

7. References

(1) Hulanicki, A.; Glab, S.; Ingman, PPure Appl. Cheml991, 63, 1247.
(2) Wolfbeis, O. S., EdFiber Optic Chemical Sensors and Biosensors
CRC Press: Boca Raton, FL, 1991.
(3) Taylor, R. F., Schultz, J. S., Edsélandbook of Chemical and
Biological SensorslOP Publishing: Bristol, U.K., 1996.
(4) Middelhoek, S.; Noorlag, J. WSens. Actuatord981/1982 2, 29.
(5) Janata, Principles of Chemical Sensomilenum Press: New York,
1989.
(6) Hirschfeld, T.; Callis, J. B.; Kowalski, B. Fciencel984 226, 312.
(7) Hirschfeld, T.Sciencel985 230, 286.
(8) Bakker, E.; Bahlmann, P.; Pretsch, EEhem. Re. 1997 97, 3083.
(9) Potyrailo, R. A.; Hobbs, S. E.; Hieftje, G. Mrresenius’ J. Anal.
Chem.1998 362, 349.
(10) Janata, J.; Josowicz, M.; Vanysek, P.; DeVaney, DANal. Chem.
1998 70, 179R.
(11) Wolfbeis, O. SAnal. Chem2006 78, 3859.
(12) Franke, M. E.; Koplin, T. J.; Simon, l&mall200§ 2, 36.
(13) Potyrailo, R. A Angew. Chem., Int. EQR006 45, 702.
(14) Bergman, INature 1968 218 396.
(15) Hardy, E. E.; David, D. J.; Kapany, N. S.; Unterleitner, FN@ture
1975 257, 666.
(16) Peterson, J. |.; Vurek, G. Gciencel984 224, 123.
(17) Barnard, S. M.; Walt, D. RNature 1991, 353 338.
(18) Tan, W.; Shi, Z.-Y.; Smith, S.; Birnbaum, D.; Kopelman,3ience
1992 258 778.
(19) Charych, D. H.; Nagy, J. O.; Spevak, W.; Bednarski, MSbience
1993 261, 585.
(20) Dickinson, T. A.; White, J.; Kauer, J. S.; Walt, D. Rature 1996
382, 697.
(21) Holtz, J. H.; Asher, S. ANature 1997, 389, 829.
(22) Elghanian, R.; Storhoff, J. J.; Mucic, R. C.; Letsinger, R. L.; Mirkin,
C. A. Sciencel997, 277, 1078.
(23) Lin, V. S.-Y.; Motesharei, K.; Dancil, K.-P. S.; Sailor, M. J.; Ghadiri,
M. R. Sciencel997, 278, 840.
(24) Rakow, N. A.; Suslick, K. SNature200Q 406, 710.
(25) Kong, J.; Franklin, N. R.; Zhou, C.; Chapline, M. G.; Peng, S.; Cho,
K.; Dai, H. Science200Q 287, 622.
(26) Hagleitner, C.; Hierlemann, A.; Lange, D.; Kummer, A.; Kerness,
N.; Brand, O.; Baltes, HNature 2001, 414, 293.
(27) Ivanisevic, A.; Yeh, J.-Y.; Mawst, L.; Kuech, T. F.; Ellis, A. B.
Nature 2001, 409, 476.
(28) Janata, J.; Josowicz, Mlat. Mater.2002 2, 19.
(29) Li, Y. Y.; Cunin, F.; Link, J. R.; Gao, T.; Betts, R. E.; Reiver, S. H.;
Chin, V.; Bhatia, S. N.; Sailor, M. Bcience2003 299, 2045.
(30) Alivisatos, A. P.Nat. Biotechnol2004 22, 47.
(31) Rose, A.; Zhu, Z.; Madigan, C. F.; Swager, T. M.; BulovicNature
2005 434, 876.

(39) Newnham, R. ECrystallogr. Re. 1988 1, 253.

(40) Akporiaye, D. EAngew. Chem., Int. EA.998 37, 2456.

(41) Ulmer, II, C. W.; Smith, D. A.; Sumpter, B. G.; Noid, D.Comput.
Theor. Polym. Sci1998 8, 311.

(42) Suman, M.; Freddi, M.; Massera, C.; Ugozzoli, F.; Dalcanald, E.
Am. Chem. So2003 125, 12068.

(43) Lavigne, J. J.; Anslyn, E. \Angew. Chem., Int. EQ001, 40, 3119.

(44) Dickinson, T. A.; Walt, D. R.; White, J.; Kauer, J. Snal. Chem.
1997, 69, 3413.

(45) Apostolidis, A.; Klimant, I.; Andrzejewski, D.; Wolfbeis, O. S.
Comb. Chem2004 6, 325.

(46) Chojnacki, P.; Werner, T.; Wolfbeis, O. Blicrochim. Acta2004
147, 87.

(47) Potyrailo, R. AMacromol. Rapid Commur2004 25, 77.

(48) Potyrailo, R. A.Polym. Mater: Sci. Eng. (Prepr2004 90, 797.

(49) McKusick, B. C.; Heckert, R. E.; Cairns, T. L.; Coffman, D. D.;
Mower, H. F.J. Am. Chem. Sod.958 80, 2806.

(50) Bthimann, P.; Pretsch, E.; Bakker, Ehem. Re. 1998 98, 1593.

(51) Steinle, E. D.; Amemiya, S.; Blmann, P.; Meyerhoff, M. EAnal.
Chem.200Q 72, 5766.

(52) Pedersen, C. J. Am. Chem. S0d.967, 89, 7017.

(53) Hu, Y.; Tan, O. K.; Pan, J. S.; Yao, 4. Phys. Chem. B004 108
11214,

(54) Svetlicic, V.; Schmidt, A. J.; Miller, L. LChem. Mater1998 10,
3305.

(55) Martin, P. D.; Wilson, T. D.; Wilson, I. D.; Jones, G. Rnalyst
2001, 126, 757.

(56) Potyrailo, R. A.; Sivavec, T. MAnal. Chem2004 76, 7023.

(57) Walt, D. R.; Dickinson, T.; White, J.; Kauer, J.; Johnson, S.;
Engelhardt, H.; Sutter, J.; Jurs, Biosens. Bioelectronl998 13,
697.

(58) Eberhart, M. E.; Clougherty, D. Rlat. Mater.2004 3, 659.

(59) Jandeleit, B.; Schaefer, D. J.; Powers, T. S.; Turner, H. W.; Weinberg,
W. H. Angew. Chem., Int. EAL999 38, 2494.

(60) Maier, W.; Kirsten, G.; Orschel, M.; Weiss, P.-A.; Holzwarth, A,;
Klein, J. In Combinatorial Approaches to Materials belopment
Malhotra, R., Ed.; American Chemical Society: Washington, DC,
2002; Vol. 814, p 1.

(61) Takeuchi, I., Newsam, J. M., Wille, L. T., Koinuma, H., Amis, E.
J., EdsCombinatorial and Artificial Intelligence Methods in Materi-
als ScienceMaterials Research Society: Warrendale, PA, 2002: Vol.
700.

(62) Potyrailo, R. A.. Amis, E. J., Ed$#digh Throughput Analysis: A
Tool for Combinatorial Materials Scienc&luwer Academic/Plenum
Publishers: New York, 2003.

(63) Koinuma, H.; Takeuchi, INat. Mater.2004 3, 429.

(64) Potyrailo, R. A., Karim, A., Wang, Q., Chikyow, T., EdSombi-
natorial and Artificial Intelligence Methods in Materials Scienceg Il
Materials Research Society: Warrendale, PA, 2004; Vol. 804.

(65) Potyrailo, R. A., Takeuchi, |., EdSpecial Feature on Combinatorial
and High-Throughput Materials Researdfleasurement Science and
Technology; AIP: Melville, NY, 2005; Vol. 16.

(66) Potyrailo, R. A., Maier, W. F., EdsCombinatorial and High-
Throughput Discoery and Optimization of Catalysts and Materials
CRC Press: Boca Raton, FL, 2006.

(67) Maier, W. F.; Stoe, K.; Sieg, SAngew. Chem., Int. EQR007, 46,
6016.

(68) Burton, D. R.AAcc. Chem. Red.993 26, 405.

(69) Osborne, S. E.; Ellington, A. BChem. Re. 1997, 97, 349.

(70) Clark, S. L.; Remcho, V. TElectrophoresi2002 23, 1335.

(71) Srinivasan, N.; Kilburn, J. DCurr. Opin. Chem. Biol2004 8, 305.

(72) Schrader, T., Hamilton, A. D., EdBunctional Synthetic Receptors
Wiley-VCH: Weinheim, Germany, 2005.

(73) Klussmann, S., E@he Aptamer Handbook: Functional Oligonucleo-
tides and Their ApplicationsWiley-VCH: Weinheim, Germany,
2006.

(74) Takeuchi, I.; Lauterbach, J.; Fasolka, M Mater. Today2005 8
(10), 18.



808 Chemical Reviews, 2008, Vol. 108, No. 2 Potyrailo and Mirsky

(75) Ludwig, A.; Cao, J.; Brugger, J.; Takeuchi,Meas. Sci. Technol. (116) Potyrailo, R. A.; Chisholm, B. J.; Morris, W. G.; Cawse, J. N,;

2005 16, 111. Flanagan, W. P.; Hassib, L.; Molaison, C. A.; Ezbiansky, K.;
(76) Czarnik, A. W., DeWitt, S. H., Ed#A Practical Guide to Combi- Medford, G.; Reitz, HJ. Comb. Chem2003 5, 472.

natorial Chemistry American Chemical Society: Washington, DC,  (117) MacLean, D.; Baldwin, J. J.; lvanov, V. T.; Kato, Y.; Shaw, A.;

1997. Schneider, P.; Gordon, E. M. Comb. Chem200Q 2, 562.
(77) Kra(r;k,RR.; ng;egsl, \‘/1\/3;;6 geisterberg-Moutsis, G.; Blocken\kicleic (118) Potyrailo, R. A.; Takeuchi, Meas. Sci. TechnoR005 16, 1.

Clds Res ) . 119) Bever, M. B.; Duwez, P. BMater. Sci. Eng1972 10, 1.
(78) Sgyﬁeg’)\*ig“é';{ Me'gggé R. H.; Barteling, S.Rroc. Natl. Acad. ElZO; Shen, M.; Bever, M. BJ. Mater. 5ci.197zg7, 741.
T ' : . (121) Pompe, W.; Worch, H.; Epple, M.; Friess, W.; Gelinsky, M.; Greil,

(79) Houghten, R. AProc. Natl. Acad. Sci. U.S.A985 82, 5131. P.. Hempel, U.; Scharnweber, D.: Schulte, Mater. Sci. Eng. A
(80) Lebl, M. J. Comb. Cherr11999 1, 3. 2003 362, 40.

(81) Xiang. X..D., Takeuchl 1., EdCombinatorial Materials Synthesis (1) Cohan, P. E. 12002 COMBH-The 4th Annual International
R N : ) . Symposium on Combinatorial Approaches for New Materials Dis-
(82) Birina, G. A.; Boitsov, K. AZavod. Lab.1974 40, 855 (in Russian). cavery, Knowledge Foundation: Arlington, VA, 2002.
(83) ‘I]<epr\me|d)l/3,hK.;lS;gfaré%k)QS‘l(').é Davy, G.; Zackay, V. F.; Parker, E. R. (123) Potyrailo, R. A.; Maier, W. F. I€Rombinatorial and High-Throughput
(84) I-ioff?rrl)a-nn )I/?SAnggw ’Chem. Int. EQO0L 40, 3337 Discavery and Optimization of Catalysts and MateriaRotyrailo,
’ A ol ' : . R. A., Maier, W. F., Eds.; CRC Press: Boca Raton, FL, 2006; p 3.
(85) gg%?ﬁﬂﬁg%rgé 34 l\ﬁgler, M. A. R.; Schubert, UM&cromol. Rapid (124) Li, G. Y.COMBI 2002-The 4th Annual International Symposium
A on Combinatorial Approaches for New Materials Diseoy, Jan 23-
Eg% éggﬁrsﬁn':f&ﬁ&ﬂeospeqr’gjinlznglhggirggfsgi 37013879. 5, San Diego, CA, The Knowledge Foundation, Inc.: Brookline, MA,
WM ek J : 2002.
(88) Hanak, J. JJ. Mater. Sci.197Q 5, 964. (125) Bricker, M. L.; Gillespi . . .
) ; R . . . , M. L,; pie, R. D.; Holmgren, J. S.; Sachtler, J. W. A,;
(89) ;('?3\9/" ”X.—D.I,:Sur&, X B\D{/Ce“' _G"hLOU’ YWWan%, IKAP (éhang, Willis, R. R. In High Throughput Analysis: A Tool for Combinatorial
99 36ace- ;ge man, W. G.; Chen, S.-W.; Schultz, PSGence Materials Science Potyrailo, R. A., Amis, E. J., Eds.; Kluwer
(90) %:haSn ﬁ '1(73&10. C.- Takeuchi. I- Yoo. Y.- Wana. J.- Schultz. P. G.- Academic/Plenum Publishers: New York, 2003; Chapter 26.
Xian gk -D.: Sharma. R. P.: Downes. M '.\’/enka?ésai’mﬁ | Phvs. (126) Spivack, J. L.; Webb, J.; Flanagan, W. P.; Sabourin, C.; May, R;
Lett 91'99'8 75 o185 S AL FhyS. Hassib, L. InCombinatorial and Artificial Intelligence Methods in
S = L . Cu . Materials Science Il. MRS Symposium Proceedimystyrailo, R.
(1) 185523‘73"2%6’”9’ H.; Sun, X.; Schultz, P. G.; Xiang, X.$ience A., Karim, A., Wang, Q., Chikyow, T., Eds.; Materials Research
! . P . . Society: Warrendale, PA, 2004; Vol. 804, p 199.
(92) E:Séﬂ;lct); i g?vﬁgggﬁ‘am{ Sle\?wgtgéje?ry MD” l\(iqlcé{e;év\é's H(':’ (127) Spivack, J. L.; Cawse, J. N.; Whisenhunt, Jr., D. W.; Johnson, B. F.;
L Lo La an T Shalyaev, K. V.; Male, J.; Pressman, E. J.; Ofori, J.; Soloveichik,

M.; Weinberg, W. H.; Wu, X. DSciencel998 279, 837. . . . ; . .
(93) Wong, D. W.; Robertson, G. Hdv. Exp. Med. Biol1999 464, 91. G.; Patel, B. P, Chuck, T. L., Smith, D. J.; Jordan, T. M., Brennan,
94) Zhao, J.-CAdy. Eng. Mater.2001, 3, 143 M. R.; Kilmer, R. J.; Williams, E. DAppl. Catal., A2003 254, 5.
ﬁ%g Ol Mens. oo Tgcﬂr‘mo%'w 14 (128) Boussie, T. R.; Diamond, G. M.; Goh, C.; Hall, K. A ; LaPointe, A.
(96) Zou’ L.' S'awat.e’ev. V.- Booher. J.- ’Kim. C.-H.; ShinarAppl M.; Leclerc, M.; Lund, C.; Murphy, V.; Shoemaker, J. A. W.; Tracht,
Phyé I:ett2001 79 2282 N o ABPL. U.; Turner, H.; Zhang, J.; Uno, T.; Rosen, R. K.; Stevens, 11.C.
C ’ : Am. Chem. 125, 4306.
(97) Takeuchi, I.; Famodu, O. O.; Read, J. C.; Aronova, M. A.; Chang, 129 AT h'Cb Tcrln 889%903 503'06D M. Gi inta. D. M.-
K.-S.; Craciunescu, C.; Lofland, S. E.; Wuttig, M.; Wellstood, F. (129) Archibald, B.; Bfmmer, O.; Devenney, M.; Giaquinta, D. M.;
C- K’nauss L Oro‘zcoy ANat Mater 2603 > 1’80 ’ ’ Jandeleit, B.; Weinberg, W. H.; Weskamp, T. handbook of
08) C;p Knauss, L Orozco, ANat. Mas .',:uruyay v Hattrick-Simpers Combinatorial Chemistry. Drugs, Catalysts, Materiaiicolaou, K.
R J‘arﬁes R7 D.' L.l',IdWi A "Thi.enr.lvaus S Wuttl M.: Zhand. Z N C., Hanko, R., Hartwig, W., Eds.; Wiley-VCH: Weinheim, Germany,
g "Nt A S+ Wutlig, M. 2hang, 2., 2002; Vol. 2, Chapter 34.

Takeuchi, I.Nat. Mater.2006 5, 286. . . . .
' . : A - f (130) Potyrailo, R. A.; Ezbiansky, K.; Chisholm, B. J.; Morris, W. G.;
(99) Holzwarth, A.; Schmidt, H.-W.; Maier, WAngew. Chem., Int. Ed. Cawse, J. N.: Hassib, L.. Medford, G. Reitz, 8. Comb. Chem.

1998 37, 2644. 2005 7, 190
100) Cooper, A. C.; McAlexander, L. H.; Lee, D.-H.; Torres, M. T.; . '
(100) Crab?ree R. HJ. Am. Chem. Sod998 120, 9971. (131) Lundstion, I. Se_ns. Actuators A99§ 56, 75.
(101) Lemmon, J. P.; Wroczynski, R. J.; Whisenhunt, Jr., D. W.; Flanagan, (132) Baker, B. E.; Kline, N. J.; Treado, P. J.; Natan, MJ.Jam. Chem.

W. P. Polym. Mater: Sci. Eng. (Prepr3001, 42, 630. Soc.1996 118 8721.
(102) Reddington, E.; Sapienza, A.; Gurau, B.; Viswanathan, R.; Saran- (133) Gpel, W. Sens. Actuators B998 52, 125.
gapani, S.; Smotkin, E. S.; Mallouk, T. Bciencel998 280, 1735. (134) Weimar, U.; Gpel, W. Sens. Actuators B998 52, 143-161.
(103) Greeley, J.; Jaramillo, T. F.; Bonde, J.; Chorkendorff, I.; Ngrskov, (135) Mitrovics, J.; Ulmer, H.; Weimar, U.; Geel, W. Acc. Chem. Res.
J. K. Nat. Mater.2006 5, 909. 1998 31, 307.
(104) Brocchini, S.; James, K.; Tangpasuthadol, V.; Kohd, Am. Chem. (136) Meredith, J. C.; Karim, A.; Amis, E. Macromolecule200Q 33,
S0c.1997 119, 4553. 5760.
(105) Lai, R.; Kang, B. S.; Gavalas, G. Rngew. Chem., Int. EQ001, (137) Efimenko, K.; Genzer, Adv. Mater. 2001, 1560.
40, 408. (138) Morgenthaler, S.; Lee, S.; Zurcher, S.; Spencer, Nlabgmuir2003
(106) Ramirez, A. G.; Saha, Rppl. Phys. Lett2004 85, 5215. 19, 10459.
(107) Jiang, R.; Rong, C.; Chu, D. Comb. Chem2005 7, 272. (139) Xu, C.; Wu, T.; Drain, C. M.; Batteas, J. D.; Fasolka, M. J.; Beers,
(108) Lemmon, J. P.; Manivannan, V.; Jordan, T.; Hassib, L.; Siclovan, K. L. Macromoleculef006 39, 3359.
O.; Othon, M,; Pilliod, M. InCombinatorial and Artificial Intelligence (140) Potyrailo, R. A.; Wroczynski, R. J.; Pickett, J. E.; Rubinsztajn, M.
Methods in Materials Science Il. MRS Symposium Proceeqdings Macromol. Rapid Commur2003 24, 123.
Potyrailo, R. A., Karim, A., Wang, Q., Chikyow, T., Eds.; Materials  (141) potyrailo, R. A.; Szumlas, A. W.; Danielson, T. L.; Johnson, M.;
Research Society: Warrendale, PA, 2004; Vol. 804, p 27. Hieftje, G. M. Meas. Sci. TechnoR005 16, 235.
(109) Hansel, H.; Zettl, H.; Krausch, G.; Schmitz, C.; Kisselev, R,; ; . . . .
Thelaldcat, i; Schmict, H-WAppl. Phys. Lett2003 1, 2106, (048 QOXE T b DA & T ernay M e e 5 S cieme
(110) Chisholm, B. J.; Potyrailo, R. A.; Cawse, J. N.; Shaffer, R. E.; and methods for the deposition and curing of coating compositions;
Brennan, M. J.; Moison, C.; Whisenhunt, D. W.; Flanagan, W. P.; U.S. Patent 6,544,334 B1, 2003.

Olson, D. R.; Akhave, J. R.; Saunders, D. L.; Mehrabi, A.; Licon, (143) potyrailo, R. A.; Hassib, LRev. Sci. Instrum2005 76, 062225.

M. Prog. Org. Coat.2002 45, 313. ) .
. . : : (144) Turcu, F.; Hartwich, G.; S¢ker, D.; Schuhmann, WMacromol.
(111) Wicks, D. A.; Bach, H.Proceedings of The 29th International Rapid Commun2005 26, 325.

Waterborne, High-Solids, and Powder Coatings Sympgsluni- - ) )
versity of Southern Mississippi: Hattiesburg, MS, 2002; Vol 29, (145) Lemmo, A. V. Fisher, J. T.; Geysen, H. M.; Rose, DAgal. Chem.

ol 1997, 69, 543.
(112) Grunlan, J. C.; Mehrabi, A. R.; Chavira, A. T.; Nugent, A. B.; (146) Calvert, PChem. Mater2001, 13, 3299.
Saunders, D. LJ. Comb. Chem2003 5, 362. (147) de Gans, B.-J.; Schubert, U.lSangmuir2004 20, 7789.
(113) Stafslien, S. J.; Bahr, J. A.; Feser, J. M.; Weisz, J. C.; Chisholm, B. (148) Hassib, L.; Potyrailo, R. A2olym. Mater: Sci. Eng. (Prepr3004
J.; Ready, T. E.; Boudjouk, B. Comb. Chenm200§ 8, 156. 45, 211.
(114) Ekin, A.; Webster, D. CJ. Comb. Chem2007, 9, 178. (149) Schena, MMicroarray Analysis Wiley: Hoboken, NJ, 2003.

(115) Potyrailo, R. A.; Chisholm, B. J.; Olson, D. R.; Brennan, M. J.; (150) Potyrailo, R. A.; Morris, W. G.; Wroczynski, R. J.; McCloskey, P.
Molaison, C. A.Anal. Chem2002 74, 5105. J.J. Comb. Chem2004 6, 869.



Combinatorial Development of Sensing Materials

(151) Mirsky, V. M.; Kulikov, V. In High Throughput Analysis: A Tool
for Combinatorial Materials Scien¢éotyrailo, R. A., Amis, E. J.,
Eds.; Kluwer Academic/Plenum Publishers: New York, 2003;
Chapter 20.

(152) Mirsky, V. M.; Kulikov, V.; Hao, Q.; Wolfbeis, O. SMacromol.
Rapid Commun2004 25, 253.

(153) Huc, I.; Lehn, J.-MProc. Natl. Acad. Sci. U.S.A997 94, 2106~
2110.

(154) Reinhoudt, D. N.; Crego-Calama, Mcience2002 295 2403.

(155) Corbett, P. T.; Leclaire, J.; Vial, L.; West, K. R.; Wietor, J.-L.;
Sanders, J. K. M.; Otto, SChem. Re. 2006 106, 3652.

(156) Otto, S.; Severin, KTop. Curr. Chem2007, 277, 267.

(157) Bugaut, A.; Toulm, J.-J.; Rayner, Bngew. Chem., Int. E®2004
43, 3144.

(158) Lundstfon, I.; Shivaraman, S.; Svensson, C.; Lundkvist,Appl.
Phys. Lett.1975 26, 55.

(159) Lundstion, I.; Svensson, C.; Spetz, A.; Sundgren, H.; Winquist, F.
Sens. Actuators B993 13—14, 16.

(160) Winquist, F.; Spetz, A.; Armgarth, M.; Nylander, C.; Lundstrd.
Appl. Phys. Lett1983 43, 839.

(161) Lundstion, I.; Sundgren, H.; Winquist, F.; Eriksson, M.; Krantz-
Riicker, C.; Lloyd-Spetz, ASens. Actuators B007, 121, 247.

(162) Spetz, A.; Armgarth, M.; Lundstng, |. J. Appl. Phys1988 64, 1274.

(163) Eriksson, M.; Klingvall, R.; Lundstro, I. In Combinatorial and High-
Throughput Disceery and Optimization of Catalysts and Materials
Potyrailo, R. A., Maier, W. F., Eds.; CRC Press: Boca Raton, FL,
2006; p 85.

(164) Lundstion, I.; Erlandsson, R.; Frykman, U.; Hedborg, E.; Spetz, A.;
Sundgren, H.; Welin, S.; Winquist, Nature 1991, 352, 47.

(165) Lddahl, M.; Eriksson, M.; Lundstim, |. Sens. Actuators B00Q
70, 77.

(166) Mizsei, J.Solid-State Electron200Q 44, 509.

(167) Mizsei, J.; Ress, Sens. Actuators BR002 83, 164.

(168) Mizsei, J.Thin Solid Films2003 436, 25.

(169) Mizsei, J.Thin Solid Films2005 490, 17.

(170) Klingvall, R.; Lundstten, |.; Lofdahl, M.; Eriksson, MIEEE Sensors

J. 2005 5, 995.
(171) Lundstion, I.; Sundgren, H.; Winquist, K. Appl. Phys1993 74,
6953.

(172) Lddahl, M.; Utaiwasin, C.; Carlsson, A.; Lundsim |.; Eriksson,
M. Sens. Actuators B001, 80, 183.

(173) Ldadahl, M.; Eriksson, M.; Johansson, M.; Lundstrpl. J. Appl.
Phys.2002 91, 4275.

(174) Spetz, A.; Helmersson, U.; Enquist, F.; Armgarth, M.; Lurigstro
I. Thin Solid Films1989 177, 77.

(175) Klingvall, R.; Lundstrom, I.; Lofdahl, M.; Eriksson, NProc. IEEE
Sensor2003 2, 1114. B

(176) Eriksson, M.; Salomonsson, A.; Lundsirol.; Briand, D.; Abom,
A. E. J. Appl. Phys2005 98, 034903.

(177) Filippini, D.; Gunnarsson, J.; Lundsmol. J. Appl. Phys2004 96,
7583.

(178) Fodor, S. P. A.; Read, J. L.; Pirrung, M. C.; Stryer, L.; Lu, A. T;
Solas, D.Sciencel99], 251, 767.

(179) Brattein, W. H.; Bardeen, Bell Syst. Tech. J1953 32, 1.

(180) Heiland, GZ. Phys.1954 138 459.

(181) Bielanski, A.; Deren, J.; Haber, Nature 1957, 179, 668.

(182) Seiyama, T.; Kato, A.; Fujiishi, K.; Nagatani, Mnal. Chem1962
34, 1502.

(183) Taguchi, N. Jpn. Patent 45-38200, 1962.

(184) Dmitriev, S.; Lilach, Y.; Button, B.; Moskovits, M.; Kolmakov, A.
Nanotechnology007, 18, 055707.

(185) Barsan, N.; Weimar, U. Phys.: Condens. Matt@003 15, R813.

(186) Gupel, W.; Reinhardt, G. I'fensors UpdateBaltes, H., Gpel, W.,
Hesse, J., Eds.; VCH: Weinheim, 1996; Vol. 1, p 49.

(187) Kolmakov, A.; Moskovits, MAnnu. Re. Mater. Res2004 151.

(188) Barsan, N.; Koziej, D.; Weimar, Bens. Actuators B007, 121,
18.

(189) Korotcenkov, GSens. Actuators R005 107, 209.

(190) Korotcenkov, GMater. Sci. Eng. B2007, 139, 1.

(191) Korotcenkov, GSens. Actuators B007, 121, 664.

(192) Goschnick, J.; Frietsch, M.; SchneiderSTrf. Coat. Technoll998
108-109, 292.

(193) Koronczi, I.; Ziegler, K.; Kruger, U.; Goschnick,lEEE Sensors J.
2002 2, 254.

(194) Arnold, C.; Andlauer, W.; Hanger, D.; Kaber, R.; Goschnick, J.
Proc. IEEE Sensorg002 1, 426.

(195) Arnold, C.; Harms, M.; Goschnick, EEEE Sensors 2002 2, 179.

(196) Goschnick, J.; Koronczi, |.; Frietsch, M.; KiselevSkens. Actuators
B 2005 106, 182.

(197) Schneider, T.; Betsarkis, K.; Trouillet, V.; GoschnickPbc. IEEE
Sensor2004 1, 196.

(198) Sysoev, V. V.; Kiselev, |.; Frietsch, M.; GoschnickS&nsor2004
4, 37.

Chemical Reviews, 2008, Vol. 108, No. 2 809

(199) Frietsch, M.; Koronczi, I.; Goschnick, J. Environmental Odour
Management, Nov 1719, Cologne Germany, 2004; Lecture 26.

(200) Goschnick, JMicroelectron. Eng2001 57—58, 693.

(201) Graf, M.; Gurlo, A.; Barsan, N.; Weimar, U.; Hierlemann, &A.
Nanoparticle Res2006 8, 823.

(202) Taylor, C. J.; Semancik, &hem. Mater2002 14, 1671.

(203) Suehle, J. S.; Cavicchi, R. E.; Gaitan, M.; Semancik&BE Electron
Device Lett.1993 14, 118.

(204) Semancik, S.; Cavicchi, Rcc. Chem. Res.998 31, 279.

(205) Panchapakesan, B.; DeVoe, D. L.; Widmaier, M. R.; Cavicchi, R.;
Semancik, SNanotechnology001, 12, 336.

(206) Semancik, S.; Cavicchi, R. E.; Wheeler, M. C.; Tiffany, J. E.; Poirier,
G. E.; Walton, R. M.; Suehle, J. S.; Panchapakesan, B.; DeVoe, D.
L. Sens. Actuators B001, 77, 579.

(207) Meier, D. C.; Evju, J. K.; Boger, Z.; Raman, B.; Benkstein, K. D.;
Martinez, C. J.; Montgomery, C. B.; Semancik, &ns. Actuators
B 2007 121, 282.

(208) Zhu, L.; Meier, D.; Boger, Z.; Montgomery, C.; Semancik, S.; DeVoe,
D. L. Sens. Actuators B007, 121, 679.

(209) Taylor, C. J.; Gilmer, D. C.; Colombo, D. G.; Wilk, G. D.; Campbell,
S. A,; Roberts, J.; Gladfelter, W. 3. Am. Chem. S0d.999 121,
5220.

(210) Mazza, T.; Barborini, E.; Kholmanov, I. N.; Piseri, P.; Bongiorno,
G.; Vinati, S.; Milania, P.; Ducati, C.; Cattaneo, D.; Li, Bassi, A.;
Bottani, C. E.; Taurino, A. M.; Siciliano, FAppl. Phys. Lett2005
87, 103108.

(211) Barborini, E.; Bongiorno, G.; Forleo, A.; Francioso, L.; Milani, P.;
Kholmanov, I. N.; Piseri, P.; Siciliano, P.; Taurino, A. M.; Vinati,
S. Sens. Actuators B005 111-112, 22.

(212) Siemons, M.; Koplin, T. J.; Simon, Wppl. Surf. Sci2007, doi:
10.1016/j.apsusc.2007.06.073.

(213) Semancik, SCorrelation of Chemisorption and Electronic Effects
for Metal Oxide Interfaces: Transducing Principles for Temperature
Programmed Gas Microsensor&inal Technical Report, Project
EMSP 65421, Grant 07-98ER62709; U.S. Department of Energy
Information Bridge, 2002.

(214) Semancik, S. lICombinatorial Materials SynthesiXiang, X.-D.,
Takeuchi, I., Eds.; Dekker: New York, 2003; p 263.

(215) Chang, K.-S.; Aronova, M. A.; Takeuchi, Appl. Surf. Sci2004
223 224.

(216) Aronova, M. A.; Chang, K. S.; Takeuchi, |.; Jabs, H.; Westerheim,
D.; Gonzalez-Martin, A.; Kim, J.; Lewis, BAppl. Phys. Lett2003
83, 1255.

(217) Lampe, U.; Fleischer, M.; Reitmeier, N.; Meixner, H.; McMonagle,
J. B.; Marsh, A. InSensors UpdateBaltes, H., Gpel, W., Hesse,
J., Eds.; VCH: Weinheim, Germany, 1996; Vol. 2, p. 1.

(218) Barsoukov, E., Macdonald, J. R., Edsipedance Spectroscopy:
Theory, Experiment, and Applicatign&nd ed.; Wiley: Hoboken,
NJ, 2005.

(219) Simon, U.; Sanders, D.; Jockel, J.; Heppel, C.; Brinz].TComb.
Chem.2002 4, 511.

(220) Simon, U.; Sanders, D.; Jockel, J.; BrinzJT Comb. Chen2005
7, 682.

(221) Frantzen, A.; Scheidtmann, J.; Frenzer, G.; Maier, W. F.; Jockel, J.;
Brinz, T.; Sanders, D.; Simon, Wngew. Chem., Int. EQ004 43,
752.

(222) Sanders, D.; Simon, U. Comb. Chem2007, 9, 53.

(223) Feldmann, CScr. Mater.2001, 44, 2193.

(224) Siemons, M.; Simon, USens. Actuators B006G 120, 110.

(225) Siemons, M.; Simon, USens. Actuators B007 doi:10.1016/
j.snb.2007.04.009.

(226) Siemons, M.; Simon, Wens. Actuators B007, 126, 181.

(227) Scheidtmann, J.; Frantzen, A.; Frenzer, G.; Maier, Wié&as. Sci.
Technol.2005 16, 119.

(228) Ssanders, D.; Simon, U.; Frentzer, G.; Maier, W. F. Personal
communication, 2007.

(229) Sieg, S.; Stutz, B.; Schmidt, T.; Hamprecht, F.; Maier, Wl.Mol.
Mod. 2006 12, 611.

(230) Sieg, S. C.; Suh, C.; Schmidt, T.; Stukowski, M.; Rajan, K.; Maier,
W. F. QSAR Comb. ScR007, 26, 528.

(231) Frantzen, A.; Sanders, D.; Scheidtmann, J.; Simon, U.; Maier, W. F.
QSAR Comb. ScR005 24, 22.

(232) Frenzer, G.; Frantzen, A.; Sanders, D.; Simon, U.; Maier, W. F.
Sensor2006 6, 1568.

(233) Kim, K.-W.; Cho, P.-S.; Kim, S.-J.; Lee, J.-H.; Kang, C.-Y.; Kim,
J.-S.; Yoon, S.-JSens. Actuators B007, 123 318.

(234) Frenzer, G.; Maier, W. FAnnu. Re. Mater. Res2006 36, 281.

(235) Srivastava, R.; Dwivedi, R.; Srivastava, SS€ns. Actuators B998
50, 175.

(236) Wang, Y.; Jiang, X.; Xia, YJ. Am. Chem. So2003 125 16176.

(237) Wei, B.-Y.; Hsu, M.-C.; Su, P.-G.; Lin, H.-M.; Wu, R.-J.; Lai, H.-J.
Sens. Actuators B004 101, 81.



810 Chemical Reviews, 2008, Vol. 108, No. 2

(238) Kim, Y. S.; Ha, S.-C.; Kim, K.; Yang, H.; Choi, S.-Y.; Kim, Y. T,
Park, J. T.; Lee, C. H.; Choi, J.; Paek, J.; Lee Appl. Phys. Lett.
2005 86, 213105.

(239) Wang, H. C.; Li, Y.; Yang, M. JSens. Actuators B00§ 119, 380.

(240) Patil, D. R.; Patil, L. ASens. Actuators B007, 123 546.

(241) Miura, N.; Nakatou, M.; Zhuiykov, SCeram. Int.2004 30, 1135.

(242) Fergus, J. WSens. Actuators B007, 121, 652.

(243) Breysse, M.; Claudel, B.; Faure, L.; Guenin, M.; Williams, R. J. J,;
Wolkenstein, T.J. Catal. 1976 45, 137-144.

(244) Nakagawa, M.; Yamashita, I$pringer Ser. Chem. Sens. Biosens.
2005 3, 93.

(245) Zhu, Y.; Shi, J.; Zhang, Z.; Zhang, C.; ZhangAfal. Chem2002
74, 120.

(246) Huarong Tang; Yaming Li; Chengbin Zheng; Jun Ye; Xiandeng Hou;
Yi Lv. Talanta2007, 72, 1593.

(247) Nakagawa, M.; Okabayashi, T.; Fujimoto, T.; Utsunomiya, K.;
Yamamoto, |.; Wada, T.; Yamashita, Y.; Yamashita, Skens.
Actuators B199§ 51, 159.

(248) Cao, X.; Zhang, XLuminescenc005 20, 243.

(249) Haynes, C. L.; Yonzon, C. R.; Zhang, X.; Van, Duyne, Rl.lRaman
Spectrosc2005 36, 471.

(250) Jeanmaire, D. L.; Van, Duyne, R. P.Electroanal. Chem1977,

84, 1.

(251) Vo-Dinh, T.Trends Anal. Chenil998 17, 557.

(252) Willets, K. A.; Van Duyne, R. PAnnu. Re. Phys. Chem2007, 58,
267-297.

(253) Nie, S.; Emory, S. RSciencel997 275, 1102.

(254) Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; ltzkan, |.; Dasari,
R.; Feld, M. S.Phys. Re. Lett. 1997 78, 1667.

(255) Le Ru, E. C.; Etchegoin, P. G.; Meyer, N.. Chem. Phys2006
125 204701.

(256) Xu, H.; Aizpurua, J.; Kig M.; Apell, P. Phys. Re. E 200Q 62,
4318.

(257) Ren, B.; Liu, G.-K.; Lian, X.-B.; Yang, Z.-L.; Tian, Z.-QAnal.
Bioanal. Chem2007, 388 29.

(258) Fromm, D. P.; Sundaramurthy, A.; Anika, K.; Schuck, P. J.; Kino,
G. S.; Moerner, W. EJ. Chem. Phys2006 124, 061101.

Potyrailo and Mirsky

(285) Bhat, R. R.; Genzer, Appl. Surf. Sci2005 252, 2549.

(286) Bhat, R. R.; Genzer, Blanotechnology007, 18, 025301.

(287) Bhat, R. R.; Tomlinson, M. R.; Genzer,JJ.Polym. Sci. B: Polym.
Phys.2005 43, 3384.

(288) Xia, Y.; Rogers, J. A.; Paul, K. E.; Whitesides, G. ®hem. Re.
1999 99, 1823.

(289) Martin, O. J. FMicroelectron. Eng2003 67—68, 24.

(290) Luo, X.; Ishihara, TAppl. Phys. Lett2004 84, 4780.

(291) Gates, B. D.; Xu, Q.; Stewart, M.; Ryan, D.; Willson, C. G
Whitesides, G. MChem. Re. 2005 105, 1171.

(292) Zhang, X.; Whitney, A. V.; Zhao, J.; Hicks, E. M.; Van Duyne, R.
P.J. Nanosci. Nanotechnok006 6, 1920.

(293) Hirsch, T.; Zharnikov, M.; Shaporenko, A.; Stahl, J.; Weiss, D.;
Wolfbeis, O. S.; Mirsky, V. M.Angew. Chem., Int. EQ2005 44,
6775.

(294) Piner, R. D.; Zhu, J.; Xu, F.; Hong, S.; Mirkin, C. Bciencel999
283 661.

(295) Ginger, D. S.; Zhang, H.; Mirkin, C. Angew. Chem., Int. EQ004
43, 30.

(296) Salaita, K.; Wang, Y.; Mirkin, C. ANat. NanotechnoR007, 2, 145.

(297) Mirkin, C. A. MRS Bull.2001, July, 535.

(298) Weinberger, D. A.; Hong, S.; Mirkin, C. A.; Wessels, B. W.; Higgins,
T. B. Adv. Mater.200Q 12, 1600.

(299) Demers, L. M.; Mirkin, C. AAngew. Chem., Int. E@001, 40, 3069.

(300) Ivanisevic, A.; McCumber, K. V.; Mirkin, C. AJ. Am. Chem. Soc.
2002 124, 11997.

(301) Mirkin, C. A.; Hong, S.; Demers, LChemPhysCher001, 2, 37.

(302) Lee, K.-B.; Kim, E.-Y.; Mirkin, C. A.; Wolinsky, S. MNano Lett.
2004 4, 1869.

(303) Vossmeyer, T.; Delonno, E.; Heath, J. A&gew. Chem., Int. Ed.
1997, 36, 1080.

(304) Vossmeyer, T.; Jia, S.; Delonno, E.; Diehl, M. R.; Kim, S.-H.; Peng,
X.; Alivisatos, A. P.; Heath, J. Rl. Appl. Phys1998 84, 3664.
(305) Koenderink, A. F.; Hernandez, J. V.; Robicheaux, F.; Noordam, L.

D.; Polman, A.Nano Lett.2007, 7, 745.

(306) Hernandez, J. V.; Noordam, L. D.; Robicheaux].FPhys. Chem. B

2005 109, 15808.

(259) Peyser-Capadona, L.; Zheng, J.; Gonzales, J. |.; Lee, T.-H.; Patel, S.(307) Henzie, J.; Lee, M. H.; Odom, T. Wat. Nanotechnol2007, 2,

A.; Dickson, R. M.Phys. Re. Lett. 2005 94, 058301.

(260) Zhao, L. L.; Jensen, L.; Schatz, G.ano Lett.2006 6, 1229.

(261) Quagliano, L. GJ. Am. Chem. So2004 126, 7393.

(262) Lombardi, J. R.; Birke, R. LJ. Chem. Phys2007, 126, 244709.

(263) Kahl, M.; Voges, E.; Kostrewa, S.; Viets, C.; Hill, \®ens. Actuators
B 1998 51, 285.

(264) Schierhorn, M.; Lee, S. J.; Boettcher, S. W.; Stucky, G. D.; Moskovits,
M. Adv. Mater. 2006 18, 2829.

(265) Young, M. A.; Dieringer, J. A.; van Duyne, R. P.Tip Enhancement
Kawata, S., Shalaev, V. M., Eds.; Elsevier. Amsterdam, The
Netherlands, 2007; p 1.

(266) Qin, L.; Zou, S.; Xue, C.; Atkinson, A.; Schatz, G. C.; Mirkin, C.
A. Proc. Natl. Acad. Sci. U.S.£006 103 13300.

(267) Schatz, G. CProc. Natl. Acad. Sci. U.S./£2007 104, 6885.

(268) Zhou, Q.; Chao, Y.; Li, Y.; Xu, W.; Wu, Y.; Zheng, ChemPhys-
Chem2007, 8, 921.

(269) Faraday, MPhilos. Trans. R. Soc. Londd857, 147, 145.

(270) Edwards, P. P.; Thomas, J. Mngew. Chem., Int. EQR007, 46,
5480.

(271) Shipway, A. N.; Katz, E.; Willner, IChemPhysCher200qQ 1, 18.

(272) Katz, E.; Willner, .LAngew. Chem., Int. E2004 43, 6042.

(273) Hutter, E.; Fendler, J. FAdv. Mater. 2004 16, 1685.

(274) Zhao, J.; Zhang, X.; Yonzon, C.; Haes, A. J.; Van Duyne, R. P.
Nanomedicin€00§ 1, 219.

(275) Homola, J., Ed.Surface Plasmon Resonance Based Sensors
Springer: Berlin, Germany, 2006.

(276) Jung, L. S.; Campbell, C. T.; Chinowsky, T. M.; Mar, M. N.; Yee,
S. S.Langmuir1998 14, 5636.

(277) Han, M. S.; Lytton-Jean, A. K. R.; Oh, B.-K.; Heo, J.; Mirkin, C. A.
Angew. Chem., Int. EQ00§ 45, 1807.

(278) Tokareva, |.; Minko, S.; Fendler, J. H.; Hutter JEAmM. Chem. Soc.
2004 126, 15950.

(279) Matsui, J.; Akamatsu, K.; Hara, N.; Miyoshi, D.; Nawafune, H.;
Tamaki, K.; Sugimoto, NAnal. Chem2005 77, 4282.

(280) Dovidenko, K.; Potyrailo, R. A.; Grande, J.@ombinatorial Methods
and Informatics in Materials SciencBIRS Symposium Proceedings;
Fasolka, M., Wang, Q., Potyrailo, R. A., Chikyow, T., Schubert, U.
S., Korkin, A., Eds.; Materials Research Society: Warrendale, PA,
2006; Vol. 894, p 231.

(281) Nuopponen, M.; Tenhu, Hangmuir2007, 23, 5352.

(282) Taton, T. A.; Mirkin, C. A,; Letsinger, R. LScience200Q 289, 1757.

(283) Bhat, R. R.; Tomlinson, M. R.; Wu, T.; GenzerAtlv. Polym. Sci.
2006 198 51.

(284) Bhat, R. R.; Tomlinson, M. R.; GenzerMacromol. Rapid Commun.
2004 25, 270.

549.
(308) Smith, D. R.; Pendry, J. B.; Wiltshire, M. C. Bcience2004 305,
788.

(309) Soukoulis, C. M.; Linden, S.; Wegener, Bcience2007, 315 47.

(310) Potyrailo, R. A.; Barash, E.; Dovidenko, K.; Le Tarte, L. In
Developments in Protein Interaction Analysis DiPIA 200fay 6—9;
GE Healthcare Biacore: Phoenix, AZ, 2007.

(311) Andreev, G. O.; Driscoll, T.; Palit, S.; Cho, S. Y.; Jokerst, N. M.;
Smith, D. R.; di Ventra, M.; Basov, D. N. IBook of Abstracts,
Nanoelectronic Deices for Defense & Security (NANO-DDS)
ConferenceJune 18-21; Arlington, VA, 2007; p 98.

(312) Bruchez, M., Jr.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A. P.
Sciencel998 281, 2013.

(313) Chan, W. C. W.; Nie, SSciencel998 281, 2016.

(314) Medintz, I. L.; Uyeda, H. T.; Goldman, E. R.; Mattoussi, I¥at.
Mater. 2005 4, 435.

(315) Ko, M. C.; Meyer, G. J. IfDptoelectronic Properties of Inorganic
Compounds Roundhill, D. M., Fackler, Jr., J. P., Eds.; Plenum
Press: New York, 1999; p 269.

(316) Lisensky, G. C.; Meyer, G. J.; Ellis, A. B\nal. Chem.1988 60,
2531.

(317) Seker, F.; Meeker, K.; Kuech, T. F.; Ellis, A. Bhem. Re. 200Q
100, 2505.

(318) Nazzal, A. Y.; Qu, L.; Peng, X.; Xiao, MNano Lett.2003 3, 819.

(319) Vassiltsova, O. V.; Zhao, Z.; Petrukhina, M. A.; Carpenter, M. A.
Sens. Actuators B007, 123 522.

(320) Potyrailo, R. A.; Leach, A. M. Irroceedings of TRANSDUCERS’05,
The 13th International Conference on Solid-State Sensors, Actuators
and MicrosystemsSeoul, Korea, June-59, 2005; The Institute of
Electrical and Electronics Engineers, Inc.: Piscataway, NJ, 2005; p
1292.

(321) Potyrailo, R. A.; Leach, A. MAppl. Phys. Lett2006 88, 134110.

(322) Leach, A. M.; Potyrailo, R. A. InCombinatorial Methods and
Informatics in Materials Science, MRS Symposium Proceedings
Wang, Q., Potyrailo, R. A., Fasolka, M., Chikyow, T., Schubert, U.
S., Korkin, A., Eds.; Materials Research Society: Warrendale, PA,
2006; Vol. 894, p 237.

(323) Murray, C. B.; Norris, D. J.; Bawendi, M. G. Am. Chem. Soc.
1993 115 8706.

(324) Kovalevskij, V.; Gulbinas, V.; Piskarskas, A.; Hines, M. A.; Scholes,
G. D. Phys. Stat. Sol. B004 241, 1986.

(325) Potyrailo, R. A.; Leach, A. M. IrAbstracts Book: Asia-Pacific
Conference of Transducer and Micro-Nano Technology APCOT
2006 June 25-28, Singapore; World Scientific Publishing Co. Pte.
Ltd.: Singapore, 2006; p 121.



Combinatorial Development of Sensing Materials

(326) Chen, Y.; Rosenzweig, Anal. Chem2002 74, 5132.

(327) Wang, B.-C.; Chang, J.-C.; Pan, J.-H.; Xue, C.; Luo, R)-TMol.
Struct. THEOCHEM2003 636, 81.

(328) Strohmeier, G. A.; Fabian, W. M. F.; Uray, Gelv. Chim. Acta
2004 87, 215.

(329) Singh, A.; Yao, Q.; Tong, L.; Still, W. C.; Sames, Detrahedron
Lett. 200Q 41, 9601.

(330) Castillo, M.; Rivero, I. AARKIVOC2003 11, 193.

(331) Gao, J.; Watanabe, S.; Kool, E. J.. Am. Chem. SoQ004 126,
12748.

(332) Li, Q.; Lee, J.-S.; Ha, C.; Park, C. B.; Yang, G.; Gan, W. B.; Chang,
Y.-T. Angew. Chem., Int. EQR004 46, 6331.

(333) Mello, J. V.; Finney, N. SJ. Am. Chem. So005 127, 10124.

(334) Hagihara, M.; Fukuda, M.; Hasegawa, T.; Morii,JI.Am. Chem.
Soc.2006 128 12932.

(335) Wang, S.; Chang, Y.-0. Am. Chem. So2006 128 10380.

(336) Szurdoki, F.; Ren, D.; Walt, D. RAnal. Chem200Q 72, 5250.

(337) Regnier, T.; Garbacia, S.; Laurent, P.; des Abbayes, H.; Lavastre,
O. QSAR Comb. ScR005 24, 1164.

(338) Buryak, A.; Severin, KAngew. Chem., Int. EQ005 44, 7935.

(339) Buryak, A.; Severin, KJ. Comb. Chem200§ 8, 540.

(340) Finney, N. SCurr. Opin. Chem. Biol200§ 10, 238.

(341) Altschuh, D.; Oncul, S.; Demchenko, A.R.Mol. Recognit2006
19, 459.

(342) Rosania, G. R.; Lee, J. W.; Ding, L.; Yoon, H.-S.; Chang, YJT.
Am. Chem. So2003 125, 1130.

(343) Shedden, K.; Brumer, J.; Chang, Y. T.; Rosania, Gl. Rhem. Inf.
Comput. Sci2003 43, 2068.

(344) Basabe-Desmonts, L.; Beld, J.; Zimmerman, R. S.; Hernando, J.;
Mela, P.; Garcia, Parajo, M. F.; van Hulst, N. F.; van den Berg, A.;
Reinhoudt, D. N.; Crego-Calama, M. Am. Chem. So004 126,
7293.

(345) Basabe-Desmonts, L.; Zimmerman, R. S.; Reinhoudt, D. N.; Crego-
Calama, M.Springer Ser. Chem. Sens. Biose2@305 3, 169.

(346) Basabe-Desmonts, L.; Reinhoudt, D. N.; Crego-CalamaAds.
Mater. 2006 18, 1028.

(347) Basabe-Desmonts, L.; Reinhoudt, D. N.; Crego-CalamaChém.
Soc. Re. 2007, 36, 993.

(348) Basabe-Desmonts, L.; Van Baan, F. D.; Zimmerman, R. S.; Rein-
houdt, D. N.; Crego-Calama, Msensor2007, 7, 1731.

(349) Zolotov, Y. A.; Ivanov, V. M.; Amelin, V. G. I'Wilson & Wilson’s
Comprehensie Analytical ChemistryBarcelo, D., Ed.; Elsevier:
Amsterdam, The Netherlands, 2002.

(350) Tabacco, M. B.; Uttamlal, M.; McAllister, M.; Walt, D. RAnal.
Chem.1999 71, 154.

(351) Agayn, V. I.; Walt, D. RBio/Technology1993 11, 726.

(352) Hanson, M. A,; Ge, X.; Kostov, Y.; Brorson, K. A.; Moreira, A. R.;
Rao, G.Biotechnol. Bioeng2007, 97, 833.

(353) Miller, W. W.; Yafuso, M.; Yan, C. F.; Hui, H. K.; Arick, SClin.
Chem.1987, 33, 1538.

(354) Potyrailo, R. A.; Morris, W. G.; Leach, A. M.; Sivavec, T. M;
Wisnudel, M. B.; Boyette, SAnal. Chem2006 78, 5893.

(355) Potyrailo, R. A.; Morris, W. G.; Leach, A. M.; Sivavec, T. M.;
Wisnudel, M. B.; Krishnan, K.; Surman, C.; Hassib, L.; Wroczynski,
R.; Boyette, S.; Xiao, C.; Agree, A.; Cecconie, Am. Lab.2007,
May, 32.

(356) Potyrailo, R. A.; Morris, W. G.; Leach, A. M.; Hassib, L.; Krishnan,
K.; Surman, C.; Wroczynski, R.; Boyette, S.; Xiao, C.; Shrikhande,
P.; Agree, A.; Cecconie, TAppl. Opt.2007, 46, 2007.

(357) Forzani, E. S.; Zhang, H.; Chen, W.; Tao,Bwiron. Sci. Technol.
2005 39, 1257.

(358) Potyrailo, R. A.; Sivavec, T. M.; Xiao, C.; Cecconie, T. J.; Hassib,
L.; Leach, A. M.; Engel, D. B. Material compositions for sensors
for determination of chemical species at trace concentrations and
method of using sensors; U.S. Patent Appl. 20070092973, 2007
(available from www.uspto.gov).

(359) Xiao, C.; Sivavec, T. M.; Engel, D. B.; Leach, A. M. Self-contained

phosphate sensors and method for using same; U.S. Patent Appl.

20070092972, 2007 (available from www.uspto.gov).

(360) Liu, D.; Meruva, R. K.; Brown, R. B.; Meyerhoff, M. Bnal. Chim.
Acta 1996 321, 173.

(361) Mills, A.; Lepre, A.; Wild, L.Anal. Chim. Actal998 362 193.

(362) Bedlek-Anslow, J. M.; Hubner, J. P.; Carroll, B. F.; Schanze, K. S.
Langmuir200Q 16, 9137.

(363) Wang, J.; Musameh, M.; Lin, Y. Am. Chem. So2003 125 2408.

(364) Cho, E. J.; Bright, F. VAnal. Chem2002 74, 1462.

(365) Cho, E. J.; Tao, Z.; Tang, Y.; Tehan, E. C.; Bright, F. V.; Hicks, W.
L., Jr.; Gardella, J. A., Jr.; Hard, Rppl. Spectros2002 56, 1385.

(366) Amis, E. JNat. Mater.2004 3, 83.

(367) Collaudin, A. B.; Blum, L. JSens. Actuators B997, 38—39, 189.

(368) Mills, A. Sens. Actuators B998 51, 60—68.

(369) Eaton, K.Sens. Actuators B002 85, 42.

Chemical Reviews, 2008, Vol. 108, No. 2 811

(370) Papkovsky, D. B.; Ponomarev, G. V.; Trettnak, W.; O’LeanAfal.
Chem.1995 67, 4112.

(371) Levitsky, I.; Krivoshlykov, S. G.; Grate, J. WAnal. Chem 2001,

73, 3441.

(372) Florescu, M.; Katerkamp, /ASens. Actuators B004 97, 39.

(373) Basu, B. J.; Thirumurugan, A.; Dinesh, A. R.; Anandan, C.; Rajam,
K. S. Sens. Actuators B005 104 15.

(374) Potyrailo, R. A.; Hassib, L. IIMACRO 2004-World Polymer
Congress, the 40th IUPAC International Symposium on Macromol-
ecules July 4-9; IUPAC: Paris, France, 2004.

(375) Potyrailo, R. A.; Hassib, L. IProceedings of TRANSDUCERS'05,
The 13th International Conference on Solid-State Sensors, Actuators
and Microsystems, Seoul, Koredune 5-9, 2005; The Institute of
Electrical and Electronics Engineers, Inc.: Piscataway, 2005; p 2099.

(376) Hughes, R. C.; Yelton, W. G.; Pfeifer, K. B.; Patel, S. Y.
Electrochem. So2001, 148 (4) H37.

(377) Rauen, K. L.; Smith, D. A.; Heineman, W. R.; Johnson, J.; Seguin,
R.; Stoughton, PSens. Actuators B993 17, 61.

(378) Potyrailo, R. A.; Morris, W. GAnal. Chem2007, 79, 45.

(379) Madaras, M. B.; Buck, R. FAnal. Chem1996 68, 3832.

(380) Bennett, M. D.; Leo, D. Bens. Actuators 2004 115 79.

(381) DeLongchamp, D. M.; Hammond, P.Qhem. Mater2003 15, 1165.

(382) Singh, K.; Shahi, V. KJ. Memb. Sci1998 140, 51.

(383) Potyrailo, R. A.; Mouquin, H.; Morris, W. Glalanta 2007, doi:
10.1016/j.talanta.2007.06.023.

(384) Potyrailo, R. A.; Morris, W. G.; Welles, K. B. I.; Leach, A. M;
Pris, A. D. Chemical and biological sensors, systems and methods
based on radio frequency identification; U.S. Patent Appl. 200700-
90927, 2007 (available from www.uspto.gov).

(385) Potyrailo, R. A.; Morris, W. G.; Surman, C. Unpublished results,
2007.

(386) Buhlmann, K.; Schlatt, B.; Cammann, K.; ShulgaS&ns. Actuators
B 1998 49, 156.

(387) Matzger, A. J.; Lawrence, C. E.; Grubbs, R. H.; Lewis, Nl. &omb.
Chem.200Q 2, 301.

(388) Burl, M. C.; Sisk, B. C.; Vaid, T. P.; Lewis, N. Sens. Actuators
B 2002 87, 130.

(389) Kim, Y. S.; Ha, S.-C,; Yang, Y.; Kim, Y. J.; Cho, S. M,; Yang, H.;
Kim, Y. T. Sens. Actuators B005 108 285.

(390) Potyrailo, R. A.; Morris, W. G. InAbstracts of Papers232nd
National Meeting of the American Chemical Society, Sept180,
2006, San Francisco, CA; American Chemical Society: Washington,
DC, 2006.

(391) King, W. H., JrAnal. Chem1964 36, 1735.

(392) Lavrik, N. V.; Sepaniak, M. J.; Datskos, P. Bev. Sci. Instrum.
2004 75, 2229.

(393) Steinem, C., Janshoff, A., EdRiezoelectric SensarsSpringer:
Berlin, Germany, 2007.

(394) Grate, J. W.; Abraham, H.; McGill, R. A. lHandbook of Biosensors
and Electronic Noses. Medicine, Food, and theitsnment Kress-
Rogers, E., Ed.; CRC Press: Boca Raton, FL, 1997; p 593.

(395) Grate, J. WChem. Re. 200Q 100, 2627.

(396) Hierlemann, A.; Weimar, U.; Kraus, G.; Schweizer-Berberich, M.;
Gopel, W. Sens. Actuators B995 26, 126.

(397) Wohltjen, H.Plenary Talk at the 11th International Meeting on
Chemical Sensors, Urersity of Brescia, Italy, July 1619, 2006
Elsevier Science: Amsterdam, The Netherlands, 2006.

(398) Grate, J. W.; Abraham, M. Feens. Actuators B991, 3, 85.

(399) Abraham, M. HChem. Soc. Re 1993 22, 73.

(400) Maranas, C. Dind. Eng. Chem. Re4.996 35, 3403.

(401) Wise, B. M.; Gallagher, N. B.; Grate, J. .. Chemom2003 17,
463.

(402) Belmares, M.; Blanco, M.; Goddard, Ill, W. A.; Ross, R. B.; Caldwell,
G.; Chou, S.-H.; Pham, J.; Olofson, P. M.; Thomas,JCComput.
Chem.2004 25, 1814.

(403) Abraham, M. H.; Andonian-Haftvan, J.; Whiting, G. S.; Leo, A,
Taft, R. S.J. Chem. Soc., Perkin Trans.1®94 1777.

(404) Grate, J. W.; Snow, A.; Ballantine, D. S., Jr.; Wohltjen, H.; Abraham,
M. H.; McGill, R. A.; Sasson, PAnal. Chem1988 60, 869.

(405) Grate, J. W.; Patrash, S. J.; Abraham, MAHal. Chem1995 67,

2162.

(406) Grate, J. W.; Patrash, S. J.; Abraham, M. H.; Du, CAktl. Chem.
1996 68, 913.

(407) Hierlemann, A.; Zellers, E. T.; Ricco, A. Anal. Chem2001 73,
3458.

(408) Potyrailo, R. A.; May, R. J.; Sivavec, T. Nbensor Lett2004 2,
31

(409) Potyrailo, R. A.; Sivavec, T. M.; Bracco, A. Rroc. SPIE-Int.
Soc. Opt. Eng1999 3856 140.

(410) Sivavec, T. M.; Potyrailo, R. A. Polymer coatings for chemical
sensors; U.S. Patent 6,357,278 B1, 2002.

(411) Potyrailo, R. A.; Morris, W. G.; Wroczynski, R. J. IHigh
Throughput Analysis: A Tool for Combinatorial Materials Science



812 Chemical Reviews, 2008, Vol. 108, No. 2

Potyrailo, R. A., Amis, E. J., Eds.; Kluwer Academic/Plenum
Publishers: New York, 2003; Chapter 11.

(412) Potyrailo, R. A.; Morris, W. G.; Wroczynski, R.Rev. Sci. Instrum.
2004 75, 2177.

(413) Potyrailo, R. A.; McCloskey, P. J.; Ramesh, N.; Surman, C. M. Sensor

devices containing co-polymer substrates for analysis of chemical
and biological species in water and air; U.S. Patent Appl. 2005133697,
2005 (available from www.uspto.gov).

(414) Potyrailo, R. A.; McCloskey, P. J.; Wroczynski, R. J.; Morris, W.
G. Anal. Chem2006 78, 3090.

(415) Potyrailo, R. A.; Morris, W. GRev. Sci. Instrum2007, 78, 072214.

(416) Wu, X.; Kim, J.; Dordick, J. SBiotechnol. Prog200Q 16, 513.

(417) Kim, D.-Y.; Wu, X.; Dordick, J. S. InBiocatalysis in Polymer
Science American Chemical Society: Washington, DC, 2003; Vol.
840; p 34.

(418) MacDiarmid, A. GRev. Mod. Phys2001, 73, 701.

(419) Bai, H.; Shi, GSensor2007, 7, 267.

(420) Malhotra, B. D.; Chaubey, A.; Singh, S.Ahal. Chim. Acta2006
578 59.

(421) Ramanavicius, A.; Ramanaviciene, A.; Malinauskagl&ctrochim.
Acta 2006 51, 6025.

(422) Borole, D. D.; Kapadi, U. R.; Mahulikar, P. P.; Hundiwale, D. G.
Des. Monomers Polyn2006 9, 1.

(423) Mabeck, J. T.; Malliaras, G. G\nal. Bioanal. Chem2006 384
343.

(424) Guiseppi-Elie, A.; Wallace, G. G.; Matsue, T. handbook of
Conducting PolymersSkotheim, T. A., Elsenbaumer, R. L., Rey-
nolds, J. R., Eds.; Dekker: New York, 1998; p 963.

(425) Luo, X.; Killard, A. J.; Smyth, M. RChem. Eur. J2007, 13, 2138.

(426) Li, X.; Ta, N.; Sun, CBull. Electrochem2005 21, 173.

(427) Ivanov, S.; Tsakova, V.; Mirsky, V. MElectrochem. Commu2006
8, 643.

(428) Samoylov, A. V.; Mirsky, V. M.; Hao, Q.; Swart, C.; Shirshov, Y.
M.; Wolfbeis, O. S.Sens. Actuators B005 106, 369.

(429) Hao, Q.; Wang, X.; Lu, L.; Yang, X.; Mirsky, V. MMacromol.
Rapid Commun2005 26, 1099.

(430) Yano, JCurr. Trends Polym. Scil998 3, 131.

(431) Sabouraud, G.; Sadki, S.; Brodie,Ghem. Soc. Re200Q 29, 283.

(432) Hao, Q.; Rahm, M.; Weiss, D.; Mirsky, V. Mlicrochim. Acta2003
143 147.

(433) Leclerc, M.Adv. Mater. 1999 11, 1491.

(434) Thomas lll, S. W.; Joly, G. D.; Swager, T. @hem. Re. 2007,
107, 1339.

(435) Cosnier, SAnal. Lett.2007, 40.

(436) Gross, M.; Miler, D. C.; Nothofer, H.-G.; Scherf, U.; Neher, D.;
Brauchle, C.; Meerholz, KNature 200Q 405 661.

(437) Lavastre, O.; lllitchev, I.; Jegou, G.; Dixneuf, P. H.Am. Chem.
So0c.2002 124, 5278.

(438) Fukumoto, H.; Muramatsu, Y.; Yamamoto, T.; Yamaguchi, J.; ltaka,
K.; Koinuma, H.Macromol. Rapid Commur2004 25, 196.

(439) Watts, P.; Haswell, S. Lurr. Opin. Chem. Biol2003 7, 380~
387.

(440) Cullen, C. J.; Wootton, R. C. R.; De Mello, A.Qurr. Opin. Drug
Discovery Dev. 2004 7, 798.

(441) Suga, S.; Okajima, M.; Fujiwara, K.; YoshidaQSAR Comb. Sci.
2005 24, 728.

(442) Wong Hawkes, S. Y. F. W.; Chapela, M. J. V.; Montembault, M.
QSAR Comb. ScR005 24, 712.

(443) Cygan, Z. T.; Cabral, J. T.; Beers, K. L.; Amis, ELAngmuir2005
21, 3629.

(444) Xu, C.; Barnes, S. E.; Wu, T.; Fischer, D. A.; DeLongchamp, D.
M.; Batteas, J. D.; Beers, K. |Adv. Mater. 2006 18, 1427.

(445) Song, H.; Chen, D. L.; Ismagilov, R. Angew. Chem., Int. EQ006
45, 7336.

(446) Xiang, Y.; Lavan, DProceedings of the 2nd IEEE/ASME Interna-

tional Conference on Mechatronic and Embedded Systems and

Applications The Institute of Electrical and Electronics Engineers,
Inc.: Piscataway, 2006; p 1.

(447) Caglar, P.; Wnek, G. B. Macromol. Sci. AL995 32, 349.

(448) Mousavi, Z.; Bobacka, J.; lvaska, Blectroanalysi2005 17, 1609.

(449) Kanungo, M.; Kumar, A.; Contractor, A. @nal. Chem2003 75,
5673.

(450) Kulikov, V.; Mirsky, V. M. Meas. Sci. TechnoR004 15, 49.

(451) Kulikov, V.; Mirsky, V. M.; Delaney, T. L.; Donoval, D.; Koch, A.
W.; Wolfbeis, O. SMeas. Sci. TechnoR005 16, 95.

(452) Mirsky, V. M.; Kulikov, V.; Wolfbeis, O. SPolym. Mater.: Sci.
Eng. (Prepr.)2005 93, 1053.

(453) Hao, Q.; Kulikov, V.; Mirsky, V. M.Sens. Actuators B003 94,
352.

(454) Erichsen, T.; Reiter, S.; Ryabova, V.; Bonsen, E. M.; Schuhmann,
W.; Markle, W.; Tittel, C.; Jung, G.; Speiser, Bev. Sci. Instrum.
2005 76, 062204.

Potyrailo and Mirsky

(455) Ryabova, V.; Schulte, A.; Erichsen, T.; SchuhmannAwalyst2005
130, 1245.

(456) Sljukic, B.; Baron, R.; Salter, C.; Crossley, A.; Compton, RAGal.
Chim. Acta2007, 590, 67.

(457) Baron, R.; Sljukic, B.; Salter, C.; Crossley, A.; Compton, R. G.
Electroanalysis2007, 19, 1062.

(458) Briehn, C. A.; Schiedel, M.-S.; Bonsen, E. M.; Schuhmann, W.;
Béuerle, P.Angew. Chem., Int. EQR001, 40, 4680.

(459) Smith, R. C.; Tennyson, A. G.; Won, A. C.; Lippard, Sinbrg.
Chem.2006 45, 9367.

(460) Maynor, M. S.; Nelson, T. L.; O'Sullivan, C.; Lavigne, J.Qg.
Lett. 2007, 9, 3217.

(461) Tang, Y.; He, F.; Yu, M.; Feng, F.; An, L.; Sun, H.; Wang, S.; Li,
Y.; Zhu, D. Macromol. Rapid Comn006 27, 389.

(462) Li, B.; Sauve, G.; lovu, M. C.; Jeffries-EL, M.; Zhang, R.; Cooper,
J.; Santhanam, S.; Schultz, L.; Revelli J. C.; Kusne, A. G,
Kowalewski, T.; Snyder, J. L.; Weiss, L. E.; Fedder, G. K.;
McCullough, R. D.; Lambeth, D. NNano Lett.2006 6, 1598.

(463) Mudd, SJ. Immunol.1932 23, 423.

(464) Pauling, LJ. Am. Chem. S0d.94Q 62, 2643.

(465) Polyakov, M. V.; Stadnik, P. M.; Paritzkii, M. V.; Malkin, I. M.;
Dukhina, F. SJ. Phys. Chem. (U.S.S.R933 4, 454.

(466) Dickey, F. H.Proc. Natl. Acad. Sci. U.S.A.949 35, 227.

(467) WuIff, G.; Sarhan, AAngew. Chem., Int. EA972 11, 341.

(468) Sellergren, B., EdVolecularly Imprinted Polymer<Elsevier: Am-
sterdam, The Netherlands, 2000; Vol. 23.

(469) Haupt, K.; Mosbach, KChem. Re. 200Q 100, 2495.

(470) Komiyama, M.; Takeuchi, T.; Mukawa, T.; Asanuma,Ntblecular
Imprinting: From Fundamentals to ApplicationdViley-VCH:
Weinheim, Germany, 2003.

(471) Batra, D.; Shea, K. Zurr. Opin. Chem. Biol2003 7, 434.

(472) Haupt, K. InMolecularly Imprinted Materials: Science and Technol-
ogy, Yan, M., Ramstim, O., Eds.; CRC Press: New York, 2004; p
685.

(473) Hall, A. J.; Emgenbroich, M.; Sellergren, B. Remplates in
Chemistry Il. Topics in Current Chemistrgchalley, C. A., Diz,
K.-H., Vogtle, F., Eds.; Springer-Verlag: Heidelberg, Germany, 2005;
Vol. 249, p 317.

(474) Piletsky, S. A.; Turner, N. W.; Laitenberger, Med. Eng. Phys.
2006 28, 971.

(475) Zhang, H.; Ye, L.; Mosbach, K. Mol. Recognit2006 19, 248.

(476) Diaz-Garcia, M. E.; Pina-Luis, G.; Rivero, |. Arends Anal. Chem.
2006 25, 112.

(477) Bossi, A.; Bonini, F.; Turner, A. P. F.; Piletsky, S. Biosens.
Bioelectron.2007, 22, 1131.

(478) Panasyuk, T. L.; Mirsky, V. M.; Piletsky, S. A.; Wolfbeis, O. S.
Anal. Chem1999 71, 4609.

(479) Panasyuk-Delaney, T.; Mirsky, V. M.; Ulbricht, M.; Wolfbeis, O.
S. Anal. Chim. Acta2001, 435, 157.

(480) Panasyuk-Delaney, T.; Mirsky, V. M.; Wolfbeis, O Efectroanalysis
2002 14, 221.

(481) Delaney, T. L.; Zimin, D.; Rahm, M.; Weiss, D.; Wolfbeis, O. S.;
Mirsky, V. M. Anal. Chem2007, 79, 3220.

(482) Lavine, B. K.; Westover, D. J.; Kaval, N.; Mirjankar, N.; Oxenford,
L.; Mwangi, G. K. Talanta2007, 72, 1042.

(483) Matsunaga, T.; Hishiya, T.; Takeuchi, Anal. Chim. Acta2007,
591, 63.

(484) Yoshimi, Y.; Ohdaira, R.; liyama, C.; Sakai, Bens. Actuators B
2001 73, 49.

(485) Hattori, K.; Hiwatari, M.; liyama, C.; Yoshimi, Y.; Kohori, F.; Sakai,
K.; Piletsky, S. A.J. Memb. Sci2004 233 1609.

(486) Yan, S.; Fang, Y.; Gao, Anal. Lett.2007, 40, 1013.

(487) Yan, S.; Fang, Y.; Gao, Biosens. Bioelectror2007, 22, 1087.

(488) Dickert, F. L.; Lieberzeit, P. A. IiPiezoelectric SensorSteinem,
C., Janshoff, A., Eds.; Springer: Berlin, Germany, 2007; p 173.

(489) Navarro-Villoslada, F.; Urraca, J. L.; Moreno-Bondi, M. C.; Orellana,
G. Sens. Actuators B007, 121, 67.

(490) Benito-Pena, E.; Moreno-Bondi, M. C.; Aparicio, S.; Orellana, G.;
Cederfur, J.; Kempe, MAnal. Chem2006 78, 2019.

(491) Cywinski, P.; Sadowska, M.; Danel, A.; Buma, W. J.; Brouwer, A.
M.; Wandelt, B.J. Appl. Polym. Sci2007, 105 229.

(492) Kubo, H.; Yoshioka, N.; Takeuchi, Qrg. Lett.2005 7, 359.

(493) Piletsky, S. A.; Turner, A. P. Electroanalysi2002 14, 317.

(494) Ulyanova, Y. V.; Blackwell, A. E.; Minteer, S. DAnalyst2006
131, 257.

(495) Warsinke, A.; Nagel, BAnal. Lett.2006 39, 2507.

(496) Greene, N. T.; Shimizu, K. 0. Am. Chem. So005 127, 5695.

(497) Jakusch, M.; Janotta, M.; Mizaikoff, B.; Mosbach, K.; Haupt, K.
Anal. Chem1999 71, 4786.

(498) Lettau, K.; Warsinke, A.; Katterle, M.; Danielsson, B.; Scheller, F.
W. Angew. Chem., Int. ER006 45, 6986.

(499) Zayats, M.; Lahav, M.; Kharitonov, A. B.; Willner, Tetrahedron
2002 58, 815.



Combinatorial Development of Sensing Materials

(500) Pogorelova, S. P.; Kharitonov, A. B.; Willner, |.; Sukenik, C. N.;
Pizem, H.; Bayer, TAnal. Chim. Acta2004 504, 113.

(501) Panasyuk, T.; Dall'Orto, V. C.; Marrazza, G.; El'skaya, A.; Piletsky,
S.; Rezzano, |.; Mascini, MAnal. Lett.1998 31, 1809.

(502) Zimmerman, S. C.; Wendland, M. S.; Rakow, N. A.; Zharov, |.;
Suslick, K. S.Nature2002 418 399.

(503) Wulff, G.; Vesper, W.; Grobe-Einsler, R.; Sarhan, Makromol.
Chem.1977, 178 2799.

(504) Wulff, G. Angew. Chem., Int. EA.995 34, 1812.

(505) Waulff, G. InMolecularly Imprinted Materials: Science and Technol-
ogy, Yan, M., Ramstfm, O., Eds.; Dekker: New York, 2005; p 59.

(506) Deore, B.; Freund, M. $Analyst2003 128 803.

(507) Sallacan, N.; Zayats, M.; Bourenko, T.; Kharitonov, A. B.; Willner,
I. Anal. Chem2002 74, 702.

(508) Raitman, O. A.; Chegel, V. |.; Kharitonov, A. B.; Zayats, M.; Katz,
E.; Willner, I. Anal. Chim. Acta2004 504, 101.

(509) Mosbach, KTrends Biochem. Sci994 19, 9.

(510) Haupt, K. InUltrathin Electrochemical Chemo- and Biosensors
Mirsky, V. M., Ed.; Springer: Berlin, Germany, 2004; p 23.

(511) Andersson, H. S.; Karlsson, J. G.; Piletsky, S. A.; Koch-Schmidt,
A. C.; Mosbach, K.; Nicholls, I. AJ. Chromatogr., AL999 848,

39.

(512) Piletsky, S. A.; Mijangos, |.; Guerreiro, A.; Piletska, E. V.; Chianella,
I.; Karim, K.; Turner, A. P. FMacromolecule2005 38, 1410.

(513) Piletsky, S. A.; Guerreiro, A.; Piletska, E. V.; Chianella, I.; Karim,
K.; Turner, A. P. FMacromolecule004 37, 5018.

(514) Lu, Y.; Li, C.; Wang, X.; Sun, P.; Xing, XI. Chromatogr., 2004
804, 53.

(515) Takeuchi, T.; Fukuma, D.; Matsui, Anal. Chem.1999 71, 285.

(516) Lanza, F.; Sellergren, B\nal. Chem1999 71, 2092.

(517) Lanza, F.; Hall, A. J.; Sellergren, B.; Bereczki, A.; Horvai, G.;
Bayoudh, S.; Cormack, P. A. G.; Sherrington, D. Ahal. Chim.
Acta 2001, 435, 91.

(518) Piletsky, S. A.; Piletska, E. V.; Chen, B.; Karim, K.; Weston, D.;
Barrett, G.; Lowe, P.; Turner, A. P. Anal. Chem200Q 72, 4381.

(519) Takeuchi, T.; Seko, A.; Matsui, J.; Mukawa liistrum. Sci. Technol.
2001 29, 1.

(520) Dirion, B.; Cobb, Z.; Schillinger, E.; Andersson, L. I.; Sellergren,
B. J. Am. Chem. So003 125 15101.

(521) Dirion, B.; Schillinger, E.; Sellergren, B. Molecularly Imprinted
Materials—2003. MRS Symposium Proceedingsiterials Research
Society: Warrendale, PA, 2004; Vol. 787, p 53.

(522) Chassaing, C.; Stokes, J.; Venn, R. F.; Lanza, F.; Sellergren, B.;
Holmberg, A.; Berggren, CJ. Chromatogr., B2004 804, 71.

(523) Lanza, F.; Sellergren, Blacromol. Rapid Commur2004 25, 59.

(524) Fish, W. P.; Ferreira, J.; Sheardy, R. D.; Snow, N. H.; O'Brien, T.
P.J. Lig. Chromatogr. Relat. Techn&2005 28, 1.

(525) Salvador, J. P.; Estevez, M. C.; Marco, M. P.; Sanchez-Baeza, F.
Anal. Lett.2007, 40, 1294.

(526) O’Mahony, J.; Molinelli, A.; Nolan, K.; Smyth, M. R.; Mizaikoff,
B. Biosens. Bioelectror2006 21, 1383.

(527) Zhu, Q.-Z.; Haupt, K.; Knopp, D.; Niessner, Rnal. Chim. Acta
2002 468, 217.

(528) Villoslada, F. N.; Takeuchi, Bull. Chem. Soc. Jpr2005 78, 1354.

(529) Navarro-Villoslada, F.; San Vicente, B.; Moreno-Bondi, MABal.
Chim. Acta2004 504, 149.

(530) Davies, M. P.; De Biasi, V.; Perrett, Bnal. Chim. Acte2004 504,

7

(531) Mijangos, |.; Navarro-Villoslada, F.; Guerreiro, A.; Piletska, E.;
Chianella, I.; Karim, K.; Turner, A.; Piletsky, Biosens. Bioelectron.
2006 22, 381.

(532) Nicholls, I. A.J. Mol. Recognit1998 11, 79.

(533) Nicholls, I. A.; Adbo, K.; Andersson, H. S.; Andersson, P. O;
Ankarloo, J.; Hedin-Dahlstra, J.; Jokela, P.; Karlsson, J. G
Olofsson, L.; Rosengren, J.; Shoravi, S.; Svenson, J.; Wikman, S.
Anal. Chim. Acta2001, 435, 9.

Chemical Reviews, 2008, Vol. 108, No. 2 813

(534) Piletsky, S. A.; Karim, K.; Piletska, E. V.; Day, C. J.; Freebairn, K.
W.; Legge, C.; Turner, A. P. FAnalyst2001 126, 1826.

(535) Subrahmanyam, S.; Piletsky, S. A.; Piletska, E. V.; Chen, B.; Karim,
K.; Turner, A. P. F.Biosens. Bioelectror2001, 16, 631.

(536) Chianella, I.; Lotierzo, M.; Piletsky, S. A.; Tothill, I. E.; Chen, B.;
Karim, K.; Turner, A. P. FAnal. Chem2002 74, 1288.

(537) Piletska, E.; Piletsky, S.; Karim, K.; Terpetschnig, E.; Turner, A.
Anal. Chim. Acta2004 504, 179.

(538) Sanchez-Barragan, |.; Karim, K.; Costa-Fernandez, J. M.; Piletsky,
S. A,; Sanz-Medel, ASens. Actuators B007, 123 798.

(539) Wei, S.; Jakusch, M.; Mizaikoff, BAnal. Chim. Acta2006 578
50

(540) Farrington, K.; Regan, Biosens. Bioelectror007, 22, 1138.

(541) Dineiro, Y.; Menendez, M. I.; Blanco-Lopez, M. C.; Lobo-Castanon,
M. J.; Miranda-Ordieres, A. J.; Tunon-Blanco,Ahal. Chem2005
77,6741,

(542) Dineiro, Y.; Menendez, M. I.; Blanco-Lopez, M. C.; Lobo-Castanon,
M. J.; Miranda-Ordieres, A. J.; Tunon-Blanco, Blosens. Bioelec-
tron. 2006 22, 364.

(543) Liu, Y.; Wang, F.; Tan, T.; Lei, MAnal. Chim. Acta2007, 581,
137.

(544) Sagiv, Jisrael J. Chem198Q 18, 346.

(545) Mirsky, V. M.; Hirsch, T.; Piletsky, S. A.; Wolfbeis, O. 3ngew.
Chem., Int. Ed1999 38, 1108.

(546) Lahav, M.; Katz, E.; Willner, ILangmuir2001, 17, 7387.

(547) Hirsch, T.; Kettenberger, H.; Wolfbeis, O. S.; Mirsky, V. 8hem.
Commun2003 432.

(548) Prodromidis, M. I.; Hirsch, T.; Mirsky, V. M.; Wolfbeis, O. S.
Electroanalysi2003 15, 1795.

(549) Mirsky, V. M. In Metal Nanoclusters in Catalysis and Materials
Science: the Issue of Size-Conti@brain, B., Schmid, G., Toshima,
N., Eds.; Elsevier: Amsterdam, The Netherlands, 2007; p 321.

(550) Hirsch, T.; Shaporenko, A.; Mirsky, V. M.; Zharnikov, Mangmuir
2007, 23, 4373.

(551) Turner, N. W.; Jeans, C. W.; Brain, K. R.; Allender, C. J.; Hlady,
V.; Britt, D. W. Biotechnol. Prog2006 22, 1474.

(552) Hayden, O.; Mann, K. J.; Krassnig, S.; Dickert, FAnhgew. Chem.,
Int. Ed. 2006 45, 2626.

(553) Hayden, O.; Haderspoeck, C.; Krassnig, S.; Chen, X.; Dickert, F. L.
Analyst2006 131, 1044.

(554) Voicu, R.; Faid, K.; Farah, A. A.; Bensebaa, F.; Barjovanu, R.; Py,
C.; Tao, Y.Langmuir2007, 23, 5452.

(555) Tappura, K.; IVikholm-Lundin, I.; Albers, W. MBiosens. Bioelec-
tron. 2007, 22, 912.

(556) Ertl, G.Angew. Chem., Int. EA.99Q 29, 1219.

(557) Conway, V. L.; Hassen, K. P.; Zhang, L.; Seitz, W. R.; Gross, T. S.
Sens. Actuators B997, 45, 1.

(558) de Gans, B.-J.; Wijnans, S.; Woutes, D.; Schubert, U. Somb.
Chem.2005 7, 952.

(559) Egger, S.; Higuchi, S.; Nakayama,Jl Comb. Chen006 8, 275.

(560) Potyrailo, R. A.; Olson, D. R.; Chisholm, B. J.; Brennan, M. J,;
Lemmon, J. P.; Cawse, J. N.; Flanagan, W. P.; Shaffer, R. E.; Leib,
T. K. Presented at the Invited Symposium “Analytical Tools For High
Throughput Chemical Analysis And Combinatorial Materials Sci-
ence”, Pittsburgh Conference on Analytical Chemistry and Applied
Spectroscopy, March-49, New Orleans, LA, 2001.

(561) Jansen, MAngew. Chem., Int. EQR002 41, 3746.

(562) Potyrailo, R. A. Presented at the 6th DPI Workshop on Combinatorial
and High-Throughput Approaches in Polymer Science, Sept
10-11, 2007, Darmstadt, Germany, 2007.

(563) Gupel, W.; Reinhardt, G. Ii8ensors UpdafeBaltes, H., Gpel, W.,
Hesse, J., Eds.; VCH: Weinheim, Germany, 1996; Vol. 1, p 47.

(564) Frantzen, A.; Sanders, D.; Scheidtmann, J.; Simon, U.; Maier, W. F.
QSAR Comb. ScR005 24, 22.

CR068127F



