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Preface

This is truly an exciting time to be in the field of polymer science. Advances in
polymerization methods are providing polymer scientists with the ability to specify
and control polymer composition, structure, architecture, and molecular weight to
a degree that was not possible just a decade ago. This, in turn, is resulting in many
novel application possibilities of polymers ranging from drug delivery systems and
nanolithography to stimuli-responsive materials and many others. In addition, many
of the application areas of polymers – such as coatings, adhesives, thermoplastics,
composites, and personal care – are also taking advantage of the ability to design
polymers during their development efforts. Not to forget, many of these applications
of polymers involve mixing polymers with solvents, catalysts, colorants, and many
other ingredients to prepare a formulated product.

However, the tuning of polymer composition and structure as well as polymer
formulations to optimize the final performance properties can be challenging, es-
pecially since in many cases several interacting variables need to be optimized
simultaneously. This is where the methodologies and techniques of combinatorial
and high-throughput experimentation to synthesize and characterize polymer li-
braries can be an invaluable approach. Simply put, a polymer library is a collection
of multiple polymer samples having a systematic variation in one or more variables
related to composition, structure, or process. Various methods and strategies have
been explored to efficiently prepare a large number of polymer samples and also
to screen these samples for key properties of interest. In this way, a broad range of
compositions can be prepared and evaluated in a similar time frame required to pre-
pare one or two samples, significantly increasing the efficiency of the experimental
process. In addition, because the variable space is explored more thoroughly and
in more detail than when using conventional laboratory methods, often materials
having a unique combination of properties are identified.

While the use of these methods can be shown to be of benefit to a large number of
polymer research programs, the widespread implementation of these concepts has
not been realized. Thus, we would encourage those working in complex polymer
systems to carefully consider the examples provided in this volume and identify
how these could be implemented in their research work.

In Chap. 1, we provide an introduction to the strategies that have been reported
for the preparation and characterization of polymer libraries and then highlight

ix



x Preface

a few selected examples where polymer libraries have been effectively used to
identify novel materials. In Chap. 2, Becer and Schubert describe the preparation
of polymers using controlled/living polymerization methods. Automated reactors
have been used both to optimize the synthetic conditions and for preparing libraries
of novel block copolymers. Next, Fasolka, Stafford, and Beers describe strategies
used to study the interfaces of polymer systems using a gradient combinatorial ap-
proach. In the gradient approach, a single physical sample is prepared that has a
systematic change in properties such as composition, thickness, surface energy, etc.
A number of truly unique and creative methods have been developed to prepare
the samples and characterize the gradient libraries for properties such as adhesion,
surface energy, modulus, and so on. Finally, one of the challenges in the use of com-
binatorial and high-throughput methods is in the analysis and modeling of the data
obtained. In Chap. 4, Adams discusses various approaches and especially the chal-
lenges involved in the modeling of the polymer data which may be generated using
combinatorial and high-throughput experiments.

While providing a compendium of work done in the past, our primary aim is
that this volume will provide inspiration and motivation for polymer scientists to
employ combinatorial and high-throughput methods in their research efforts and
generate even greater and novel discoveries from their research work.

In addition, we would like to thank all those who have contributed to this vol-
ume to make it a success: C. Remzi Becer, Ulrich S. Schubert, Michael J. Fasolka,
Christopher M. Stafford, Kathryn L. Beers, and Nico Adams. Without your excel-
lent contributions, this volume would not have been a reality.

Potsdam, Germany Michael A.R. Meier
Fargo, ND, USA Dean C. Webster
Spring 2010
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Polymer Libraries: Preparation
and Applications

Dean C. Webster and Michael A.R. Meier

Abstract Polymer libraries offer straightforward opportunities for the investigation
of structure–property relationships and for a more thorough understanding of cer-
tain research problems. Furthermore, if combined with high-throughput methods
for their preparation as well as screening, they offer the additional advantage of
time savings and/or the reduction of experimental efforts. Thus, the herein discussed
methods of polymer library preparation and selected literature examples of polymer
libraries describe efficient and state-of-the-art methods to tackle difficult research
challenges in polymer and materials science.

Keywords Combinatorial materials research · High-throughput screening · Library
preparation · Polymer library · Property screening
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1 Introduction

Polymers are highly tailorable materials and polymers having unique combinations
of properties or can perform a specific function (e.g. drug delivery) are desirable.
In addition to variations in composition and molecular weight, different polymer
architectures, such as block, graft, star, dendrimer, etc., are also possible. Identifying
a specific polymer that has the desired properties can be a challenging task due to
the large number of variations possible.

Therefore, polymer libraries, in combination with high-throughput screening
techniques, are highly useful tools for the evaluation of (quantitative) structure–
property relationships and/or the identification of “hits” of certain desired properties
of the evaluated materials. These tools help researchers to understand their research
problems more thoroughly by, e.g., finding optimal process conditions or product
performance within a reduced amount of time and/or experimental effort.

After the introduction of combinatorial and high-throughput approaches in
pharmaceutical and catalysis research programs, these methods also became avail-
able to the polymer/materials scientist at the beginning of this new century [1–3].
Therefore, new and specially adopted preparation and high-throughput screening
techniques had to be developed, taking the requirements of the fields into account
[4]. Examples include parallel synthetic equipment that can handle highly viscous
polymer melts and solutions as well as screening techniques for polymer molecular
weights and molecular weight distributions. Only this development made it possible
to prepare and screen polymer libraries within a reasonable amount of time, opening
the possibility to address scientific questions that would otherwise be difficult to
tackle.

In order to find the desired hits and/or structure–property relationships, the de-
sign of a polymer library as well as the availability of suitable screening methods
are crucial. The researchers have to ask themselves which experimental factors will
have an influence and what are reasonable ranges for these factors to be tested. Af-
ter this screening process, a further optimization of the screening outcome might
be necessary and, finally, a model might be developed and tested for its robustness.
Traditionally, such optimizations are performed stepwise, one parameter at a time.
Unfortunately, this approach can lead to results that are far from the optimum (com-
pare Fig. 1, left), since interaction between the investigated factors are most likely
not identified. The advantage of high-throughput approaches on the other hand is the
possibility to screen the complete parameter set, making the identification of hits as
well as optimal process parameters easier (Fig. 1, right).

Before setting up the experiments, or preparing a library, a suitable experimental
design has to be chosen [5, 6]. One of the most commonly used designs for polymer
libraries are still the statistical full factorial designs and fractional factorial designs.
Both have in common the systematic variation of experimental factors in a set of
discrete levels, whereby the latter consist of a carefully chosen subset (fraction) of
the full factorial design. Increasing the amount of simultaneously investigated pa-
rameters exponentially increases the experimental as well as data handling efforts
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Fig. 1 Classical step-by-step optimization (left) compared to simultaneous screening of all param-
eters (right)

and can, at a certain point, not even be tackled with high-throughput approaches. For
these problems, design-of-experiments approaches that utilize statistical experimen-
tal designs and allow for the reduction of the number of experiments to be performed
without compromising the information content of the generated data have to be ap-
plied [5, 6].

Within the following sections we will give a brief overview of the available high-
throughput methods for the preparation and screening of polymer libraries and then
focus our discussion on well recognized literature examples of polymer libraries.

2 Polymer Library Preparation

Polymer libraries are generally not prepared for their own sake, but rather in order
to explore some key property of the investigated materials. The technique used to
prepare a given polymer library is often dictated by the method(s) to be used to
screen or characterize the library compositions for the key properties of interest.

Concepts for the preparation of polymer libraries have followed two general
pathways. One method involves the preparation of a single specimen wherein inde-
pendent variables are varied spatially across the sample dimensions. The use of this
technique for polymer systems has been led by researchers at the National Institute
of Standards and Technology (NIST) in the USA. For example, the phase behavior
of binary polymer blends has been studied as a function of composition and temper-
ature by preparing a single sample having varying polymer blend composition along
one spatial dimension and placing the sample on a temperature stage having a gra-
dient in the orthogonal direction [7]. Illustrated in Fig. 2, the composition gradient
was prepared by slowly filling a syringe from a stirred reservoir of the first polymer
while a solution of the second polymer was added, creating a change in composition
over time.
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Fig. 2 Formation of polymer blend gradient film and phase behavior. Reprinted with permission
from [7]. (Copyright 2000 American Chemical Society)

Then the content of the syringe was dispensed in a strip on a glass slide and a
doctor blade was used to spread the solution in the orthogonal direction. The phase
behavior of the blend can be determined directly by visual inspection of the sample
(Fig. 2, right). Similarly, it was also possible to create gradients in both polymer
blend composition and film thickness by accelerating the movement of the doctor
blade when spreading the blend solution [8].

The group of Genzer et al. have used surface-initiated polymerization to create
samples having gradients in surface grafting density [9–11] and molecular weight
[12]. Surfaces of grafted block copolymers having orthogonal variation in the indi-
vidual block lengths have also been prepared [13, 14].

The Beers group at NIST have demonstrated the preparation of surface-grafted
copolymers having a compositional gradient by filling a narrow channel with a gra-
dient in monomer composition followed by atom-transfer radical polymerization
(ATRP) using a surface-grafted initiator (Fig. 3) [15]. This results in a gradient of
statistical copolymers having a systematic change in composition from one end of
the sample to the other. Block copolymer brush gradients could be synthesized using
a two-step technique [16]. The first block was polymerized using surface-initiated
ATRP. Then using the first block as macroinitiator, the second block was polymer-
ized to have a gradient in block length.

To study the effects of composition on the photopolymerization behavior of
acrylates, the group of Bowman et al. prepared gradient libraries where acrylate
composition was varied in one dimension and light exposure was varied using a
moveable shutter in the orthogonal direction [17–21]. An FTIR microscope was
used to characterize the conversion across the samples and the data from multiple
libraries was then used to derive kinetic models for the photopolymerization.

While the gradient approach is attractive for studying many phenomena, for
many studies it is desired to prepare a library of discrete (individual) polymer
samples having a systematic variation in composition, molecular weight, crosslink
density, or architecture. Using discrete samples frees one from the two (or possibly
three) spatial dimensions of the gradient library, allowing for experimental designs
having three, four, or more variables.
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Fig. 3 Preparation of surface-grafted polymer brush composition gradient. Reprinted with per-
mission from [15]. (Copyright 2006 Wiley-VCH Verlag GmbH & Co)

One approach to preparing polymer samples for a combinatorial study could
involve using conventional laboratory synthesis methods to prepare the desired poly-
mers one at a time. There are many studies reported in the literature where a series
of polymers having some systematic variation in composition or other property
were prepared and characterized. However, this approach has limitations in time
and resources and becomes unattractive when the synthesis of large numbers of
polymers is required.

If the chemistry is amenable, it is possible to synthesize a large number of small
samples of polymers by simply mixing the ingredients in either small vials or mul-
tiwell plates. For example, Brocchini et al. prepared a library of 112 polymers by
mixing the monomers in individual vials which were placed in a water bath [22].
Akinc et al. synthesized a library of 24 unique poly(β -amino esters) via the conju-
gate addition of acrylates and amines by mixing the monomers in sample vials fitted
with stir bars [23]. To speed up this process, a liquid handling robot can be used to
dispense the raw materials into an array of vials [24].

Another approach to the preparation of polymer libraries is to conduct individ-
ual polymer synthesis reactions in parallel in small individual reactors. To speed
up the process, automated parallel synthesizers designed for use in combinatorial
chemistry have been adapted and reactor systems specifically designed for polymer
synthesis have also been commercialized (Fig. 4). These reactor systems can auto-
mate many of the steps needed to prepare a library of polymers, including dispensing
of monomers and other reagents according to the desired recipe, controlling the
heating and cooling steps and performing the required purification steps.
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Fig. 4 Illustration of (a) Chemspeed automated synthesizer and (b) Symyx batch polymerization
system for synthesis of discrete polymer libraries. Reprinted with permission from [90]. (Copyright
2007 Taylor & Francis Group, http://www.informaworld.com)

The group of Schubert et al. has demonstrated the utility of using automated
chemical synthesizers for carrying out many different types of polymerizations in-
cluding controlled radical polymerizations [25–33], cationic ring-opening polymer-
ization [34–38], and anionic polymerization [39, 40]. In addition, block copolymers
[41–46] and supramolecular polymers [47–49] have also been synthesized. The
Webster group has used a simple batch polymerization system to synthesize func-
tional siloxane and siloxane-polycaprolactone block copolymers via ring-opening
polymerization [50, 51], and also to carry out conventional and controlled free
radical polymerization [52–55]. Rojas et al. have reported that it is challenging to
conduct step-growth polymerization to high and reproducible molecular weight us-
ing an automated reactor system since, in order to obtain high molecular weight
polymers when two or more monomers are used, equivalent stoichiometry between
the monomers, and therefore precise dispensing of the monomers into the individual
reactors, is required [56]. Liquid dispensing of the monomers in solution was found
to be more precise than dispensing the solid powders. An alternative approach is to
convert the polymerization from a step-growth (condensation) reaction of monomers
to an entropically-driven ring-opening polymerization [57].

A limitation of these simple reactor systems is that agitation is typically by vor-
texing or magnetic stirring, thus polymerizations have to be carried out in solution
at relatively low viscosity. Newer reactor systems have been designed that employ
mechanical mixing, allowing for conducting polymerizations at higher viscosity in-
cluding multi-step processes [58]. Some of these automated synthesizers can be
programmed to withdraw samples periodically during the polymerization reaction
for further analysis, so the course of the reaction can be followed and the reaction
kinetics evaluated [59].
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Following polymer synthesis, in many cases it is necessary to convert the polymer
into a solid film for property screening. Solutions of thermoplastic polymers can be
deposited directly onto the required substrate and the solvent evaporated to leave the
polymer film. Libraries of thermoset polymers are prepared by dispensing and mix-
ing the required components, which can include polymers, crosslinkers, solvents,
catalysts, etc., using an automated dispensing and mixing system. The mixtures are
then deposited on an appropriate substrate, usually in an array format, followed by
the curing of the library of samples. A number of methods can be used to deposit the
formulation libraries including using a liquid handling pipette to deposit the sam-
ples into the wells of a microtiter plate or other multiwell substrate [60, 61], ink-jet
printing [62–65], microcontact printing [66–68], or using an automated device for
depositing and spreading the materials on a substrate [69–71].

3 Selected Examples

In recent years, many examples of polymer libraries applying high-throughput
experimentation concepts for the fast and reliable determination of structure–
property relationships were reported in the literature.

Kohn et al. were probably the first to make use excessively of these concepts and
reported in 1997 on a “combinatorial approach for polymer design” [22]. Therefore,
14 tyrosine-derived diphenols and eight diacids were reacted with each other in up
to 32 parallel polymerization reactions to obtain a 112-membered library of strictly
alternating A–B type copolymers with predictable and systematic material property
variations. These polymerizations were conducted in separate reactions vessels in
a water bath in a 0.2 g scale yielding enough material after purification for the es-
tablishment basic material properties as well as certain biological properties. For
instance, it was shown that the glass transition temperature (Tg) as well as the air–
water contact angle of the polymers increased as the number of carbon or oxygen
atoms in the polymer backbone and pendent chain decreased in a defined fashion to
mention only a few of the found structure–property correlations (Fig. 5).

Moreover, a linear correlation was obtained between cell proliferation and air–
water contact angles when polymers having an identical backbone structure but
different pendent chains were grouped together. In general, cell proliferation sig-
nificantly decreased as the polymer surface became more hydrophobic. In contrast,
for those polymers having oxygen-containing diacids in the backbone, cell prolifer-
ation was far less sensitive to surface hydrophobicity. In fact, all polymers having
oxygen-containing diacids in their backbone were uniformly good fibroblast growth
substrates irrespective of their air–water contact angle. In subsequent investiga-
tions, models for both protein adsorption onto and cellular response to polymeric
surfaces were derived from the discussed 112-membered library using computed
descriptors that are only based on the polymer structures and their glass transition
temperatures (Tg) [72]. Finally, a variety of other biologically important parame-
ters, such as gene expression levels or protein adsorption, were evaluated for this
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Fig. 5 Glass transition temperature variation within a library of 112 copolymers. Reprinted with
permission from [22]. (Copyright 1997 American Chemical Society)

polymer library and it was attempted to correlate the outcome of these tests to the
chemical structure of the investigated polymers [73–75]. These examples clearly
demonstrate that a designed (targeted) library of polymeric materials is a very use-
ful tool to evaluate structure–property relationships and to develop computational
models. The knowledge obtained can subsequently be applied for the preparation of
materials with certain designed properties with a reduced amount of effort and time
[76].

Later, several authors adopted this general library preparation technique to their
specific needs and reported on the synthesis of different polymer libraries prepared
via step-growth polymerization techniques [77–79]. For instance, Candida antarc-
tica lipase in acetonitrile was shown to catalyze efficiently the polycondensation of
a variety of diol monomers, including aliphatic and aromatic diols, as well as car-
bohydrates, nucleic acids, and a natural steroid diol, with straight chain diesters to
form a library of high molecular weight polymers [79]. Moreover, a linearly varying
compositional library of 100 different biodegradable polyanhydride random copoly-
mers was prepared via polycondensation [77]. It was argued that these materials are
promising carriers for controlled drug delivery and indeed the authors could show
that the rate of release of a model dye could be correlated to the copolymer compo-
sition.

In an equally distinguished example, Langer et al. demonstrated the synthe-
sis of a 140-membered library of degradable polymers from diacrylate and amine
monomers (compare Fig. 6) that were polymerized via aza-Michael addition chem-
istry [80].

The library was screened for DNA-complexing materials as well as gene de-
livery vectors, revealing several new materials that were able to condense DNA
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Fig. 6 Monomers used for the construction of a 140-membered library of degradable polymers.
Structures redrawn from [80]

into small enough structures to be internalized by cells and releasing the DNA
in a transcriptionally active form. Further investigation of this library by in vitro
transfections screening methods identified two candidates with very high transfec-
tion levels and revealed, due to this highly systematic approach, first correlations
between the chemical structure of the polymers and their performance [81]. Subse-
quently, the synthesis and screening of a library of 2,350 structurally unique, degrad-
able, cationic polymers from a larger subset of similar monomers (compare Fig. 6)
became feasible by using automated fluid-handling systems [24]. In particular, a
high-throughput, cell-based screening method could thus identify 46 new poly-
mers that transfect with a higher efficiency than conventional nonviral delivery
systems such as poly(ethyleneimine). Last, but not least, Langer et al. reported the
in vitro screening of a 500-membered poly(β -amino esters) library for transfec-
tion efficiency and cytotoxicity [82]. Some vectors surpassed the best commercially
available nonviral vectors for in vitro and in vivo gene transfer, and it was observed
that the direct administration of one of these poly(β -amino ester)s complexed to
DNA encoding the toxin DT-A could effectively inhibit tumor growth in mice.

In the area of conjugated polymers, Lavastre et al. reported a high-throughput ap-
proach for the preparation and screening of poly(arylene ethynylene)s [83]. There-
fore, Pd-catalyzed carbon–carbon coupling reactions between 12 dihalogenated
and 8 diethynyl monomers were performed in parallel, yielding a 96-membered
polymer library that was screened for its fluorescent properties in solution as well
as in thin films utilizing plate reader technology. The authors conclude that their
HTE approach was successfully applied for the fast discovery of potential new can-
didates for OLEDs and led to the detection of polymers showing a red, green, or
blue solid-sate fluorescence [83].
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Moreover, libraries of dendrimers and other branched polymer architectures
were successfully prepared and investigated. In 2001 Hawker et al. presented
a strategy to prepare multiarm star polymers using nitroxide-mediated “living”
radical polymerization [84]. Therefore, a macroinitiator together with a mono-
functional and a bifunctional monomer were reacted resulting in the formation of
cross-linked moieties with random spacers of the monofunctional monomer, which
effectively knit together the polymeric arms of the macroinitiator leading to for-
mation of soluble star polymers. Since too many parameters had to be investigated
for this polymerization, only a high-throughput approach enabled the researchers to
achieve their goal [84]. Later, the same group reported a library of highly branched,
3-dimensional, dendron functional core cross-linked star polymers via a similar ap-
proach [85]. Moreover, dendrimer libraries were prepared via click-chemistry [86]
as well as via classical approaches [87]. Especially the click-chemistry approach
led to a library of functionalized dendritic macromolecules in extremely high yields
using no protecting group strategies and only minimal purification steps [86]. There-
fore, this strategy presents a significant advance compared to traditional approaches
not only for the synthesis of dendrimer libraries but polymer libraries in general.
Last, but not least, a small library of star-shaped block copolymers was shown to
behave as unimolecular micelles and to transfer guest molecules from a water to a
chloroform phase [45]. This behavior was screened using plate reader technology
and the encapsulation behavior could be correlated to the polymer architecture. At
a later stage, it could be shown that these polymers encapsulated a large variety of
different guest molecules [46], they were able to stabilize metal nano-particles that
were potent catalysts for C–C coupling reactions [88], and the encapsulated guest
molecules could also be transported within these nano-carriers [89].

High-throughput approaches are frequently applied to the synthesis and evalu-
ation of coating libraries [90]. Representative examples include, for instance, the
preparation of acrylate based coatings and their subsequent evaluation by high-
throughput screening techniques [91]. Thus, 48-element coatings libraries were
prepared as 8× 6 arrays and evaluated for their abrasion resistance applying self-
developed test methods leading to an important productivity improvement of at least
10 times over a conventional coating development process [91]. Moreover, Web-
ster et al. have worked on coating libraries with reduced adhesion for applications
as anti-fouling coatings [52, 92, 93]. For instance, an acrylic polyol library was
synthesized using batch solution polymerization of the monomers using the three
monomers butyl methacrylate, n-butyl acrylate, and 2-hydroxyethyl acrylate to ob-
tain polyols of varying compositions [52]. The resulting 24-membered polyol library
was characterized using high-throughputgel permeation chromatography and differ-
ential scanning calorimetry (DSC). Subsequently, this library was formulated into
siloxane-polyurethane coatings and the resulting coatings were tested for pseudo-
barnacle adhesion revealing that most of the investigated materials showed very low
adhesion [52]. Later, the same authors reported on the development of an automated
imaging software tool that quantifies bacterial and algal percent coverage on coating
arrays and argued that surface coverage is a highly relevant parameter when down-
selecting coatings on the basis of their fouling-release potential [92]. The presented
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screening method, in combination with other high-throughput screening techniques,
would ultimately allow a reduction of 200–300 coating formulations to only approx-
imately 10 formulations that need to be subjected to full ocean testing [92]. Thus,
these high-throughput coating testing methods not only save time, but also signifi-
cantly reduce the time required and the expenses necessary for full evaluation of a
certain class of materials.

More specific libraries, such as polymer thin film (gradient) libraries or libraries
prepared via controlled polymerization techniques, are not part of this overview, but
will be discussed in detail in other chapters of this book [94, 95].
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Abstract This chapter highlights the application of controlled/“living” polymer-
ization (CLP) techniques in automated parallel synthesizers for both optimizing
reaction parameters as well as preparing copolymer libraries. Special attention is
given to the use of CLP techniques for constructing well-defined copolymer li-
braries. Furthermore, alternative strategies for the preparation of block copolymer
libraries are discussed.
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Abbreviations

AA Acrylic acid
AcBr Acetyl bromide
AcCl Acetyl chloride
AcI Acetyl iodide
AFM Atomic force microscopy
AIBN α,α-Azobisisobutyronitrile
Amor N-Acryoyl morpholine
ATRP Atom transfer radical polymerization
BEB (1-Bromo ethyl) benzene
bpy 4,4′-Dialkyl substituted bipyridine
BrEBiB 2-Bromo-2-methylpropanoyl bromide
CBDB 2-Cyano-2-butyl dithio benzoate
CLP Controlled/“living” polymerization
CROP Cationic ring opening polymerization
CRP Controlled radical polymerization
CTA Chain transfer agent
DMA N,N-Dimethyl acrylamide
DMAc N,N-Dimethyl acetamide
DMAEMA N,N-Dimethyl aminoethyl acrylamide
DMF N,N-Dimethyl formamide
DP Degree of polymerization
DSC Differential scanning calorimetry
EEA 1-Ethoxy ethyl acrylate
EBIB Ethyl-2-bromo-iso-butyrate
EtOx 2-Ethyl-2-oxazoline
GC Gas chromatography
HPA 2-Hydoxypropyl acrylate
iPrOx 2-iso-Propyl-2-oxazoline
LCST Lower critical solution temperature
MA Methyl acrylate
MAA Methacrylic acid
MADIX Macromolecular design via the interchange of xanthates
MBP Methyl bromo propionate
MMA Methyl methacrylate
MeOMA 2-Methoxyethyl 2-methylacrylate
MeO2MA 2-(2-Methoxyethoxy)ethyl 2-methylacrylate
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MeOx 2-Methyl-2-oxazoline
Mn Number average molar mass
nBA n-Butyl acrylate
NIPAM N-Isopropyl acrylamide
NMP Nitroxide mediated polymerization
NMR Nuclear magnetic resonance
NonOx 2-Nonyl-2-oxazoline
OEGMA Oligo(ethyleneglycol) methyl ether methacrylate
OEGEMA Oligo(ethylene glycol) ethyl ether methacrylate
PAA Poly(acrylic acid)
PDI Polydispersity index
PEEA Poly(1-ethoxyethyl acrylate)
PEG Poly(ethyleneglycol)
PEO Poly(ethylene oxide)
PheOx 2-Phenyl-2-oxazoline
PDMAEMA Poly(N,N-dimethyl aminoethyl methacrylate)
PMA Poly(methyl acrylate)
PMMA Poly(methyl methacrylate)
PnBA Poly(n-butyl acrylate)
PSt Poly(styrene)
PtBA Poly(tert-butyl acrylate)
RAFT Reversible addition-fragmentation chain transfer
SEC Size exclusion chromatography
s-BuLi sec-Butyllithium
SPE Solid phase extraction
SoyOx 2-“Soyalkyl”-2-oxazoline
St Styrene
tBA tert-Butyl acrylate
TEMPO 2,2,6,6-Tetramethyl-1-piperidinyloxy stable radical
Tg Glass transition temperature
TGA Thermal gravimetric analysis
TsCl p-Toluene sulfonyl chloride

1 Introduction

Tailor-made macromolecules have come into the focus of polymer science to
overcome the challenges of a number of complex applications from the nano to the
macro scale. Materials scientists have been designing and synthesizing tailor-made
macromolecules specific for each application. These materials are composed of dif-
ferent monomeric units, chemical functionalities, and topologies. The challenge has
been to control precisely the position of the functionality on the polymer, to deter-
mine the necessary ratio of monomeric units, as well as to understand the effect of
the molecular architecture on the material performance.
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The development of controlled/“living” polymerization (CLP) techniques has
opened a new window to researchers to gain control successfully over the syn-
thesis of well-defined polymeric structures [1–5]. However, each polymerization
technique requires specific catalysts, initiators, and optimum reaction conditions
for different monomers. Optimization and understanding the effect of each input
variable on the polymerization kinetics or the obtained macromolecule can be per-
formed by the use of high-throughput experimentation techniques. There is no
doubt that screening a wide range of reaction parameters will allow researchers to
define the most efficient synthesis conditions for successfully designing and prepar-
ing tailor-made polymers. Following the identification of the optimum reaction
parameters, systematic sets of copolymers can be synthesized to elucidate structure-
property relationships. Alternatively, gradient thin film libraries allow screening the
effect of two or more parameters on a relatively small scale [6–8]. There are several
methods to create gradient thin film libraries, e.g., flow-coating and ink jet printing
[9, 10]. Countless data sets are being obtained by analysis of large polymer libraries
and these data sets allow pinpointing of the best performance materials [11–15].

In this chapter, we will focus on the use of CLP techniques for the synthe-
sis of systematic copolymer libraries using high-throughput approaches. Prior
to that, automated parallel optimization reactions that have been performed for
different CLP techniques will be discussed. At the end of this chapter there will be
a highlight on the latest synthetic approaches to synthesize well-defined polymer
libraries.

2 Parallel Optimization of Controlled/“Living” Polymerizations

Absolute structural control over the polymer chain represents the primary target in
modern synthetic polymer chemistry. In practice, the term “well-defined” is com-
monly used for polymers that exhibit low polydispersity indices; however their
structural composition should also be known in some detail. Important key features
can be listed such as the chemical structures of the initiating and the end groups,
monomer composition, number of repeating units as well as topology. Different syn-
thetic approaches have been developed to gain control over the architecture. Ionic
and radical polymerization techniques have been the most promising ones to provide
the desired macromolecules. There is still the need to develop and optimize these
techniques further, not only to improve the synthesis procedures but also to pro-
vide a deeper insight into the fundamentals of polymerization mechanisms.

Researchers have already invested several decades to elucidate the effect of input
variables on the polymerization kinetics and the polymer structures. Many research
groups have devoted their resources to obtaining reproducible data on polymeriza-
tion kinetics. One of the methods to achieve that is to conduct several experiments in
parallel to keep most reaction inputs constant and to minimize unpredictable envi-
ronmental effects. In these series of experiments it appeared to be necessary to apply
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automated parallel synthesis platforms and standardized experimental protocols in
order to provide extended and comparable data sets within a short period of time.

2.1 Radical Polymerization Techniques

Starting from 1956, living ionic polymerizations became the major interest for the
synthesis of well-defined polymers. Szwarc reported that in the anionic polymeriza-
tion of styrene (St) the polymer chains grew until all the monomer was consumed;
the chains continued to grow upon addition of more monomer [16].

According to the IUPAC definition, ionic polymerization is a type of chain poly-
merization where the kinetic-chain carriers are ions or ion pairs [17]. However, these
techniques have some limitations such as the necessity of extreme purity of the
chemicals and the reaction medium, incompatibility between the reactive centers
and monomers, and the sensitivity to certain chemical functionalities that limits
the monomer selection. These challenges directed researchers to discover or de-
velop alternative polymerization techniques. One of the alternative polymerization
routes is radical polymerization since it is less discriminating regarding the types
of polymerizable vinyl monomers and more tolerant to several functionalities. The
most common method is free radical polymerization, which results in polymers with
broad molar mass distributions. However, polymers with relatively high polydisper-
sity indices may be of some advantage in industrial processing. For instance, low
molar mass polymer chains in polymers with broad molar mass distributions pro-
vide a plasticizer effect during processing. However, these ill-defined polymers are
not suited for advanced applications and are also not suitable for understanding
structure-property relationships.

As a consequence of the free radical polymerization kinetics, the termination
rates are extremely fast in comparison to the slow initiation rates. This results in the
formation of high molar mass chains at the initial stage of the polymerization and
decreasing molar masses in the latter stages due to the decrease in the monomer
concentration. Under these circumstances, broad molar mass distributions are in-
evitable.

There were several attempts to gain better control on the free radical
polymerization process [18, 19]. One of these methods was named the “iniferter”
method. The compounds used in this technique can serve as initiator, transfer
agent and terminating agent [20–22]. Another technique is based on the use of
bulky organic compounds such as diaryl or triarylmethyl derivatives [23–25]. The
main disadvantages of these systems comprise slow initiation, slow exchange,
direct reaction of counter radicals with monomers, and their thermal decomposi-
tion. Therefore, these techniques did not offer the desired level of control over the
polymerization.

Relatively new controlled radical polymerization (CRP) methods, which were
discovered in the mid-1990s, focused on establishing a precise equilibrium between
the active and dormant species. Three approaches, namely atom transfer radical
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polymerization (ATRP) [1, 2], nitroxide mediated polymerization (NMP) [3, 26],
and reversible addition fragmentation chain transfer (RAFT) [4, 27], out of several
others, have attracted the most attention due to their success in providing relatively
stable chain end functionalities that can be reactivated for subsequent block copoly-
merizations or post polymerization modifications.

2.1.1 Atom Transfer Radical Polymerization

ATRP has become the most widely applied CRP technique due to its simple mech-
anism and commercially available reagents. This technique was first reported in
1995, independently by Sawamoto and Matyjaszewski [28, 29]. The polymeriza-
tion mechanism is based on the reversible redox reaction between alkyl halides and
transition metal complexes. Scheme 1 illustrates the mechanism of normal ATRP.

The simplicity of the polymerization reaction is the result of intense research
carried out by several groups on the importance and the fundamentals of each
parameter. In particular, Matyjaszewski et al. have spent great effort on the construc-
tion of numerous comparison charts on the activity of initiators and ligands that are
used in ATRP [30–32]. These published comparison tables represent the summary
of hundreds of single experiments and are now a very important and reliable source
of data for the ATRP technique.

It is obvious that automated parallel synthesis robots provide a great advantage
to the researcher that has necessarily to keep all secondary parameters constant
throughout the screening reactions. These commercially available robotic systems
have been constantly tested not only by its producers but also by academic groups
to verify the reproducibility of the high-throughput experimentation setups. Re-
cently, we have reported a standard protocol on the automated kinetic investigation
of controlled/living radical polymerization of various monomers as a first step to
obtain comparable results independent of the research group [33].

Automated parallel experiments were carried out to rapidly screen and optimize
the reaction conditions for ATRP of methyl methacrylate (MMA) [34]. A set of
108 different reactions was designed for this purpose. Different initiators and differ-
ent metal salts have been used, namely ethyl-2-bromo-iso-butyrate (EBIB), methyl
bromo propionate (MBP), (1-bromo ethyl) benzene (BEB), and p-toluene sulfonyl
chloride (TsCl), and CuBr, CuCl, CuSCN, FeBr2, and FeCl2, respectively. 2,2′-
Bipyridine and its derivatives were used as ligands. The overall reaction scheme
and the structure of the used reagents are shown in Scheme 2.

R-X + Mt
n/Ligand

kact

kdeact
R + Mt

n+1/Ligand

kp

R-R / RH & R=

l

+M

k t

Scheme 1 General mechanism of atom transfer radical polymerization (ATRP)
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Scheme 2 Schematic representation of the ATRP of MMA using different initiators, ligands and
metal salts. [MMA]0 : [initiator]0 : [metal salt]0 : [ligand]0 = 150:1:1:2 and MMA : p-xylene =
1:2 v/v

High-throughput experimentation of the ATRP of MMA was carried out in a
Chemspeed ASW2000 automated synthesizer to screen rapidly and to optimize the
reaction conditions. Two reactor blocks were used in parallel and each block con-
sisted of 16 reaction vessels equipped with a double jacket heater. The typical layout
of the automated synthesis platform is illustrated in Fig. 1. There are several loca-
tions for the reactor blocks in the platform and most commonly one or two blocks
are used in parallel in order to keep the high-throughput workflow running with-
out any bottlenecks. The stock solution rack is equipped with an argon inlet to
keep the stock solutions under inert conditions. A solid phase extraction (SPE) unit,
which is equipped with alumina columns, is used to remove the metal salt from the
aliquots. The samples intended for characterization are transferred into small vials



24 C.R. Becer and U.S. Schubert

SEC

Reactor blocks SPE unit Stock solutions

SEC samples GC samples M

M

M

M

N

N

N

N

T

T

T

T

H

H

H

H

CB

CC

CS

FB

M

M

M

M

N

N

N

N

T

T

T

T

H

H

H

H

M

M

M

N

N

N

N

T

T

T

T

H

H

H

H

M

M

M

M

N

N

N

N

T

T

T

H

H

H

M

M

M

M

N

N

N

N

T

T

T

T

H

H

H

H

EBIB

MBP

BEB

TsCl

EBIB

MBP

BEB

TsCl

CuBr CuCl CuSCN FeBr2 FeCl2
bpy

FC

5

8

6

7

1

4

2

3

FC

FC

FC

CS

CS

CS

CB

CB

CB

CC

CC

CC

FB

FB

FB

Fig. 1 Schematic representation of the automated synthesizer and combinations of metal salts,
initiators and ligands used in this study. The symbols used in this figure are as follows: dMbpy, M;
dHbpy, N; dTbpy, T; CuBr, CB; CuCl, CC; CuSCN, CS; FeBr2, FB; FeCl2, FC; CuBr + ligand +
TsCl (ligand = 4,5′ −dMbpy, 1; 5,5′ −dMbpy, 2; 4Mbpy, 3; and 6Mbpy, 4), and CuCl+ ligand+
TsCl (ligand = 4,5′ − dMbpy, 5; 5,5′ − dMbpy, 6; 4Mbpy, 7; and 6Mbpy, 8). (Reprinted with
permission from [34]. Copyright (2004) John Wiley & Sons, Inc.)

arranged in racks and the racks are transferred to the autosampler of the analytical
instruments, such as gas chromatography (GC) or gas chromatography coupled with
mass spectrometry (GC–MS), or size exclusion chromatography (SEC). In addi-
tion, there is an injection port for online SEC measurements. The technical details
and further explanation on this system can be found in several reviews [35–40]. It
should be noted that the computer-based planning and robotic performing of the
reactions as well as the utilization of fast characterization techniques significantly
decreased the research time for the designed library from several months to two
weeks. The experimental results obtained could be compared and used for elucida-
tion of structure-property relationships of monomer, initiator, and catalytic systems
since all the reactions were carried under the same conditions.

Three main parameters were used to evaluate the efficiency of the polymer-
ization, namely monomer conversion (CMMA), initiation efficiency of the reaction
( f = Mn,theo/Mn,SEC), and polydispersity index (PDI). These results are depicted
in Fig. 2. It is obvious that the Cu(I)-catalyzed systems are more effective than
the Fe(II)-catalyzed systems under the studied conditions. It was concluded that a
bipyridine based ligand with a critical length of the substituted alkyl group (e.g.,
dHbpy) shows the best performance in Cu(I)-mediated systems. Besides, Cu(I)
halide-mediated ATRP with 4,5′-Mbpy as the ligand and TsCl as the initiator was
better controlled than that with dMbpy as the ligand, and polymers with much lower
PDI values were obtained in the former case.

Another challenge in ATRP is to remove the catalyst prior to the analysis of the
polymers. In the case of automated sample withdrawing, this leads to the necessity
of an automated purification system. For this purpose, an SPE unit was utilized
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to purify the aliquots [41, 42]. Different column materials were investigated and
deactivated aluminum oxide gave the best results. As shown in Fig. 3, the absorption
band of the sample decreased significantly after the purification.
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2.1.2 Nitroxide Mediated Polymerization

Nitroxide mediated polymerization is one of the most environmentally friendly
CRP techniques and has a relatively simple polymerization mechanism since
there is no need for a catalyst [3]. Solomon, Rizzardo and Moad have demon-
strated the reaction between 2,2,6,6-tetramethyl-1-piperidinyloxy stable radical
(TEMPO) and vinyl monomers in the range of the free radical polymerization
temperature (40–60 ◦C) [43]. Since then, two different NMP concepts have been
developed, namely the bimolecular and the unimolecular process, respectively.
Georges et al. described the bimolecular process for the preparation of low PDI
value polystyrene initiated by benzoylperoxide and mediated by TEMPO [44].
Following that, unimolecular initiators have been developed that have the similar
concept of well-defined initiators in living anionic and cationic processes [45, 46].
In unimolecular polymerizations, the initiator and the mediator are combined in
a single molecule (e.g., alkoxyamines) that also simplifies the polymerization
kinetics. The investigation on stable free nitroxide compounds were started with
TEMPO and extended to several different types of nitroxide-containing compounds
[3], such as phosphonate derivatives [47] or arenes [48]. The use of alkoxyamines
allows the greatest degree of control over the final polymeric structure with well-
defined functional end groups. A schematic representation of the NMP of St
initiated by N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-
(2-carboxylprop-2-yl) hydroxylamine (Bloc BuilderTM) is illustrated in Scheme 3.
Bloc BuilderTM is an efficient alkoxyamine for styrenics as well as acrylates and
currently commercially available from Arkema.

A systematic investigation has been performed on the homopolymerization of
St and tert-butyl acrylate (tBA) in an automated parallel synthesizer [49]. The
Chemspeed Accelerator SLT106TM was used in order to screen the effect of the
polymerization temperature by the use of an individually heated reactor block.
These blocks allow conducting up to 16 parallel reactions each at different tem-
peratures, heated by electrical heating and controlled by an individual heat sensor in
every reactor. The determination of the optimum polymerization temperature for a
specific nitroxide compound plays a crucial role in the control of the polymer chain
growth. Relatively high temperatures will cause an increase in the apparent radi-
cal concentration which will lead to increased side reactions such as termination
by coupling or disproportionation. An example of this behavior is visible in Fig. 4.
The apparent polymerization rates were increased by higher temperatures. Higher
monomer conversions were obtained at shorter reaction periods; however, the PDI
values of the polymers were increased above 1.4. The optimum polymerization tem-
perature range using this type of alkoxyamine (Bloc BuilderTM) was reported to be
in the range of 110–125 ◦C.

The most critical point of all CRP techniques is to gain absolute control over the
activation and deactivation of the reactive chain end. This can be simply controlled
by altering the polymerization temperature or increasing the deactivator concen-
tration. Thus, additional stable free-nitroxide compounds can be added to the
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Scheme 3 Schematic representation of the nitroxide mediated polymerization (NMP) of
styrene (St)
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Fig. 4 Semilogarithmic kinetic plot for the NMP of styrene (St) initiated by Bloc BuilderTM (left),
Mn and PDI values vs conversion plot at different polymerization temperatures (right). (Reprinted
with permission from [49]. Copyright (2006) John Wiley & Sons, Inc.)

polymerization medium besides the alkoxyamine initiator. This effect has been
investigated in detail for different types of monomers as shown in Scheme 4 [50].

Based on the optimization reactions described, the polymerization temperature
was kept constant at 110 ◦C for the NMP of N,N-dimethyl acrylamide (DMA),
N-acryoyl morpholine (Amor), and 2-hydoxypropyl acrylate (HPA). However, it
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Scheme 4 Schematic representation of the chemical structures of the monomers N,N-dimethyl
acrylamide (DMA), N-acryoylmorpholine, and 2-hydroxypropyl acrylate

was necessary to add an excess of free nitroxide to obtain better control over the
polydispersity of the polymers. On the other hand, the excess of free nitroxide
dramatically decreased the apparent polymerization rate. Parallel optimization re-
actions were conducted for the monomers depicted in Scheme 4 in order to identify
the right balance between the polymerization rate and sufficient control over the
polydispersity. Some representative results from that report are illustrated in Fig. 5.
All the reactions were performed in N,N-dimethyl formamide (DMF) as solvent,
at a polymerization temperature of 110◦C, a monomer concentration of 2 M, and
a monomer to initiator ratio of 100:1. The free nitroxide (SG-1) ratio was varied
from 0 up to 20% with respect to the amount of initiator (Bloc BuilderTM). Ap-
parently, the polymerization rate of Amor was decreased by increasing amounts of
SG-1, as shown in Fig. 5a. However, the lowest PDI values were obtained with the
highest amount of SG-1 (20%) (Fig. 5b). Similar trends of the molar masses and
the PDI values were observed for the polymerization of DMA and HPA. According
to the kinetic results, the apparent rates of Amor, DMA, and HPA were found to
be 16.0× 10−4 L mol−1 s−1,7.7 × 10−4 L mol−1 s−1, and 4.3× 10−4 L mol−1 s−1,
respectively. In the case of copolymerization of these monomers, there will be
different distributions of monomers throughout the polymeric chain depending on
their reactivity. The optimization of key parameters and the determination of the
polymerization rate constants provide critical knowledge on the construction of
polymer libraries.

2.1.3 Reversible Addition Fragmentation Chain Transfer

The first well established RAFT polymerization using thiocarbonylthio compounds
was reported by CSIRO in 1998 [51]. Subsequently, another group reported a similar
mechanism using xanthate RAFT agent; they named this technique macromolecular
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design via the interchange of xanthates (MADIX) [52, 53]. RAFT polymerization
has several advantages over other CRP techniques. The most significant advantage
is the compatibility of the technique with a wide range of monomers, such as St,
acrylates, methacrylates, and derivatives. This large number of monomers provides
the opportunity of creating well-defined polymer libraries by the combination of
different monomeric units. The mechanism of the RAFT polymerization comprises
a sequence of addition-fragmentation processes as shown in Scheme 5.

The initiation and radical–radical termination reactions occur as in conventional
free radical polymerization. This is followed by the addition of the propagating
species (A) to the chain transfer agent (CTA), which leads to the formation of an
intermediate species (B). Therefore, a new radical (D) can be released to form new
propagating chains (E). In step IV, rapid equilibrium between active propagating
radicals and the corresponding dormant species provides equal probability for all
chains to grow and allows for the production of polymers with low PDI values.
Termination reactions occur via combination or disproportionation (step V) to some
extent, but can be largely eliminated by maintaining appropriate conditions that con-
trol the apparent radical concentration.
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Scheme 5 Schematic representation of the mechanism of the RAFT polymerization

Some of the most important critical points in RAFT polymerizations are the
relative concentrations of the free radical initiator, the CTA, and the monomer,
since these will establish the delicate balance between the dormant and active
species. Acrylate and methacrylate derivatives can be successfully polymerized us-
ing 2-cyano-2-butyl dithio benzoate (CBDB) as a CTA. However, the amount of free
radical initiator (α,α-azobisisobutyronitrile (AIBN) is used in general) compared to
CTA determines the rate of control over the polymerization. Therefore, eight dif-
ferent acrylates or methacrylates were polymerized with different ratios of CTA to
AIBN [54]. The structures of the monomers and the design of the experiment are
shown in Fig. 6.

A reactor block consisting of 16 reactors was divided into 4 zones with 4 differ-
ent CTA to initiator ratios, and 4 different acrylates or methacrylates were used in
each set of experiments. The polymerization of tert-butyl methacrylate was repeated
four times to demonstrate the reproducibility of the polymerization in an automated
parallel synthesizer. Structural analysis of the polymers revealed that there was less
than 10% deviation in the number average molar mass (Mn) and the PDI values.

The polymerization of four different acrylates at four different CTA to initia-
tor ratios are shown in Fig. 7, as a representative example. The increased ratio
of CTA to AIBN resulted in improved PDI values; however, there is a decrease
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Fig. 6 Schematic representation of the design of experiment and the structures of the used
(meth)acrylates. (Reprinted with permission from [54]. Copyright (2005) John Wiley & Sons, Inc.)

Fig. 7 Mn and PDI values vs CTA to α,α-azobisisobutyronitrile (AIBN) ratio plots for different
acrylates. (Reprinted with permission from [54]. Copyright (2005) John Wiley & Sons, Inc.)

observed in the Mn of the polymers. All polymerizations were conducted at 70◦C
for 10 h. Due to the different initiator concentrations, the rate of polymerization
differs and a significant decrease occurs in the molar mass for a certain reaction
time. Nevertheless, this systematic study not only proved the reproducibility of the
RAFT polymerization of several (meth)acrylates but also provided the optimum ra-
tio of CTA to initiator to be used in further reactions.
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2.2 Ionic Polymerization Techniques

2.2.1 Anionic Polymerization

Anionic polymerization represents a powerful technique for synthesizing polymers
with low PDI values, thus providing good control over the chain length. This method
leads to less side reactions than radical polymerizations. For instance, unlike in
radical polymerization, there is no termination by the combination of two active
chains. However, the mechanism is more sensitive to impurities and functional
groups, and therefore applicable for only a limited class of monomers.

It still represents a great challenge to conduct anionic polymerizations in an
automated parallel synthesizer. Above all, the technique requires an intensive purifi-
cation of the reagents and the polymerization medium in order to obtain well-defined
polymers. Therefore, a special procedure has been described for the inertization of
the reactors [55]. It is called “chemical cleaning,” which is essentially rinsing all the
reactors with sec-butyllithium (s-BuLi) prior to the reaction in order to eliminate all
chemical impurities. This process can be performed in an automated manner. Due to
the extreme sensitivity of the polymerization technique to oxygen, moisture, and im-
purities, detailed investigations on the inertization procedure and the reproducibility
of the experiments need to be conducted.

The inertization procedure applied for the Chemspeed ASW2000 robot was
started with flushing the hood with argon overnight while the reactors were heated
up to 140 ◦C and were exposed to six cycles of vacuum (25 min)-argon (5 min)
to eliminate oxygen and moisture completely. Afterwards, s-BuLi in cyclohexane
was added to all reactors and vortexed for 1.5 h at room temperature and 30 min
at 50 ◦C with fresh cyclohexane solutions. As a final step, the washing solution
was aspirated from all the reactors and one more vacuum–argon cycle was ap-
plied to finalize the inertization of the automated parallel synthesizer for the anionic
polymerization.

The reproducibility of the reaction was examined by performing the parallel an-
ionic polymerization of St. The polymerizations were performed in cyclohexane
and initiated by s-BuLi. The obtained polymers were analyzed by SEC and the dif-
ference between the results was less than 3%. This corresponds to less than 5%
deviation after calculating the real concentration of the initiator in the reactors by a
double titration method [56].

Once the robotic system and procedure passed the optimization and reproducibil-
ity tests for a certain type of reaction, the researcher has the chance to move on to
the most delightful part of a high-throughput experimentation workflow that is to
follow the reaction kinetics of the reaction by withdrawing several samples under
comparable conditions. The characterization of these samples allows the determi-
nation of the apparent rate constants and activation energies in a very reproducible
way. As an example, the anionic polymerization of St in cyclohexane initiated by
s-BuLi under different reaction conditions was investigated. Several samples were
withdrawn during the reaction into small vials which were prefilled with 25μL of
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Table 1 Values of the activation energy reported in the
literature for the propagation reaction of the anionic
polymerization of styrene (St) in different solvents

Solvent
Activation energy
(kJ mol−1) Reference

Ethylbenzene 75 [57]
Benzene 59.9 [58]
Toluene 64.8 [59]
Toluene 59.9 [60]
Cyclohexane 63±2 [55]

methanol to quench the polymerization. The monomer conversion and molar masses
of each sample were determined by GC and SEC measurements. Figure 8 illustrates
a representative example of the results obtained from these reactions.

Based on these results, the activation energy of the anionic polymerization of St
in cyclohexane was determined as 63± 2kJ mol−1 [55]. The results obtained were
comparable to the literature results obtained with other solvents and are summarized
in Table 1.

2.2.2 Cationic Ring Opening Polymerization

The living cationic ring opening polymerization (CROP) of 2-oxazolines was first
reported in the 1960s [61, 62]. The polymerization can be initiated by an electrophile
such as benzyl halides, acetyl halides, and tosylate or triflate derivatives. The typical
polymerization mechanism for 2-alkyl-2-oxazoline initiated by methyl tosylate is
shown in Scheme 6.

The alkyl group attached at the 2 position of the 2-oxazoline provides
extraordinary possibilities for variations in the monomer structure and the proper-
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Scheme 6 Schematic representation of the CROP of 2-ethyl-2-oxazoline (EtOx) initiated by the
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ties. This monomer family is a good candidate for high-throughput experimentation
and allows creating different copolymer libraries by a combination of 2-oxazolines
with different side groups. However, the typical required polymerization times for
this type of monomers were previously in the range of 10–20 h. Nevertheless, the
reaction time for 2-ethyl-2-oxazoline (EtOx) in acetonitrile could be reduced from
6 h under standard conditions (oil bath heating, reflux at 82 ◦C) to less than 1 min
(at 200 ◦C) under microwave irradiation. Thus, a high-throughput experimentation
workflow could be applied for CROP of 2-oxazolines. Several reaction parame-
ters, such as temperature, pressure, and solvent were investigated under microwave
irradiation and using automated parallel synthesizers [63–67].

The living CROP of 2-methyl, 2-ethyl, 2-nonyl, and 2-phenyl-2-oxazolines
(PheOx) were investigated at different temperatures in the range 80–200◦C us-
ing a single mode microwave synthesizer [68]. The reaction rates were enhanced
by a factor of up to 400. The livingness of the polymerization over the whole
range of polymerization temperatures was examined by following the first-order
kinetics of the monomer consumption. The semilogarithmic kinetic plots for 2-
methyl-2-oxazoline (MeOx), EtOx, 2-nonyl-2-oxazoline (NonOx), and PhOx are
shown in Fig. 9. All reactions show a linear increase which is an indication of a
living polymerization. Besides, each sample was characterized by SEC, and a linear
increase in their Mn was observed.

The apparent rate constants for CROP of each monomer at each investigated
temperature were calculated and the corresponding activation energy plots were ob-
tained. These plots are shown in Fig. 10 and they exhibit good agreement between
theoretical and experimental data. It was concluded that a temperature of 140 ◦C
represents the optimum polymerization temperature since it leads to almost perfect
agreement with the theoretical values [69].

There are numerous reports available on the optimization of reaction conditions
of 2-oxazolines. For instance, the effect of solvent, temperature, pressure, monomer
to initiator ratio, and many other critical parameters have been investigated to obtain
the optimum conditions [64–68]. Besides these parameters, the initiator structure
has also a great effect on the polymerization. The investigation on different initiator
structures provided the necessary kinetic parameters for the use of functional ini-
tiators [69]. Heterofunctional initiators have been used in polymer science for the
combination of different types of monomers that can be polymerized with different
polymerization techniques, such as ATRP and CROP [70–72].
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Fig. 9 Semilogarithmic kinetic plots for different 2-oxazolines at various temperatures. (Reprinted
with permission from [68]. Copyright (2005) American Chemical Society)

For instance, the CROP of EtOx using four different acetyl halide type of ini-
tiators showed that the rate of polymerization increases with the decreased basicity
of the counter ion: acetyl iodide < acetyl bromide < acetyl chloride. The apparent
rates of polymerization of EtOx with different initiators are listed in Table 2.

3 Synthesis of Well-Defined Copolymer Libraries

3.1 Preparation via Controlled Radical Polymerization
Techniques

Free radical polymerization remains the most versatile technique due to its com-
patibility with a wide range of monomers, its compatibility with protic and
aqueous media, and experimentally less demanding conditions. Development of
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Table 2 Polymerization rates (in 10−3 L mol−1 s−1) of CROP of EtOx with different initiators
at various temperatures – acetyl chloride (AcCl), acetyl bromide (AcBr), acetyl iodide (AcI), and
2-bromo-2-methylpropanoyl bromide (BrEBiB)

Initiator 80◦C 90◦C 100 ◦C 120◦C 140 ◦C 160 ◦C 180◦C 200 ◦C 220◦C

AcCl – – – – – 11.4 47.4 111.3 126.8
AcBr – – 7.8±0.1 15±1 54±4 149±1 342±18 – –
AcI 3.5±0.3 7.7±0.3 14.3±0.1 42±1 150±9 351±1 – – –
BrEBiB – – 7.9 24.9 44.6 202 351 – –

controlled/“living” radical polymerization techniques combined the advantages
of “living” polymerizations and free radical polymerizations. Thus, tailor-made
macromolecules could be synthesized from a variety of monomeric units bearing
different functional side groups. These special side groups bring an additional prop-
erty to the polymeric material and influence the whole material properties such as
solubility, mechanical properties, thermal properties as well as optical properties.

The combination of different monomeric units at various ratios generates totally
new materials, in most cases with the expected properties and rarely with unex-
pected, superior properties. Therefore, the investigation of series of polymers in
parallel has a great importance not only to elucidate structure-property relationships
but also to be able to realize “magic” compositions.
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3.1.1 Random Copolymer Libraries

Copolymers containing oligo(ethyleneglycol) methyl ether methacrylate (OEGMA)
and methacrylic acid (MAA) were synthesized via RAFT polymerization in an
automated synthesizer [73]. OEGMA containing polymers exhibit a phase transition
behavior upon changes in temperature. This thermoresponsive behavior is based on
the formation or breakage of hydrogen bonds between OEGMA units and water
molecules at a critical temperature which is also known as lower critical solution
temperature (LCST). Polymers with LCST behavior show a sudden and reversible
change from hydrophilic to hydrophobic behavior that makes them attractive for us-
age as “smart” switchable materials in applications ranging from, e.g., drug delivery
systems, soft actuators or valves, coatings to textile materials.

Thermoresponsive polymers have in common hydrogen donor or acceptor
groups mostly present on their side chains. The most well-known and investi-
gated structures can be listed as N-isopropyl acrylamide (NIPAM), N,N-dimethyl
aminoethyl acrylamide (DMAEMA), 2-iso-propyl-2-oxazoline (iPrOx), and
oligo(ethylene glycol) methacrylates [74]. Monomers composed of relatively short
poly(ethyleneglycol) (PEG) chains and radically polymerizable methacrylate moi-
eties represent versatile building blocks for thermoresponsive materials. Some of the
OEGMA based on monomers, i.e., 2-methoxyethyl 2-methylacrylate (MeOMA),
Me2OMA, OEGEMA246, OEGMA475, and OEGMA1100), are commercially avail-
able and their chemical structures are schematically depicted in Scheme 7.

The monomers in Scheme 7 show increased hydrophilicity with increased side
chain length, and thereby the cloud points are expected to be higher. A wide range of
LCST values could be achieved by combining OEGMA monomers having short and

Scheme 7 Schematic representation of the chemical structures of monomers which may exhibit
thermoresponsive behavior
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long PEG side chains. Lutz et al. have investigated a series of these combinations
to determine the right balance between hydrophilicity and hydrophobicity [75]. As
shown in Fig. 11, the combination of OEGMA475 and 2-(2-methoxyethoxy)ethyl
2-methylacrylate (MeO2MA) building blocks at various ratios results in thermore-
sponsive polymers with cloud points in the range 27–60 ◦C [76].

Further detailed studies on the LCST properties of OEGMA based polymers have
been conducted by Schubert et al. Several homopolymer and copolymer libraries of
the monomers listed in Scheme 7 have been synthesized in an automated parallel
synthesizer using the RAFT polymerization process [74]. Homopolymers with dif-
ferent chain lengths were prepared to understand the effect of the chain length on
the LCST behavior of this class of monomers. As expected, polymers containing
longer PEG chains as side groups revealed relatively higher cloud point tempera-
tures than the others. For instance, cloud points for P(MeO2MA), P(OEGMA246),
and P(OEGMA475) were found to be 21.8, 21.6, and 89.8 ◦C, respectively. All the
polymers were prepared with a 100 to 1 monomer to initiator ratio and their corre-
sponding cloud points were measured in a buffer solution of pH 7. As the number of
hydrogen bond forming functionalities increases in the macromolecule, the energy
required to break these bonds also increases. Therefore, homopolymers with longer
PEG side chains required higher temperatures in order to break the hydrogen bonds
and, as a result, precipitate in the solution. However, homopolymers of P(MAA) and
P(OEGMA1100) with up to 100 repeating units did not show LCST behavior due to
their highly hydrophilic structures.

Copolymers of MAA and OEGMA were prepared via RAFT polymerization
in ethanol. A systematic parallel synthesis was performed to obtain copolymers
containing different ratios of two monomers. Therefore, a complete screening
in composition of P(MAA)-r-(OEGMA)n copolymers was elaborated from 0%
OEGMAn to 100% OEGMAn. As representative examples, the Mn and PDI values
of two libraries, namely P(MAA)-r-(OEGMA475) and P(MAA)-r-(OEGMA1100),
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are depicted in Fig. 12. The Mn,GPC values of the copolymers increased linearly
with increasing OEGMAn content whereas the PDI values remained below 1.3.

Depending on the length of the side chain of the OEGMAn monomers, their
corresponding reactivity ratios are expected to be different. This may result in slight
differences in the copolymer composition. Therefore, it is necessary to quantify the
amount of each repeating unit in the copolymer. Based on 1H NMR spectroscopy
measurements the content of MAA and OEGMAn could be determined. Thus, the
amount of OEGMAn repeating units in P(MAA)-r-(OEGMA)n copolymers were
found to be slightly higher than the theoretical values, as depicted in Fig. 13.

The LCST properties of P(MAA)-r-(OEGMA475) and P(MAA)-r-(OEGMA1100)
libraries were determined in buffer solutions with different pH values. As illus-
trated in Fig. 14, the copolymer library of P(MAA)-r-(OEGMA475) revealed cloud
points from 25 to 90 ◦C at pH values of 2 and 4, respectively. It was mentioned
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previously that homopolymers of P(MAA) and P(OEGMA)1100 did not show any
LCST due to their highly hydrophilic structures. However, the copolymers of these
two monomers do exhibit cloud points at certain comonomer compositions. Besides,
these polymers were found to be double-responsive to both temperature and pH val-
ues. For instance, the copolymer P(MAA)0.9-r-(OEGMA1100)0.1 is soluble at pH
4 whereas it is not soluble at pH 2 in water at 37 ◦C. The determination of these
“magic” compositions is easily feasible by screening large libraries of polymers for
the best performance.

The phase transition is directly related to the hydrophilic/hydrophobic balance
in a copolymer and controlling the polymer composition provides a highly effec-
tive way of tuning the LCST. Another example of responsive polymer libraries was
based on the combination of 2-hydroxypropylacrylate and DMA or N-acryloyl mor-
pholine [50]. The nitroxide mediated copolymerization conditions were chosen on
the basis of the kinetic investigation of the homopolymerizations, as discussed in
this chapter (see, e.g., Sect. 2.1.2).

The copolymers obtained for the P(Amor)-stat-(HPA) library (Scheme 8) re-
vealed relatively low PDI values in the range from 1.16 to 1.32 and increasing
Mn,GPC values with increasing HPA content, as listed in Table 3. The observed
copolymerization rates for both monomers decreased with increasing HPA content
due to the slower HPA-SG1 dissociation and association kinetics. The copolymer
compositions were calculated from the monomer conversions obtained by GC as
well as from 1H NMR spectroscopy of the precipitated polymers.

The thermal transition behavior within the P(Amor)-stat-(HPA) copolymer li-
brary was investigated using differential scanning calorimetry (DSC). For all mem-
bers of this library, single glass transition temperatures (Tg) were obtained, which is
an indication of a good mixing of the two different monomers. The homopolymer



Parallel Optimization and High-Throughput Preparation 41

O O

OH

O N

Bloc BuilderTM

O O

OH

O N

stat

O O

Scheme 8 Schematic representation of the synthesis of statistical copolymers of 2-hydroxypropyl
acrylate (mixture of isomers) and N-acryloyl morpholine

Table 3 Copolymerization results of the p(Amor-stat-HPA) library

Conversionb

(%) Mnc

(g mol−1)

Composition
GCb (mol%)

Composition
NMRd (mol%)

Namea Amor/HPA PDIc Amor/HPA Amor/HPA

A100 70/0e 6,900 1.32 100/0 100/0
A90H10 63/69 7,700 1.27 89/11 90/10
A80H20 48/51 7,200 1.22 79/21 78/22
A70H30 56/53 8,300 1.26 71/29 68/32
A60H40 45/38 8,100 1.21 64/36 58/42
A50H50 45/42 8,500 1.23 52/48 47/53
A40H60 37/28 8,300 1.20 47/53 38/62
A30H70 37/31 8,800 1.20 34/66 29/72
A20H80 34/28 8,400 1.20 23/77 18/82
A10H90 28/20 8,100 1.16 13/87 7/93
H100 0/22 8,200 1.16 0/100 0/100
a
Names indicate the monomer feed: A50H50 = p(Amor50-stat-HPA50)

b
Calculated by GC using monomer/DMF ratios

c
Of precipitated polymer, determined by GPC in DMAc using p(MMA) calibration

d1
H NMR spectra were recorded in CDCl3

e
Conversion calculated by 1H NMR spectroscopy

of P(Amor) exhibits a Tg of 146.5 ◦C whereas it was found as 21.7 ◦C for P(HPA).
Their copolymers exhibited Tg values in between these temperatures, as listed in
Table 4. The cloud points were determined by turbidimetry measurements in a par-
allel turbidimetry instrument (Crystal16, Avantium Technologies). This instrument
measures the turbidity from the transmission of red light through the sample vial
as a function of temperature. One of the alternative techniques to measure turbidity
is UV-Vis spectroscopy which requires at least 1 h per sample and per cycle. How-
ever, the Crystal16 turbidimeter is capable of measuring 16 samples in parallel and
repeating as many cycles as programmed. Thus, the turbidimetry property of the
samples could be determined in an accelerated manner. As can be seen in Table 4,
the cloud points of the P(Amor)-stat-(HPA) copolymers could be tuned from 20 to
90 ◦C by varying the comonomer composition.
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Table 4 Thermal and lower critical solution temperature (LCST) properties
for the copolymers of the p(Amor-stat-HPA) library

Compositiona Cloud pointc Cloud pointc

Name Amor/HPA (wt%) Tg
b (◦ C) 0.5 wt% (◦ C) 1.0 wt% (◦ C)

A100 100/0 146.5 Soluble Soluble
A90H10 90/10 130.6 Soluble Soluble
A80H20 80/20 106.4 Soluble Soluble
A70H30 69/31 95.8 Soluble Soluble
A60H40 60/40 84.0 Soluble 88.0
A50H50 49/51 75.2 79.5 65.9
A40H60 40/60 61.4 62.7 53.0
A30H70 30/70 51.8 49.2 38.3
A20H80 19/82 41.7 41.5 30.9
A10H90 8/82 31.3 33.9 25.3
H100d 0/100 21.7 26.7 21.4d

a
Calculated from 1H NMR spectroscopy

b
Mid-temperature

c
50% transmittance point in first heating curve

d
p(HPA) synthesized with 15 h reaction time
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Scheme 9 Schematic representation of the synthesis of statistical copolymers of 2-hydroxypropyl
acrylate (mixture of isomers) and DMA

The copolymers obtained for the P(DMA)-stat-(HPA) (Scheme 9) library re-
vealed relatively low PDI values below 1.3 and increasing Mn,GPC values with
increasing HPA content, as listed in Table 5. It should be noted that a poly(methyl
methacrylate) (PMMA) calibration was used for the calculation of the Mn,GPC values
and this causes an overestimation for HPA containing polymers. The copolymer
compositions were calculated from the 1H NMR spectra; however, this method
was not suitable for reliable conversion determination since the DMA-CH3 groups
overlap in the 1H NMR spectra not only with the HPA-OH group but also with
broad backbone signals, which obstruct any reliable integration. Therefore, elemen-
tal analysis was used as an alternative method for the calculation of the molecular
composition of the copolymers.

Similarly, the thermal transition behavior of the members of the P(DMA)-stat-
(HPA) copolymer library was investigated using DSC. For all members of this
library, single Tg were obtained, which is an indication of a good mixing of the two
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Table 5 Copolymerization results of the p(DMA-stat-HPA) library

Conversionb

(%)
Composition
NMRd (mol%)

Composition EA
(mol%)

Namea DMA/HPA Mnc (g mol−1) PDIc DMA/HPA DMA/HPA

D100 53/0 4,500 1.23 100/0 100/0
D90H10 60/93 6,800 1.20 85/15 88/12
D80H20 46/36 6,500 1.23 75/25 78/22
D70H30 67/73 8,400 1.27 69/31 68/32
D60H40 57/56 8,500 1.24 53/48 59/41
D50H50 66/53 9,800 1.27 46/54 50/50
D40H60 58/53 9,600 1.26 33/67 41/59
D30H70 82/29 10,900 1.24 28/72 32/68
D20H80 57/44 10,700 1.22 18/82 22/78
D10H90 71/48 10,500 1.20 9/91 12/88
H100 0/33 11,100 1.21 0/100 0/100
a
Names indicate monomer feed: D50H50 = p(DMA50-stat-HPA50)

b
Calculated by GC using monomer/DMF ratios

c
Determined by GPC in DMAc using p(MMA) calibration

d1HNMR spectra recorded in CDCl3

Table 6 Thermal and LCST properties for the copolymers of the p(DMA-
stat-HPA) library

Compositiona Cloud pointc Cloud pointc

Name DMA/HPA (wt%) Tg
b (◦ C) 0.5 wt% (◦ C) 1.0 wt% (◦ C)

D100 100/0 111.4 Soluble Soluble
D90H10 85/15 97.6 Soluble Soluble
D80H20 73/27 87.7 Soluble Soluble
D70H30 62/38 79.7 Soluble Soluble
D60H40 52/48 63.4 Soluble Soluble
D50H50 43/57 58.8 Soluble 82.9
D40H60 34/66 51.6 71.6 62.3
D30H70 26/74 44.6 55.8 48.7
D20H80 18/82 36.0 46.7 38.6
D10H90 10/90 30.5 35.3 28.5
H100 0/100 21.7 26.7 21.4
a
Calculated from elemental analysis

b
Mid-temperature

c
50% transmittance point in first heating curve

different monomer structures. The homopolymer of P(DMA) has a Tg of 111.4 ◦C
whereas a Tg of 21.7 ◦C was measured for P(HPA). Besides, their copolymers
exhibited Tg values in between these temperatures, as listed in Table 6. The Tg

of P(DMA)-stat-(HPA) copolymers show a positive deviation from the Fox equa-
tion, which is an indication of the presence of some weak hydrogen bonding of
the hydroxyl group of HPA with the amide group of DMA. The cloud points were
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determined by turbidimetry in the Crystal16. The phase transition temperature of
P(DMA)-stat-(HPA) copolymers could be tuned from 20 to 90 ◦C by varying the
comonomer composition.

3.1.2 Block Copolymer Libraries

The synthesis of well-defined block copolymers has been a challenge for decades.
Block copolymers consist of segments with different solubility typically resulting
in phase separation [77, 78] and solution aggregation behavior [79–81]. The efforts
to synthesize them have strongly accelerated the development of CLP techniques.
Several catalysts, functional initiators, and CTAs have been investigated for different
classes of monomers to synthesize well-defined block copolymers. RAFT polymer-
ization represents one of the most versatile techniques that can be applied for a wide
range of monomers not only in organic solvents but also in aqueous media.

Poly(acrylic acid) (PAA) is a water soluble polymer that has been used in var-
ious applications. Direct synthesis of well-defined PAA-containing polymers has
been a challenge for CRP techniques because of the acid-containing monomer. So
far, RAFT polymerization and NMP techniques could be successfully employed for
unprotected acrylic acid (AA) [82, 83]. Even though it is possible to polymerize
AA directly, the applied polymerization solvents had to be polar, implying that
block copolymers with a variety of apolar monomers cannot be synthesized in a
straightforward manner. Therefore, the protected analogues of AA, e.g., tBA [84]
and benzyl acrylate [85], are often used for the polymerization and deprotected
following the polymerization [86]. Du Prez et al. investigated a new route toward
near-monodisperse PAA and derived block copolymer structures by the RAFT poly-
merization of 1-ethoxy ethyl acrylate (EEA) [87].

The temperature optimization for the RAFT polymerization of EAA revealed an
optimum reaction temperature of 70◦C. Block copolymers with a poly(methyl acry-
late) (PMA), a poly(n-butyl acrylate) (PnBA), a PMMA, or a poly(N,N-dimethyl
aminoethyl methacrylate) (PDMAEMA) first block and a poly(1-ethoxyethyl acry-
late) (PEEA) second block were successfully synthesized in an automated synthe-
sizer. The synthesis robot was employed for the preparation of 16 block copolymers
consisting of 25 units of the first block composed of PMA (exp. 1–4), PnBA (exp.
5–8), PMMA (exp. 9–13), and PDMAEMA (exp. 13–16) and a second block of
PEEA consisting of 25, 50, 75, or 100 units, respectively. The first blocks were
polymerized for 3 h and a sample from each reaction was withdrawn for SEC anal-
ysis. Subsequently, EAA was added and the reactions were continued for 12 h. The
molar masses and PDI values of the obtained block copolymers are shown in Fig. 15.

The composition of the resulting block copolymers was further characterized
by 1H NMR spectroscopy and the results are summarized in Table 7. The integral
values of the aromatic resonances of the RAFT agent were applied to calculate
the number average degree of polymerization (DP) for the monomers present in
the block copolymers. Deprotection of the PEEA containing block copolymers was
performed in CHCl3 by heating to 80 ◦C for 3 h. The solutions exhibited a cloudy
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Fig. 15 Number average molar masses (Mn,GPC) and PDI values obtained for the first blocks and
for the final copolymers of PMA, PnBA, PMMA, or PDMAEMA (25 units) with PEEA (25, 50,
75, and 100 units for 100% conversion). All Mn,GPC values are calculated against PMMA stan-
dards. SEC eluent CHCl3:NEt3:i-PrOH. (Reprinted with permission from [87]. Copyright (2005)
American Chemical Society)

Table 7 Compositions of the synthesized copolymers as determined by 1H NMR
spectroscopy

Exp Mon A DPA,th DPEEA,th fEEA,th DPA,NMR DPEEA,NMR fEEA,NMR

1 MA 25 25 0.5 19 9 0.32
2 MA 25 50 0.67 17 22 0.56
3 MA 25 75 0.75 18 35 0.66
4 MA 25 100 0.8 20 52 0.72
5 n-BA 25 25 0.5 18 20 0.53
6 n-BA 25 50 0.67 18 44 0.71
7 n-BA 25 75 0.75 19 73 0.79
8 n-BA 25 100 0.8 22 87 0.80
9 MMA 25 25 0.5 23 6 0.21
10 MMA 25 50 0.67 23 12 0.34
11 MMA 25 75 0.75 23 20 0.47
12 MMA 25 100 0.8 23 32 0.58
13 DMAEMA 25 25 0.5 22 8 0.27
14 DMAEMA 25 50 0.67 22 20 0.48
15 DMAEMA 25 75 0.75 22 35 0.61
16 DMAEMA 25 100 0.8 22 51 0.70

appearance which is an indication of the PAA formation. 1H NMR spectroscopy
revealed 85–100% deprotection for selected copolymers.

NMP is as successful as RAFT polymerization for the construction of block
copolymers. A small library of block copolymers comprised of poly(styrene) (PSt)
and poly(tert-butyl acrylate) (PtBA) was designed and the schematic representation
of the reaction is depicted in Scheme 10 [49]. Prior to the block copolymeriza-
tion, the optimization reactions for the homopolymerization of St and t-BA were
performed as discussed in this chapter (e.g., see Sect. 2.1.2). Based on these results,
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Scheme 10 Schematic representation of the nitroxide mediated block copolymerization of P(St)-
b-(t-BA)

Table 8 Block copolymerization of poly(styrene)-b-(tert-butyl acrylate) at different macroinitia-
tor to monomer ratios. PSn(n) = degree of polymerization of the PS macroinitiator

Run
PSn
(n) Initiator/t-BA

Time
(h)

Conversion
(%)

Mn,theo

(g mol−1)
Mn,GPC

(g mol−1)
PDI
(Mw/Mn)

1 50 1:50 20 65 13,600 6,700 1.17
2 50 1:100 20 18 7,500 6,600 1.12
3 50 1:150 20 40 10,300 14,800 1.33
4 78 1:50 20 10 9,400 8,900 1.10
5 78 1:100 14 15 10,200 9,900 1.09
6 78 1:150 20 23 11,100 11,100 1.15
7 120 1: 50 14 11 14,800 14,800 1.13
8 120 1:100 14 10 14,100 15,600 1.10
9 120 1:150 14 13 14,500 17,300 1.11

PS macroinitiators were prepared with chain lengths of 50, 78, and 120, respectively.
These three different PS macroinitiators were reacted with different amount of t-BA
to obtain a 3× 3 library of P(St)-b-(t-BA). The resulting block copolymers were
characterized by SEC to determine the Mn,GPC and PDI values, which are listed in
Table 8.

3.2 Preparation via Ionic Polymerization Techniques

Ionic polymerization techniques are very powerful for the construction of well-
defined block copolymers having controlled architectures, microstructures and
molar masses, narrow molar mass distributions, and chemical and compositional
homogeneity. Under the appropriate experimental conditions, anionic polymer-
izations are associated with the absence of any spontaneous termination or chain
transfer reactions. One important limitation of ionic polymerizations is the demand-
ing experimental conditions required to achieve a living polymerization system
and its applicability to a rather narrow range of monomers. However, recent de-
velopments not only in polymerization kinetics and reagents but also in synthesis
methods and instrumentation have allowed extending the utility of the method to a
broader range of monomers.
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3.2.1 Random Copolymer Libraries

A library of random copolymers comprised of MeOx, EtOx, and NonOx has been
established, and the properties of the members have been studied [88]. Systematic
copolymerization studies and corresponding structure-property investigations have
been performed in detail by Schubert et al. For this purpose, nine copolymers were
synthesized with 0–100 mol% (steps of 12.5 mol%) of the second monomer, result-
ing in 27 polymerizations for three different combinations of MeOx, EtOx, and
NonOx. The monomer conversion was followed by GC measurements. As shown in
Fig. 16, the content of the second monomer increases linearly with increasing mole
fraction of the second monomer, whereas the content of the first monomer decreases
linearly.

The resulting semilogarithmic kinetic plots for the 50 mol% copolymerizations
are depicted in Fig. 17. The linearity in these first-order plots indicates a constant
concentration of the living polymer chains as expected for a living polymerization.
The plots also revealed a slightly higher reactivity of MeOx in comparison to EtOx
and NonOx. To elucidate further the copolymer compositions, the reactivity ratios
were determined from the relation between fraction of monomer A in the monomer
feed ( f1) and the incorporated fraction of monomer A at both ∼20 and ∼60%
monomer conversion. The corresponding reactivity ratios calculated for MeOx,
EtOx, and NonOx using two different methods, namely the Mayo-Lewis terminal
model and the extended Kelen–Tüdös, are listed in Table 9.

The synthesis of statistical copolymers consisting of EtOx and 2-“soyalkyl”-
2-oxazoline (SoyOx) via a microwave assisted CROP procedure was reported by
Schubert et al. [89]. The SoyOx monomer is based on soybean fatty acids and
has an average of 1.5 double bonds per monomer unit. The designed polymer
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Table 9 Reactivity ratios determined for 2-oxazoline copolymerizations utilizing both the Mayo-
Lewis terminal model (MLTD) and the extended Kelen–Tüdös (KT) method. Initial defines ∼20%
conversion and final defines >50% conversion

M1: M2 Method Initial r1 Initial r2 Final r1 Final r2

EtOx:NonOx MLTM 1.2±0.2 0.7±0.1 0.97±0.01 0.99±0.01
EtOx:NonOx KT 1.23±0.13 0.60±0.05 0.91±0.05 0.94±0.03
MeOx:NonOx MLTM 1.8±0.3 0.3±0.1 1.26±0.05 0.66±0.03
MeOx:NonOx KT 1.94±0.15 0.25±0.04 1.83±0.04 0.46±0.02
MeOx:EtOx MLTM 1.52±0.1 0.54±0.03 1.18±0.04 0.65±0.02
MeOx:EtOx KT 1.67±0.04 0.51±0.04 1.63±0.05 0.52±0.04

library consisted of a series of copolymers in which the monomer composition
was systematically varied allowing the determination of structure-property relation-
ships. The monomer structures and the polymerization mechanism are depicted in
Scheme 11.

The polymerization mixtures consisting of EtOx, SoyOx, methyl tosylate, and
acetonitrile were automatically prepared utilizing the liquid handling system of
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Scheme 11 Schematic representation of the polymerization mechanism as well as the EtOx and
2-“soyalkyl”-2-oxazoline (SoyOx) monomer structures

Table 10 Structural characterization of the synthesized P(EtOx)-stat-(SoyOx) copolymers

∼40% conversion Full conversion
Entry fSoyOx,th fSoyOx

a Mn,GPC
b PDI fSoyOx

a Mn,GPC
b PDI

1 0 – – – 0 5,500 1.11
2 0.05 – – – 0.04 6,250 1.16
3 0.10 0.06 4,700 1.12 0.08 6,900 1.15
4 0.15 – – – 0.13 8,000 1.15
5 0.20 0.20 5,300 1.19 0.18 8,500 1.19
6 0.25 – – – 0.22 9,450 1.16
7 0.30 0.29 6,550 1.16 0.28 11,100 1.12
8 0.40 0.41 7,050 1.17 0.38 11,300 1.19
9 0.50 0.51 7,250 1.17 0.48 12,100 1.26
10 0.60 0.63 7,950 1.18 0.58 12,700 1.31
11 0.70 0.76 7,550 1.31 0.70 14,400 1.28
12 0.80 0.88 9,100 1.24 0.81 13,100 1.43
13 0.90 0.85 7,500 1.38 0.91 13,000 1.54
14 1.00 – – – 1.0 15,000 1.75
a
Determined by 1H NMR spectroscopy

b
Mn values are given in Dalton

the ASW2000 synthesis robot. The total degree of polymerization was aimed for
100 and compositions of EtOx and SoyOx were altered in steps of 10 mol%. The
prepared vials were placed in the autosampler of the microwave synthesizer and
were irradiated one by one for a predefined reaction time and temperature. The
structural characterizations of the resulting polymers were performed by SEC as
well as 1H NMR spectroscopy measurements and are summarized in Table 10. The
reactivity ratios of EtOx and SoyOx were examined and it could be concluded that
both monomers have slightly higher reactivity to itself than to the other monomer.
The Mayo-Lewis terminal model with nonlinear least square fitting of the data re-
vealed reactivity ratios of rEtOx = 1.4± 0.3 and rSoyOx = 1.7± 0.3. These values
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Fig. 18 Thermal properties (Tg and Tm) of the P(EtOx)-stat-(SoyOx) copolymer before and after
UV-curing. (Reprinted with permission from [89]. Copyright (2007) John Wiley & Sons, Inc.)

indicate that two different monomers will be present almost in a random fashion,
whereby small clusters of the same monomer may be present in the polymer chains.

The unsaturated side chain of the SoyOx repeating units could be used for cross-
linking well-defined P(EtOx)-stat-(SoyOx) copolymers. Thus, the effect of cross-
linking on the thermal properties of the polymers was investigated. The thermal
properties of the synthesized P(EtOx)-stat-(SoyOx) copolymers before and after
UV-curing are illustrated in Fig. 18.

3.2.2 Block Copolymer Libraries

A library of 4 chain extended homopolymers and 12 diblock copoly(2-oxazoline)s
was prepared from 2-methyl, 2-ethyl, 2-nonyl, PheOx in a very short period of time
[90]. The CROP was initiated by methyl tosylate and performed in acetonitrile at
140 ◦C in a single-mode microwave synthesizer. A total number of 100(50 + 50)
repeating units was incorporated into the respective polymer chains. The concen-
tration of the solutions and predefined polymerization times for each monomer and
comonomer are summarized in Table 11.

The structural characterization of the resulting diblock copolymers was per-
formed by means of SEC, 1H NMR spectroscopy, thermal gravimetric analysis
(TGA), and DSC. In most of the cases the PDI values were found to be lower than
1.3. However, the calculation of the molar masses of the diblock copolymers was
not straightforward since the calibration standards (PEG, PS, and PMMA) used in
SEC systems do not provide accurate data. Moreover, the folding behavior of the
different block copolymers significantly influence the hydrodynamic volume and,
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Table 11 Reaction time for the preparation of the diblock copoly(2-oxazolines). In each cell, the
corresponding entries indicate the initial concentration of the first monomer (first line), and the
reaction times for the polymerization of the first and the second monomer, respectively (second
line)

First Second monomer
monomer MeOx EtOx NonOx PhOx

MeOx
4 M 4 M 4 M 4 M
400s+400s 400s+500s 400s+400s 400s+1,800s

EtOx
4 M 4 M 4 M 4 M
500s+400s 500s+500s 500s+400s 500s+1,800s

NonOx
2 M 2 M 2 M 2 M
800s+800s 800s+1,000s 800s+800s 800s+3,600s

PhOx
3 M 3 M 3 M 3 M
2,400s+600s 2,400s+800s 2,400s+600s 2,400s+2,400s

Table 12 Theoretical number average molar masses (Mth
n ) and polydispersity indices for the for

chain extended and 12 diblock copoly(2-oxazolines). In each cell, the first and second entry for the
PDI values results from the GPC measurements in different eluents, chloroform and N,N-dimethyl
formamide (DMF), respectively

First monomer Second monomer
MeOx EtOx NonOx PheOx

MeOx
Mth

n = 8.5kDa Mth
n = 9.2kDa Mth

n = 14.2kDa Mth
n = 11.6kDa

PDI: –/1.16 PDI: –/1.17 PDI: –/– PDI: –/1.25

EtOx
Mth

n = 9.2kDa Mth
n = 9.9kDa Mth

n = 14.8kDa Mth
n = 12.3kDa

PDI: –/1.18 PDI: 1.12/1.16 PDI: 1.15/– PDI: 1.27/1.19

NonOx
Mth

n = 14.2kDa Mth
n = 14.8kDa Mth

n = 19.7kDa Mth
n = 17.2kDa

PDI: –/– PDI: 1.64/– PDI: 1.14/– PDI: 1.24/–

PhOx
Mth

n = 11.6kDa Mth
n = 12.3kDa Mth

n = 17.2kDa Mth
n = 14.7kDa

PDI: –/1.18 PDI: 1.35/1.19 PDI: 1.28/– PDI: 1.27/1.16

consequently, the Mn. Theoretical Mn and PDI values of the synthesized diblock
copolymer library are summarized in Table 12.

The glass-transition temperatures and the corresponding specific heats were mea-
sured three times for each sample in order to enable the calculation of the standard
deviations, which were in the range of ±3% or lower. Apparently, the kind of sub-
stituent greatly influences the Tg values, and rigid substituents (phenyl or methyl) or
flexible substituents (ethyl or nonyl) cause an increase or decrease in corresponding
Tg values, respectively. The measured Tg values are plotted in Fig. 19.

A library of 30 triblock copolymers was synthesized from 2-methyl, 2-ethyl,
2-nonyl, and PheOx in a single mode microwave synthesizer [92]. The polymers ex-
hibited narrow PDI values and showed slight deviations from the targeted monomer
ratio of 33:33:33. The design of the experiments is shown in Scheme 12.
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Scheme 12 Schematic representation of the synthetic procedure that was applied for the prepara-
tion of three triblock copolymers with the same first and second blocks

The designed set of 2-oxazoline monomers that was used for the synthesis of
the triblock copolymers (MeOx, EtOx, PheOx, and NonOx) yielded polymers of
different polarity [91]. P(MeOx) and P(EtOx) are hydrophilic, whereas P(PheOx)
and P(NonOx) are hydrophobic. All possible combinations of these four different
monomers would result in 64 different structures. However, all polymers that would
have two times the same block after each other were excluded since they do repre-
sent diblock copolymers. Additionally, some structures, which have NonOx as the
first block and EtOx or MeOx as the second block, were excluded due to extensive
side reactions. Consequently, 30 different triblock copolymers were synthesized,
and they are listed in Table 13 with their corresponding structural characterization.

The Tg values of all investigated triblock copolymers are plotted in Fig. 20. The
increasing trend in the measured values is due to the incorporation of monomers
with rigid substituent such as methyl or phenyl. Moreover, the Tg values did not
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Table 13 Number of incorporated monomer units into the 30 triblock copoly(2-oxazoline)s re-
sulting from combined 1H NMR spectroscopy analyses (top) of the model [A and AB (block
co) polymers] and final polymers as well as the measured number average molar masses
(Mn,SEC/PDI; bottom). 1H NMR spectra were recorded in CDCl3 or CD2Cl2 (PhOx containing
polymers) and GPC analyses were performed using DMF (with 5 mM NH4PF6) as eluent. Mn,GPC
was calculated utilizing poly(methyl methacrylate) (PMMA) standards

3rd block
1st–2nd block MeOx EtOx PhOx NonOx

MeOx-EtOx
MeOx-PhOx 33:31:33 33:33:36 – 33:30:32

14.1 kDa/1.22 13.9 kDa/1.15 10.2 kDa/1.21
MeOx-NonOx 33:28:33 33:30:37 33:29:29

–
9.9 kDa/1.20 10.0 kDa/1.21 10.6 kDa/1.27

EtOx-MeOx
–

33:33:33 33:29:27 33:34:31
10.9 kDa/1.32 12.4 kDa/1.23 9.5 kDa/1.28

EtOx-PhOx 33:31:30 33:30:33
–

33:30:36

16.2 kDa/1.20 15.3 kDa/1.24 11.4 kDa/1.22
EtOx-NonOx 33:33:37 33:33:33 33:33:31

–
10.1 kDa/1.27 9.9 kDa/1.22 11.3 kDa/1.25

PhOx-MeOx
–

33:35:35 33:27:33 33:31:31

15.3 kDa/1.21 15.2 kDa/1.19 9.1 kDa/1.23
PhOx-EtOx 33:35:34 – 33:42:33 33:38:38

17.8 kDa/1.32 19.1 kDa/1.28 14.1 kDa/1.21
PhOx-NonOx 33:38:34 33:45:37 33:36:33

–
9.7 kDa/1.21 8.8 kDa/1.21 11.6 kDa/1.22

NonOx-PhOx 33:23:27 33:26:24
–

33:32:33
7.2 kDa/1.40 7.8 kDa/1.33 10.3 kDa/1.38a

a
GPC measurement with CHCl3:NEt3:2-PrOH (94:4:2) as eluent (PS calibration)

depend on the order of the blocks. It should also be noted that none of the triblock
copolymers showed more than one Tg value, indicating that there was no macro-
scopic phase separation occurring in the bulk state. This is most likely due to the
relatively short segments (33 repeating units) that were incorporated.

3.3 Supramolecular Synthesis – LEGO R© Approach

An alternative route to prepare well-defined block copolymers is first to prepare the
homopolymers with functional groups and then to connect them by noncovalent in-
teractions [92–99]. A systematic 4×4 library of block copolymers based on PSt and
PEG connected by an asymmetrical octahedral bis(terpyridine) ruthenium complex
at the block junction was reported [78]. Moreover, the thin film morphology of this
library was investigated.
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Fig. 20 Glass transition temperatures of the triblock copoly(2-oxazoline)s and the P(MeOx),
P(EtOx), and P(PheOx) homopolymers, sorted in ascending order. The polymers that contained
(at least) one block of P(NonOx) and P(PheOx) at the same time did not exhibit any Tg in dif-
ferential scanning calorimetry (DSC). (Me = P(MeOx),Et = P(EtOx),Non = P(NonOx), and
Ph = P(PheOx)). (Reprinted with permission from [91]. Copyright (2006) American Chemical
Society)

Functional homopolymers can be synthesized by essentially two different
methods. The first and more preferred way is to use a functional initiator which will
ensure a high rate of chain end functionality. For instance, the polymerization of St
initiated by a unimolecular terpyridine-functionalized nitroxide initiator yields well-
defined PS homopolymers. The second technique is based on post-polymerization
modifications. In this case, the reaction between mPEG and chloroterpyridine yields
terpyridine-functionalized PEG building blocks, as illustrated in Scheme 13.

The theoretical molar masses and the corresponding volume fractions of PS,
the metal complex, and PEG content of the block copolymers are summarized in
Table 14. The metal complex has been treated as the third block. All block copoly-
mers have been purified by preparative SEC and column chromatography, with
isolated yields between 10% and 80%. The expected ratios (within 10% error)
for all components in the library were obtained from the integration of 1H NMR
spectrum.

The morphology of this supramolecular diblock copolymer library has been
investigated by means of atomic force microscopy (AFM) measurements. As illus-
trated in Fig. 21, at first glance different morphologies were obtained for different
compositions. However, interpreting the phase behavior of supramolecular block
copolymers is not straightforward. There are several important parameters that
play a role in the phase behavior. For instance, the amorphous phase of PEG, the
crystalline phase of PEG, the metal complex, and the amorphous PSt contribute to
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Scheme 13 Schematic representation of the synthetic route towards a library of PStm-[Ru]-PEOn

block copolymers, where m and n denote the degree of polymerization (DP) of PSt and PEO,
respectively, and where -[Ru]- represents the bis(terpyridine) ruthenium complex

the phase contrast. Besides, the final morphology is greatly affected by competitions
between self-organization, crystallization of the PEG block and vitrification of the
PSt block [100].

4 Conclusion

Automated parallel synthesizers provide high-quality experimental data in rela-
tively short periods of time. High-throughput experimentation techniques have
become an inevitable reality in the field of polymer science, since there is a large
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Fig. 21 Atomic force microscopy (AFM) phase images of all block copolymers in the library
after spin coating from 2% w/v solution in toluene. No annealing has been performed. The scale
bar represents 100 nm. (Reprinted with permission from [78]. Copyright (2005) Royal Society of
Chemistry)

parameter space not only including the reaction parameters but also the use of
different monomers, catalysts, and polymerization techniques. The application of
CLP techniques in automated synthesizers have been demonstrated by several re-
search groups. These techniques enable the synthesis of well-defined homo, block,
or random copolymers and even more complex architectures such as graft, star, or
dendritic shaped polymers.

The combination of CLP techniques and high-throughput experimentation tools
accelerates the research in this field significantly. Besides, on the data collected, the
construction of 3D-plots and extensive databases will provide the basis for deeper
understanding of the underlying principles. As a consequence, the elucidation of
quantitative structure-property relationships will be feasible.
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Table 14 The block copolymers in the library are displayed in the table by name, by theoretical
molar masses and by the volume fractions of PSt, -[Ru]-, and poly(ethylene oxide) (PEO) (anno-
tated between brackets)

PS20-[ PS70-[ PS200-[ PS240-[

PEO70-
[RuCl3

PS20-[Ru]-
PEO70

PS70-[Ru]-
PEO70

PS200-[Ru]-
PEO70

PS240-[Ru]-
PEO70

Mn = 6,100 Da Mn = 11,400 Da Mn = 25,100 Da Mn = 29,300 Da
(35:16:49) 1 (65:8:27) 2 (84:4:12) 3 (87:3:10) 4

PEO125-
[RuCl3

PS20-[Ru]-
PEO125

PS70-[Ru]-
PEO125

PS200-[Ru]-
PEO125

PS240-[Ru]-
PEO125

Mn = 8,400 Da Mn = 13,700 Da Mn = 27,400 Da Mn = 31,600 Da
(25:11:64) 5 (54:7:39) 6 (77:4:19) 7 (80:3:17) 8

PEO225-
[RuCl3

PS20-[Ru]-
PEO225

PS70-[Ru]-
PEO225

PS200-[Ru]-
PEO225

PS240-[Ru]-
PEO225

Mn = 12,800 Da Mn = 18,100 Da Mn = 31,800 Da Mn = 36,000 Da
(16:8:76) 9 (41:5:54) 10 (67:3:30) 11 (71:3:26) 12

PEO375-
[RuCl3

PS20-[Ru]-
PEO375

PS70-[Ru]-
PEO375

PS200-[Ru]-
PEO375

PS240-[Ru]-
PEO375

Mn = 19,400 Da Mn = 24,700 Da Mn = 38,400 Da Mn = 42,600 Da
(11:5:84) 13 (31:4:65) 14 (56:3:41) 15 (60:2:38) 16
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Gradient and Microfluidic Library Approaches
to Polymer Interfaces∗

Michael J. Fasolka, Christopher M. Stafford, and Kathryn L. Beers

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

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

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

2 Continuous Gradient Library Techniques

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

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

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

3 Gradient Library Fabrication Methods and Application
Examples

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

3.1 Flow Coating: Polymer Film Thickness Gradients

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

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

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

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

3.2 Gradient Hot Stage: Temperature Processing Libraries

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

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

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

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

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

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

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

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

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

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

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

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

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

Decreasing Pattern Surface Energy Differences

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

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

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

3.4 Gradient Polymer Brush Libraries

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

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

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

a

b

Monomer solution in syringe pump
Removable Microchannel

Block Copolymer Library

Monomer solution flow

Monomer A

Monomer B

Poly (A-stat-B) Gradient

Hompolymer Molecular
Weight Library

Initiator-functionalized
surface

Microfluidic static 
mixer

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

As illustrated in Fig. 10b, a more sophisticated statistical copolymer gradient li-
brary can also be fabricated through the μ-SIP method [60]. The key to this library
is a microfluidic mixer, positioned between two monomer solution feeds and the
microchannel. The mixer serves to combine a ramped flow of these solutions in
which the relative amount of one solution is decreased and the other increased over
time. The result of this ramped input is that the microchannel is filled with a gradi-
ent monomer solution composition. Because of the narrow height dimensions of the
channel, cross diffusion of the monomers is suppressed, and the solution gradient
can persist over a few hours. Accordingly, during a period of polymerization, the
monomer concentration profile is transferred to grafted polymer chains on the sub-
strate. The resulting statistical copolymer brush gradient gradually changes from
nearly 100% of one monomer to 100% of the other along the library. Composi-
tion data from a PnBMA-s-PDMAEMA statistical copolymer library, collected via
near edge X-ray absorption fine structure (NEXAFS) spectroscopy, can be seen in
Fig. 11c [60]. This achievement is exciting since it represents a way of producing
surface chemistry libraries that exhibit both the reliability and enhanced coverage
of covalently bound polymer brushes, and the potential for creating chemical gra-
dients that exhibit the extensive chemical and architectural functionality available
from advanced polymerization routes. In addition, a key feature of grafted statisti-
cal copolymers is that they present stable and intimate blends of disparate chemical
species. Since the different monomers are bound within the same chains, the system
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Fig. 11 Data from polymer brush libraries generated by μ-SIP: a photograph of molecular weight
gradient of grafted PDMAEMA. The entire library is approximately 50 mm long. The brush thick-
ness ranges from approximately 60 to 0 nm from left to right. (Reproduced with permission from
[56]); b thickness data (ellipsometry) from a PnBMA-b-PDMAEMA block copolymer library after
the growth of the PnBMA block (open symbols) and the PDMAEMA block (closed symbols). (Re-
produced with permission from [58]); c NEXAFS data along PnBMA-s-PDMAEMA statistical
copolymer gradient library. The decreasing nitrogen edge electron intensity signal demonstrates
that the DMAEMA segment content of the statistical copolymer systematically decreases along
the library. (Reproduced with permission from [60])
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will not undergo lateral clustering typical of mixed homopolymer brushes [61], or
segment segregation seen in block copolymer brushes [45, 58], both of which can
cause spatial chemical heterogeneities on the scale of 10 nm or more. Accordingly,
if local surface-chemical homogeneity is needed from a surface chemistry gradient
library, statistical copolymer gradients present an advantage.

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

Grafted polymer libraries were also used by NIST researchers to achieve a va-
riety of other measurements. For example, Mei and coworkers [59] leveraged their
gradient in polymer grafting density to assess brush biocompatibility. In particu-
lar, they used this approach map the effect of poly(2-hydroxyethyl methacrylate)
grafting density on the level of fibronectin adsorption and subsequent cell bind-
ing. The library enabled the team to determine rapidly the complex correlations
between polymer grafting density, fibronectin coverage and cell adhesion, as well
as the optimal surface conditions for cell proliferation. In another emerging ex-
ample, Patton and coworkers [62] demonstrated how μ-SIP can be leveraged to
measure rapidly and reliably copolymer reactivity ratios, which link the composition
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Fig. 12 Surface expression of block segments in block copolymer gradient libraries after treat-
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and PDMAEMA (blue) block copolymer brush segments after water and hexane treatments; b
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of mixed monomer polymerization solutions to the composition of copolymer
species. Knowledge of reactivity ratios is extremely important for synthesizing
polymers with tailored composition and architecture, but they are difficult and time-
consuming to measure. The researchers showed that by measuring the composition
of the monomer solution in the microchannel (e.g., via a fiber optic Raman spec-
troscopy probe) and correlating it to the composition of the statistical copolymer
brush created on the surface (measured by X-ray photoelectron spectroscopy, XPS),
reactivity ratios could be determined. While the published study involved a series
of discrete specimens, the extension of the measurement approach to gradient li-
braries is straightforward. This team is currently establishing protocols to reliably
achieve this by combining Raman spectroscopy along a μ-SIP solution gradient and
automated XPS data collected from a gradient statistical copolymer library of the
type illustrated in Fig. 10b.
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3.5 Polymer Blend Composition Gradients

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

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

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

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

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

4.1 Thin Film Mechanical Properties

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

4.1.1 Crazing in Thin Polymer Films

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

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

4.1.2 Thin Film Modulus Measurements

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

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

(
λ

2πhf

)3

(1)

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

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

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

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

Ēs =
Ēf

3

(
λ

2πhf

)−3

(2)

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

4.2 Adhesion Testing

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

4.2.1 Viscoelastic Materials: Peel Tests

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

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

4.2.2 Viscoelastic Materials: Probe Tack Tests

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

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

4.2.3 Glassy Materials: Edge-Delamination Tests

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

σc =
Ef

1− v
(αs −αf)(Tc −Tref) (3)

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

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

KIC = σ0

√
hf

2
(4)

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

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

4.2.4 Elastic Materials: JKR Adhesion Tests

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

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

G =
(P′ −P)2

8πE∗a3 (5)

where P′ = 4E∗a3

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

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

G =
E∗ (δ ′ − δ)2

2πa
(6)

where δ ′ = a2

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

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

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

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

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

5.1 Controlled Polymer Synthesis in Microchannels

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

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

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

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

5.2 Characterization of Interfacially-Active Polymers
in Microchannels

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

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

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

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

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

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

6 Conclusions

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

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

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

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

Nico Adams

Abstract Polymers are arguably the most important set of materials in common
use. The increasing adoption of both combinatorial as well as high-throughput ap-
proaches, coupled with an increasing amount of interdisciplinarity, has wrought
tremendous change in the field of polymer science. Yet the informatics tools re-
quired to support and further enhance these changes are almost completely absent.
In the first part of the chapter, a critical analysis of the challenges facing modern
polymer informatics is provided. It is argued, that most of the problems facing the
field today are rooted in the current scholarly communication process and the way
in which chemists and polymer scientists handle and publish data. Furthermore, the
chapter reviews existing modes of representing and communicating polymer infor-
mation and discusses the impact, which the emergence of semantic technologies
will have on the way in which scientific and polymer data is published and transmit-
ted. In the second part, a review of the use of informatics tools for the prediction of
polymer properties and in silico design of polymers is offered.

Keywords Information systems · Machine learning · Ontology · Polymer markup
language · Polymer informatics · QSPR · RDF · Semantic web
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1 Introduction

Synthetic polymers are arguably the most important class of materials of the modern
age. While it is difficult to obtain precise numbers, market research suggests that the
world production of polymers in 2003 was between 150 and 200 million tons a year.
Within this mix, polyethylene is probably the most important commodity polymer
and accounts for approximately 50 million tons a year. The consumption of linear
low density polyethylene (LLDPE) in Russia alone has been predicted to increase
from 90,000 metric tons in 2007 to 1,00,000 metric tons in 2008 and the percentage
increase in LLDPE use in China is in double-digit figures. The significant consump-
tion is explained by the fact that polymers have found a wide area of application
in virtually all areas of life, from simple packaging and building materials to more
sophisticated uses in engineering applications requiring high-performance materi-
als as well as in medicine (both as biomaterials [1–3] and in drug-[4–11] and gene
delivery [12–19]), home and personal care applications [20, 21] and as plastic and
printed electronics [22–26]. The reason for the success of polymers as materials can
be found in the combination of a number of reasons: (1) commodity polymers are
cheap to manufacture (the average cost of crude-derived commodity polymers is ap-
proximately 1d/kg) [27], (2) polymers are largely non-toxic, (3) polymers are easy
to process, (4) polymers are easy to adapt through post-processing and additives and
(5) polymers are on the whole stable and relatively tough.

For the reasons outlined above, polymer science is very much in the mainstream
of both chemical and materials research and likely to remain there for the fore-
seeable future. However, in order to leverage all the advantages of this class of
materials, polymer science must face a number of challenges and changes. The ris-
ing cost of crude oil is currently changing economics in favor of polymers based
on renewable and sustainable feedstocks (biopolymers for injection molding cost
about d1.60/kg) and it is reasonable to anticipate that the development of new
materials from these sources will accelerate in the future and the rapid discovery
of new polymeric entities will become a strategic priority [27]. Furthermore, one
might speculate, that an increasing amount of work will be done on non-commodity,
value-added applications of polymers, which are usually developed at the interfaces
of several scientific disciplines: polymers and medicine, polymers and electronics
and polymers and nano-engineering.

Another significant driver of change is the increasing use of combinatorial and
high-throughput experimentation (HTE) in virtually all areas of polymer science,
starting with synthesis and discovery [28–34], processing [35–40] as well as screen-
ing for chemical, physical and mechanical [41, 42] properties. While HTE has been
an integral and indispensable part of the pharmaceutical industry for a significant
period of time, the materials science community has mainly persisted in using “one-
step-at-a-time” experimental approaches. Recently, however, a significant effort to
utilize combinatorial and high-throughput technologies has been made by a number
of industrial and academic laboratories, with the result that HTE is now entering
standard laboratory practice.

One final force, which is currently revolutionizing science – and therefore
polymer science – is the world wide web (WWW) itself. The advent of the semantic
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web is currently profoundly changing the way in which scientists communicate
and exchange data and it can be expected that the impact of this will also touch
polymer science.

The discipline of informatics can loosely be defined as “the science of informa-
tion” and is invariably coupled with both the engineering of information systems and
the practice of information processing. For our purposes, this defines the scope of
what polymer informatics should be and therefore also the scope of this contribution.

It has already been mentioned that one of the drivers of change in polymer sci-
ence is an increasing amount of interdisciplinarity. From an informatics point of
view, “interdisciplinarity” most often denotes an exercise in data integration. When
attempting to develop a polymer pharmaceutical, for example, not only does the
polymer chemistry have to be right, but during the development cycle, data from
the synthesis laboratory must be integrated with data from other areas such as (clin-
ical) pharmacology, toxicology, cellular biology, (pharmaco)genomics, etc. While
the problem is easy to state, cross-disciplinary data integration is far from trivial. To
give an example, does the term “macromolecule” mean the same thing when used
in the context of (polymer) chemistry and in the context of biology (in the former
case “macromolecule” often refers to a synthetic macromolecule which is a mem-
ber of an ensemble of molecules which, together, make up a “polymer”, whereas in
the latter case “macromolecule” is often synonymous with “protein”)? And there-
fore, what about data that is annotated with this single concept, which may have
domain-specific semantics? Similarly, is the definition of “glass transition temper-
ature” in the context of polymer science the same as in the context of mineralogy?
How can we get a computer to make that decision, so that it can decide whether
data from a “polymer context” and data from a “mineralogy context” is equivalent
and can be combined? Interdisciplinary (polymer) science forces us to address all
of these questions and hence part of the remit of polymer informatics must be to
develop technologies, information architectures and ontologies that enable and fa-
cilitate data exchange between several different disciplines.

The increasing adoption of high-throughput and combinatorial experimentation
approaches, too, triggers the need for sophisticated informatics support. While
“high-throughput” in materials science usually implies experimental volumes,
which are much smaller than those encountered in medicinal chemistry or drug dis-
covery (HTE in polymer science typically means tens or hundreds of samples, rather
than thousands or tens of thousands), materials HTE nevertheless generates signifi-
cant amounts of data, which need to be administered, handled and stored. Once the
necessary metadata requirements such as measurement conditions, etc. have been
compounded into this, data volumes increase even further. The implication is, that
the ways in which (academic) polymer science handles (by laboratory notebook
and digital spreadsheet) and disseminates (by journal publication) polymer data do
not scale or are inappropriate. Moreover, polymers are materials which are signifi-
cantly more complex and fuzzy than small molecules. Hence, informatics solutions,
which have been developed for the latter – both in the context of high-throughput
and “classical” experimentation – do not translate well to the former: polymers
require their own solutions. Finally, while the outcome of a HTE campaign is raw
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experimental data, data on its own is quite useless. It is knowledge – the confident
theoretical and practical understanding of a domain – which enables a scientist to
make decisions or to develop a product. Polymer informatics, therefore, needs to
develop technologies, which (1) allow the description of polymeric materials in
an appropriate manner, (2) allow the attachment of knowledge and data to these
descriptions and (3) allow the easy conversion of such data in knowledge.

It is worth noting that (scientific) data has intrinsic value, even if the primary
purpose for which it was created, has long been fulfilled. Innovative (re-)uses of
publicly available data on the internet exemplify this nicely. Scientists usually tend
to produce data in the context of a specialized research project and disseminate
it through the means of scientific publication in a learned journal. Once research
objectives have been met or a publication has been published, scientists often lose
interest in their own data as it serves no primary purpose anymore. Because of this,
significant amounts of valuable scientific data either never get published and thus
never become part of the “knowledge commons” or are rendered inaccessible to
machines and thus effectively destroyed for informatics purposes.

By contrast, the modern internet demonstrates clearly how data that have been
published openly on the web in a machine-friendly form and subsequently “mashed-
up”, i.e., been brought together with data from other sources or domains, can
generate valuable new knowledge. Scientists are now beginning to tap into this vast
potential and to generate new science and insights [43, 44]. Polymer informatics
should develop technologies to enable (polymer) scientists to publish and store their
data in a way that is free of access-barriers (which can be technological, financial
(e.g., subscription fees) or legal (e.g., attempts to copyright data)) and that allows
the easy generation of mash-ups with data from other sources.

While considerable progress has been made in the area of small molecule infor-
matics over the past several decades, any effort in the field of polymers has been
timid at best and there is considerable scope for development. The main reason for
the virtual non-existence of polymer informatics is the complex nature of polymers.
This review will therefore start with an examination of the particular informatics
challenges posed by polymers, in particular in the area of polymer representation
and will also discuss some of the peculiarities of polymer information (“the science
of information”). It will look at information systems for polymers (“engineering of
information systems”) and a final section will review attempts to develop structure-
property relationships for polymers (“practice of information processing”). The
modeling of polymers either on the molecular – or meso-level – is outside the scope
of this review.

2 Polymer Information is Challenging

The central dogma of chemistry is, that the structure of a molecule correlates
with its physico-chemical properties. This is usually illustrated using the corre-
lation between the boiling point of n-alkanes and the number of carbon atoms
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Fig. 1 The correlation between the boiling points of n-alkanes and number of carbon atoms in the
molecule

in the molecule (Fig. 1). Knowledge of the structure of the molecule allows the
calculation of “descriptors”, i.e., variables, which capture information about aspects
of the structure of the molecule and which can be correlated to an observed physico-
chemical property.

Historically, most chemists have modeled the structure of molecules using a
highly idealized “platonic” representation, where atoms are represented as ver-
tices and bonds as paths between vertices. Chemoinformatics has very successfully
adopted this representation and based many of its techniques around the metaphor
of the “connection table”, i.e., a list of all atoms and bonds, which occur in the
molecule. While this approach is quite successful for well defined chemical enti-
ties, it begins to break down for rapidly interconverting isomers, for example, and
is completely inappropriate for polymers. In the majority of cases, the successful
application of chemoinformatics to a given problem depends on the availability of a
connection table.

For synthetic polymers, the representation of structure by connection table es-
sentially breaks down because polymers are collections of macromolecules, each
of which is slightly different, even if only in terms of the degree of polymeriza-
tion. If the central dogma of chemistry holds, though, this means that any physical
quantity observed as a “polymer property” is an average over an ensemble of macro-
molecules. A polymer can therefore not be described by a single connection table
alone. Structural heterogeneity in synthetic polymers is virtually a given: even the
most well-controlled polymerization reactions yield polymers with polydispersity
indices (PI) of around 1.03 (see, for example, [45]). Because no single connec-
tion table is capable of representing a polymer and because the observed physical
properties of a polymer sample are the metrological sums of the properties of the
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contributing entities, the connection table/data correlation approach breaks down in
the case of polymers and many other materials for that matter.

Furthermore, we often know how a polymer was made, but do not know the
structure of the resulting product – a famous example of this is Bakelite (phe-
nol/formaldehyde resin). Conversely, as is often the case for industrial polymers,
we may have some property data, but do not know how the polymer was made or
any structural details. Polymeric materials in general have a “history” and, more of-
ten than not, it is that history which influences or completely determines its property
characteristics and not the structural characteristics. The implication of this is, that a
description/encoding of a polymer’s history is often more relevant than an encoding
of its structure.

A final factor, which complicates polymer data is the fact that crucial meta-
data are often missing. A significant number of polymer properties are not only
dependent on the chemical nature of the constituent macromolecules of a poly-
meric ensemble, but also on factors such as measurement methods, measurement
conditions, etc. The glass transition temperature (Tg), for example, is formally con-
ditional on quantities such as pressure, molecular mass, tacticity and cross-linking.
For low molecular weight polymers, Tg increases with increasing polymer molec-
ular weight until an upper limit is reached and the value of Tg becomes essentially
invariant to further increases in molecular weight. Furthermore the experimental
method used to determine the glass transition temperature is of crucial importance:
popular measurement methods include differential scanning calorimetry (DSC) or
thermo mechanical analysis (TMA). DSC determines the change in heat capacity
of the sample as a function of temperature, whereas TMA measures dimensional
changes (length and thickness) of a sample. If, therefore, one were to determine the
glass transition temperature of a polymer sample using the two different techniques,
the results obtained would usually differ by several degrees Kelvin.

The first significant challenge that polymer informatics has to tackle, there-
fore, is to develop representations for both polymers and polymer data, which are
computable, i.e., “machine-comprehensible” and to which rich metadata can be
attached.

2.1 The Representation of Polymers

Early efforts in what could be termed “polymer informatics” go back to an ACS
symposium on polymer nomenclature in the late 1960s [46–51]. Papers in this
symposium were mainly concerned with issues of polymer nomenclature and as-
pects of information retrieval. A first set of seminal papers only appeared about
a decade later, as a consequence of another ACS symposium on the retrieval of
polymer information in 1978 [52–59]. Collectively, the papers resulting from the
1978 symposium set out the challenges still faced by polymer informatics today:
the fuzzy nature of polymers and the variety of different types of descriptions and
representations of polymers arising as a consequence, the problem of information
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compartmentalization and the difficulty associated with information retrieval across
the numerous interdisciplinary interfaces of polymer science [52]. A contribution
by Fugmann, describing the POLIDCASYR polymer documentation system of the
“Internationale Dokumentationsgesellschaft fuer Chemie (IDC)” (a now defunct
German chemical information service founded as a joint venture between BASF,
Bayer, Hoechst, Degussa and Huels) is particularly relevant, in that it examines
both the important syntactical and logical concept relationships between structures
and polymers and points to the use of controlled vocabularies and semantics for
capturing non-structural aspects. It furthermore introduces the notion of indexing
polymers as molecular fragments. The POLIDCASYR system is an extension of
the GREMAS (Genealogical Retrieval by Magnetic Tape Storage) technology, also
developed by IDC, which indexes molecules in terms of “molecular regions” (e.g.,
molecular fragments). The GREMAS system distinguishes between four distinct
molecular regions, namely aliphatic carbon chains, alicycles, aromatic rings and
heterocycles and uses term symbols to code for these. Typical terms include, for
example, symbols for large chains of carbon atoms of statistical length (term sym-
bol “6”, Fig. 2), terms for carbon atom chains in non-polymers (term symbol:“YR”,
Fig. 2) terms for hydroxy-, carboxy-, carboxylic acid etc. and many other groups.
This leads to an indexing of molecules as a collection of molecular terms as shown
in Fig. 2.

Another POLIDCASYR extension ensures that structural features of the
backbone can be distinguished from those occurring in side chains. The system
furthermore augments structure codes for polymers using a controlled vocabulary
of keywords, such as “epoxy resin”, “aminoplast” or “phenoplast”.

The POLIDCASYR paper also acknowledges the importance of the “history” of
a polymer and the oftentimes incomplete information associated with a polymeric
entity. This is important, because if the structure of a polymer is unknown, then an
encoding of the material in fragment terms will be impossible and the information
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scientist has little choice but to codify and index the polymer in terms of related
concepts, such as the monomer a polymer was derived from. This, in turn, requires
the definition of a series of syntactical and logical relationships between concepts
for successful information retrieval. To this end, the IDC developed the TOSAR sys-
tem (Topological representation of Synthetic and Analytical Relations of concepts)
[60], which represents the relationships between concepts by means of a graph and
can therefore be viewed as a precursor to modern semantic web and ontological ap-
proaches such as, for example, the Resource Description Framework (RDF) [61, 62]
or the Web Ontology Language (OWL) [63]. In a TOSAR graph, concepts are rep-
resented as nodes and concept relations as edges of the graph. Concept relations
can exist as either “analytical relations” or “synthetic relations” (Fig. 3) and thus the
TOSAR approach is, in essence, an incarnation of Ranganathan’s Colon Classifi-
cation (CC) [64]. The colon classification is an ‘analytico-synthetic classification”,
or, in modern parlance, a “faceted” classification. Furthermore, the TOSAR system
allows the specification of logical operations such as “AND”, “OR” and “ONLY”
as well as optionality, which allows an indexer to effectively encode the history of
a polymer as well as the processes (e.g., synthetic reactions, grafting, sequences in
time, etc.) described in a document (Fig. 4). In a sense, the resulting graph is both
a structural representation of the information source it was taken from as well as a
representation of the history of a polymer.

In addition to fragment and graph indexing of polymer information, the POLID-
CASYR system also makes use of two distinct vocabularies for non-structural terms.
The first vocabulary is, in essence, a controlled vocabulary of hierarchically or-
dered terms (taxonomy), supplemented by a second, more fluid vocabulary, which
is subject to constant editing. The latter is used to further enhance the controlled
vocabulary, e.g., the term “isomerization”, which is part of the controlled vocab-
ulary, could be defined further by the terms “racemization”, “tautomerization” or
“rotation isomerization”. Annotation of this kind is only a short step away from
techniques, which we now associate with the terms “tagging” and “folksonomies”
and which are typical components of Web 2.0 systems. POLIDCASYR’s con-
trolled vocabulary is structured according to a number of semantic categories such
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as substances, apparatus, living entities, processes, reactions, process-related and
non-process-related properties and fields of application (Fig. 5).

These top level categories can be subdivided further and establish relations be-
tween concepts (Fig. 5). Each of the subdivisions has a unique code, which can be
used for indexing and searching.

Other papers from the 1978 symposium discuss the indexing of polymers in
Chemical Abstracts [53], the IFI/Plenum System [59] and an in-house system for
Hercules [58]. While a number of services such as the Chemical Abstracts Service
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have several routes into polymer information (keyword search, search by name,
search by formula index, search by general subject index), for most chemists, how-
ever, the most important route to polymer information is either via “search by name”
or “search by structural formula”.

2.1.1 Name-Based Representation of Polymers

Name-based representations of polymers normally occur in three different incarna-
tions: (a) trade and trivial names, (b) names derived from the component monomers
of a polymer (“source-based representations”) and (c) names derived from the
structural repeating unit of a polymer (“structure-based representations”). Triv-
ial or trade names are often derived from the inventor of a certain material (e.g.,
Bakelite – developed by Baekeland) and contain no or only little chemical infor-
mation and therefore very easily lead to information compartmentalization – trivial
names usually cannot even be inferred. Which of the other naming conventions is
used normally depends on the nomenclature philosophy of a particular community
within (polymer) chemistry and there is no general agreement as to which type
of nomenclature is preferable. Polybutadiene, for example, would be indexed as
“1,3-butadiene, homopolymer” by the Chemical Abstracts Service (CAS) (Fig. 6).
A keen observer will also have noticed that the name has been inverted, which is
CAS specific. The International Union of Pure and Applied Chemistry (IUPAC)
will allow the registration of the polymer as either “polybutadiene” (IUPAC source-
based), “poly(but-1-ene-1,4-diyl)” (IUPAC structure-based), “1,4-polybutadiene”
(IUPAC semisystematic), “poly(buta-1,3-diene)” (IUPAC source-based). Apart
from particular idiosyncrasies such as name inversion or the use of brackets, nomen-
clature systems are also subject to historical (dis)continuities: as time passes and
indexing systems evolve, nomenclature rules change: poly(ethylene terephthalate)
(PET) is registered as “poly(oxyethyleneoxyterephthaloyl) in the 8th Collective
Index of Chemical Abstracts, but as poly(oxy-1,2-ethanediyloxycarbonyl-1,4-
phenylenecarbonyl) in the 9th Collective Index.

While different nomenclature conventions and historical discontinuities are at
best confusing to the human searcher, they lead to serious problems in terms of
multiple registration of entities in registration systems as well as information com-
partmentalization: a mapping of “polybutadiene” onto “poly(but-1-ene-1,4-diyl)”
is not straightforward for a human and even less so for a machine (polybutadiene
does not indicate the position of the double bond in the polymer backbone) and
therefore any data associated with either registration may or may not be equivalent.

Fig. 6 Polybutadiene
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Ontologies could go some way towards solving this problem since they assist in the
specification of parthood relationships (e.g., between a single concept and multiple
labels).

2.1.2 Structure-Based Representation of Polymers

Apart from simple name-based representations, polymer information systems also
use chemical structure diagrams to register polymeric entities. We have already
discussed the breakdown of the structure diagram metaphor for polymers in the
sections above and the situation currently encountered in many polymer informa-
tion systems is reflective of this: polymers are either registered using the structure
of the corresponding monomer(s) or a greatly reduced representation in the form of
the repeating unit of one of the macromolecular constituents.

Structure representations of polymers based on monomer structures are the least
desirable, because they reference one concept in terms of another and necessarily
lose all polymer-specific information: often, monomers undergo significant struc-
tural change upon polymerization (e.g., going from cyclic to linear structures during
ring-opening metathesis polymerizations (ROMP)) and potentially important in-
formation such as endgroups, post-modification procedures such as grafting, etc.,
cannot be encoded. Representation by repeating unit structure is problematic too:
while the repeating unit is at least indicative of the major structural features of
the polymer backbone (end group information, post-processing, etc., is still not en-
coded), often the problem of unambiguous representation arises. When considering
the structure of a poly-1,3-butadiene macromolecule, for example, it becomes evi-
dent that several valid repeating unit structures can be drawn (Fig. 7).

The fact that several representations are possible automatically necessitates the
development of rules which would allow a researcher to decide upon a preferred rep-
resentation. To this end, IUPAC has developed an elaborate rules-based system using
the “seniority of subunits”, the direction of citation, etc. [65]. However, rules-based
systems are subject to the same limitations as nomenclature systems in that they,
too, suffer from (potential) historical discontinuities and require acceptance by a
broad community.
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Fig. 7 Possible repeating unit representations (a, b, c) for poly-1,3-butadiene
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One paper arising from the 1978 symposium points out another central and un-
solved problem in polymer informatics today, namely the scarcity of polymer data
[56]. The paper suggests that three things are needed to develop a successful poly-
mer information system: (1) the availability of good data models, (2) the long-term
commitment of both industry and academia to generate comprehensive and meta-
data rich materials data, which adheres to the data model and (3) “the commitment
of national data centers to act as repositories of such information.” The important
message here is that the successful development of information systems for materi-
als is mainly a “political” problem: communities of practice need to agree to produce
and share data and to preserve and curate it for the long term. Good technology is
essential, but is hardly ever the real limiting factor. For polymers, none of these
requirements have been met so far. However, developments on the WWW such as
an increasing emphasis on community-developed or community-created informa-
tion and data (e.g., Wikipedia and Freebase) together with developing technologies
for linking and “mashing-up” data might go some way towards meeting the above
requirements.

While the 1978 symposium on polymers highlighted many of the problems asso-
ciated with polymer information and also discussed some possible solutions, papers
submitted for another ACS symposium on the topic entitled “Polymer Information:
Storage for Retrieval, or Hide and Seek?” suggest, that nothing much has changed
[66].

One notable exception to this is a paper by Gushurst et al. introducing MDL’s
(now Symyx) proprietary Sgroup notation [67]. “Sgroup” is an acronym for “sub-
structure group” and represents a “persistent collection of atoms and bonds” which
is a part of a larger connection table. Sgroups subdivide into two types, “chem-
ical Sgroups” and “data Sgroups”. The Sgroup notation can be used for the de-
scription of polymers, formulations and other materials. Sgroup representations of
both a structure-based (Fig. 8a) and a source-based (Fig. 8b) block copolymer of
polystyrene and polyethylene oxide are shown in Fig. 8.

In Sgroups, repeating units are enclosed in square brackets and a subscript “n”
is placed to the right of the closing bracket. The subscript “blk” indicates a block
copolymer and “mon” a monomer in a source-based representation. Superscripts
indicate the orientation of the repeating units (hh = head-to-head, ht = head-to-
tail, eu = either unknown) in a structure-based description. Crossing bonds (bonds
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Fig. 8 (a) Structure-based and (b) source-based Sgroup representation of a polystyrene/
polyethylene oxide block-copolymer
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crossing the square brackets) indicate known connectivity. Data Sgroups may be
associated with these structural descriptions and can hold information about, for ex-
ample, the percent composition and distribution of building blocks in a polymer,
modifications, etc. Sgroups therefore go some way towards being able to describe
the history of a polymer as much as its composition. When searching for a particular
polymer using a structure-based representation, MDL’s proprietary “flexmatch” al-
gorithm cyclizes all possible repeating unit representations. If multiple valid repeat
units can be written, the cyclization process creates a set of molecules, which are
“phase-shifted” with respect to each other. This means that all structures are effec-
tively identical, which removes the need for rules for choosing a preferred repeating
unit representation.

A paper by Kaback re-enforces the previously made point that “there’s more to
a polymer than just its build” [68] and that it is the history of a polymer that is
often more important for information retrieval than any complex structure represen-
tation. As an example, Kaback points out, that, for a polymer, it makes a significant
difference whether the polymer was synthesized in a stirred autoclave or a tubu-
lar flow-through system, as this will lead to polymers of vastly different physical
characteristics, even if all else is equal. This information, however, is hardly ever
encoded as metadata in information systems. The same is true for other types of
metadata – it is currently very difficult to distinguish information about elastomeric
ethylene/propylene copolymers from data referring to, for example, rigid thermo-
plastic ethylene/propylene copolymer, etc. In Kaback’s own words: “Polymers are
both chemicals and materials. In viewing a polyolefin as a chemical reactant, it is
critical for me to know if it was produced by a catalyst system that gives a product
in which residual chain unsaturation is overwhelmingly at the chain end, rather than
one or more units into the chain. In viewing it as a thermoplastic, it is critical for
me to know whether the molecular weight distribution is broad, implying good flow
properties, or narrow, suggesting possible melt processing difficulties” [68]. In other
words, what determines the value of a polymer information system is the “axioma-
tization” of the polymeric entity and the context-aware “lens” onto the information
that the system should provide. Other papers in the 1991 symposium series are es-
sentially descriptions of a number of proprietary information systems, such as the
Derwent Plasdoc System [69], the IFI/Plenum Polymer Indexing System [70] the
Rapra Abstracts Rubber and Plastics Database [71], with side-by-side comparisons
of all these systems [72, 73] and a discussion of the particular challenges associated
with searching for information on condensation polymers [74].

2.1.3 The Semantic Web of Polymer Data

Many of the challenges described so far can be addressed using technologies de-
veloped in the context of the “semantic web” or “web 3.0” [75]. The semantic web
is currently revolutionizing the way in which we structure, handle, present, and ex-
change scientific data and information. Unlike the current incarnation of the web,
which is mainly a web of documents, the semantic web is a vision of a web of
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data, in which software robots are able not only to discover information, but also
to understand its meaning and therefore to act on it autonomously. Currently, the
way in which we communicate polymer information is similar to the way in which
we treat information on the web. Most polymer information is contained in unstruc-
tured documents (equivalent on the web: webpages) such as scientific papers, theses,
patents. etc. Because these documents are unstructured (a machine does not a priori
understand that the symbol combination “◦C” denotes a temperature unless this is
explicitly stated in machine comprehensible language), it is extremely hard for ma-
chines to discover information in these documents. Moreover, information about a
given polymer is often scattered across several sources (web analogy: many web-
pages on different servers/sites talking about the same concept) and hard to combine
into a single picture. The semantic web is developing some technical solutions to ad-
dress these problems in the web domain and it is reasonable to assume that these can
also be applied to the domain of polymer information.

In a typical scenario, a polymer scientist wishing to design a new polymer for a
given application would specify an application/property profile of that polymer. A
semantic web agent (software that acts on behalf of a user), in turn, would be able to
“understand” the specification and to collect relevant information from the “cloud”
(e.g., the web, in-house data sources, proprietary and open databases, scientific pub-
lications, etc.). The agent might then reconcile the gathered information against the
requirements profile and use existing quantitative structure-property relationships
or rules to infer other properties. Finally, the agent would present a list of polymers
with a property profile closely matching the original specification. To achieve this
vision, a software agent would not only have to find information (i.e., information
must be present in a structured form), but also understand its meaning (i.e., the in-
formation must be computable). On a technology level, therefore, we require the
three components of (1) publication (data needs to be available digitally), (2) se-
mantics (data needs to be semantically rich), and (3) data interoperability (which
can be achieved via the use of semantics).

The technological foundations of this vision currently consist of eXtensible
Markup Language (XML) [76], XML Schema [77], the Resource Description
Framework (RDF) [61], RDF Schema [62], and the Web Ontology Language [63].
These technologies are interdependent and can thus be arranged in the form of a
“semantic layer cake” (Fig. 9).

One way to impart structure to otherwise unstructured documents is to utilize a
suitable markup language. The function of markup languages is to combine the text
of a document with further information about the text (markup languages typically
add “metadata” – data about data) and while metadata is normally hidden from
the view of a human reader, it is available to processing software. XML allows an
author to add arbitrary metadata to documents through the use of tags, which are
user-defined and annotate data sources.

With XML providing the mechanism for structuring, the Resource Description
Framework (RDF) provides the machinery for data integration and lightweight
axiomatization. A “resource” in informatics terminology is anything that can be
named, addressed, or handled and the language provides a framework for making
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Fig. 9 The semantic layer-cake. (Copyright 2008 World Wide Web Consortium, (Massachusetts
Institute of Technology, European Research Consortium for Informatics and Mathematics,
Keio University). All Rights Reserved. http://www.w3.org/Consortium/Legal/2002/copyright-
documents-20021231. Reproduced with permission)

statements about these resources. Statements are made in the form of “triples”,
i.e., almost human-language like subject-predicate-object constructs. RDF therefore
allows simple assertions of the type: “polystyrene is a polymer” to be made. The
web ontology language (OWL), finally, extends this expressivity even further by
allowing the addition of first-order-logic. This, in turn, means that relationships be-
tween resources, such as disjoints, cardinality, equality and symmetry, etc., can be
described.

Semantic technologies are highly significant for polymer (data) representation,
because they are now being applied in the field of chemistry and polymer science.
As XML is indeed extensible, a number of markup languages have been devel-
oped over the last decade, which are of relevance in the general area of chemistry
and which can also be used to structure polymer information. The most signifi-
cant of these languages are Chemical Markup Language (CML) [78–83], Analytical
Markup Language (AnIML), and ThermoML (markup language for thermochem-
ical and thermophysical data) [84]. Some papers detailing the beginnings of an
alternative to CML as a general chemical markup language have also recently been
published [85, 86].

Chemical Markup Language was pioneered by Murray-Rust and Rzepa and is
designed to manage mainly molecular information, such as chemical structure as
well as spectral, analytical-, computational-, and crystallographic data. CML is
currently being investigated by Microsoft Research as a way of introducing semanti-
cally rich chemistry features within the Microsoft Office Word package [87]. Adams
and Murray-Rust recently reported the development of Polymer Markup Language
as a polymer-specific extension to CML [88, 89]. Like the Sgroup approach, the
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language is a fragment-based representation and addresses considerations such as
the composition of a given polymer, the structure of a polymer or macromolecule
(if known), as well as the records of a computational experiment, physical or other
properties of a polymer or macromolecule, experimental metadata, and reaction
information. At the moment, PML does not consider polymer processing such as
compounding, but may well be extended to cover these areas in the future. The de-
sign criteria of PML include the re-use of CML whenever possible, full namespace
awareness, interoperability with other mature STM languages, the avoidance of im-
plicit semantics, the treatment of polymer-specific phenomena such as the ensemble
nature of polymers, ambiguous repeating units, tacticity, double bond isomerism,
macromonomers as well as the description of all commonly encountered struc-
tural motives such as homopolymers, copolymers (statistical, alternating, block),
branched polymers (combs, hyperbranched systems, dendrimers) as well as cross-
linked polymers and graft polymers. Figure 10 shows a PML document for a simple
styrene heptamer.

The construction of the molecule starts with a root fragment which, in the partic-
ular document in Fig. 10, is a methyl group (<molecule ref = "g:me">).
The “g:me” pointer links to a fully atomistic description of the methyl fragment in
CML, which in turn allows the annotation of individual atoms if needed – this could
be important when wishing to specify differential reactivity of backbone atoms for
grafting and post-processing, for example. The methyl group joins onto a CH-group
(<molecule ref = "g:ch">), which is connected to a methylene fragment
(<molecule ref = "g:ch2">) and a phenyl fragment (<molecule ref
= "g:benzene">). The construction thus defines a full repeating unit, though
this is completely accidental and not required by the language – the user is free
to choose any type of fragment, such as multiple repeating units, macroinitiator
fragments, etc.

The <fragment> container, which is a child of the root element, con-
tains a countExpression attribute, which indicates to PML processing
software that the fragment definition is to be repeated another six times. The
countExpression attribute is, in fact, a computable variable. This is a new
concept for markup languages, which have hitherto been used in a completely
declarative way. The countExpression element can evaluate either determin-
istically (specifying a macromolecule) or stochastically (specifying distributions of
macromolecules). In general, PML can either be implicitly or explicitly computed,
which means that it is possible to create documents containing free variables. As
such, it is possible to embed XSL Transformations [90] into PML documents and
to evaluate the resulting expressions in a lazy manner.

PML can also represent polymers at different levels of certainty: where the struc-
ture is known, it can be encoded and where this information is not available, a
polymer can be codified in terms of other concepts, such as the monomers it was
prepared from. Furthermore, PML provides essentially a coarse-grained representa-
tion: larger structural fragments can be mapped back to fully atomistic fragments,
if desired. PML, therefore, allows data to be associated with a polymer representa-
tion at the atom, molecular fragment, molecule and molecule ensemble level, and,
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Fig. 10 A simple PML document showing the construction of a styrene oligomer

as such, it can be considered to be a “normal” (though not a canonical) form of
a polymer description. The authors have recently published a “polymer builder”
prototype application, making use of polymer markup language and the associated
processing software [88]. As part of one of their papers, Adams et al. also briefly
present the development of polymer ontologies, which contain basic polymer sci-
ence terms, although no formal publication has appeared yet. To date, ontologies
are severely underused in chemistry and chemical data management, although there
are a few attempts at constructing ontologies in the domain. Probably the most
prominent chemical ontology is the European Bioinformatics Institute’s “Chemical
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Entities of Biological Interest” (ChEBI) [91]. ChEBI is a small-molecule “database”
of natural products or synthetic entities, which have been used to interfere in biologi-
cal processes and encompasses an ontological classification specifying relationships
between molecular entities. Information about chemical entities is derived from a
number of datasources, such as COMPOUND [92], the Chemical Ontology (CO),
and IntEnz [93]. Other EBI ontologies in the chemistry domain are REX [94]
and FIX [95], which describe physicochemical processes and methods respectively.
Other groups have also reported efforts to model chemical structure [96], reactions
[85, 86], and laboratory processes [97–99]. Further ontologies for the general sci-
entific domain encompass ontologies of the scientific experiment as such [100], as
well as a number of upper ontologies, which are suitable for science (e.g., SUMO
[101], General Formal Ontology [102]). When taken together, it is reasonable to
assume that these will be useful for describing and capturing much of the metadata
that many of the “early” polymer informaticians requested from their information
systems and that concepts from these ontologies can also contribute to the develop-
ment of computable (i.e., “machine comprehensible”) definitions of what a polymer,
a glass transition temperature, etc., is.

A typical example of the possible definition of a macromolecule in the OWL
ontology language is shown in Fig. 11. Here, a macromolecule is modeled in terms
of sets: a macromolecule is a molecule which has a high relative molecular mass and
which is derived from either a molecule of low molecular mass or from an oligomer
or from molecules of low molecular mass and oligomers. It is now easy to see how
one can develop axiomatizations such as those envisaged by the TOSAR system
(see above) using modern semantic web technologies and how information about
the history of a material can be encoded in a machine comprehensible way, which
is subsequently available for reasoning and knowledge discovery [88].

2.2 Access to Polymer Information

So far, all of the discussion in this review has focused on the representation of poly-
mer structure and polymer information. However, another significant challenge in
the development of polymer informatics is access to polymer data. In this context,
the term “access” takes on two distinct meanings, namely “access” to data in terms
of access-barriers (e.g., proprietary data, copyright considerations, etc.) and “ac-
cess” in terms of the formats in which polymer data is communicated, handled
and exchanged.

2.2.1 Access and Technical Access-Barriers

The first and obvious technical access barrier is the availability of data in digi-
tal form. While most modern documents are “born digital”, a lot of libraries will
still only archive paper copies of scientific literature, although more and more
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Fig. 11 Possible ontological description of the concept “Macromolecule” in the OWL ontology
language

institutions now require documents to be submitted to institutional repositories in
digital form. Furthermore, the increasing use of open access and self-archiving man-
dates by universities contributes to the availability of data. However, this is a gradual
process and it is only now that a growing number of university libraries engage in
the development of institutional repositories. Some sources of polymer information,
such as the Polymer Handbook [103], are available on paper only.

Even if a document containing polymer information is available digitally, the for-
mat of the document is critical. While most scientific documents are authored using
a word processing system such as Microsoft Word or Open Office or a typesetting
system such as LaTeX, this is not normally the format they are subsequently dis-
seminated in. In the majority of cases, these documents are converted to portable
document format (pdf) for publication and dissemination. It is this very step which
is problematic for automated information extraction. Portable document format has
been designed as a purely presentational format: “The PDF design is very tailored to
the creator being able – quite directly and without ambiguity – to specify the exact
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output desired” and even its developers admit, that it is extremely difficult to extract
information [104]. Essentially, pdf converts text to a set of graphical objects without
semantics, i.e., there are no well-defined relationships between these objects and
the conversion process is “lossy” in terms of information content. A consequence
of this is, that a lot of vital scientific information is lost when converting back to
text: frequently subscripts and superscripts disappear, a loss of vital information
when attempting to teach a computer to recognize molecular formulae in text, and
data tables are often completely destroyed. An example of this is a recent paper by
Feniri et al. in which the authors reported the synthesis and spectroscopic character-
ization of a large library (630 compounds) of polystyrenes [105]. Each compound
in the library was characterized by both IR and Raman spectroscopy and the re-
sulting data was published as spectral plots in pdf format. The result of this form
of data publishing is that the spectral data associated with the polymers is lost: the
data is only useful for human inspection and effective machine learning and data
mining as well as the possibility of generating mashups with other data sources has
been destroyed. In this particular case, the authors had little choice but to publish in
this format (although archival of the raw spectral data in an institutional repository
would also be an option): the chemical and polymer science community has simply
not yet evolved mechanisms for publishing its data and not “just” its papers.

Even if the document is produced in a format suitable for information extraction
and does not of itself destroy information, it is often the reporting scientist who does.
A good example is the way in which NMR data of organic molecules are currently
reported: the digital signal obtained from the NMR machine, even when processed,
contains significantly more information than is reported using the standard journal
publication procedures (i.e., peak positions, splitting patterns and coupling con-
stants). It is not possible to reconstruct the original spectrum from this data and
any information that may have been contained in the original signal and which is
not captured in the reported data is lost. In the era of digital documents, virtually
free and unlimited storage and pervasive computing and network access, scientists
should be much less willing to simply throw data (and thus potentially information)
away, in particular if the data has been produced at great cost. (Chemical) Crystal-
lography is exemplary in this regard: as a community, the discipline has evolved data
standards (cif file format [106] and the crystallographic information framework) and
tools and mechanisms for data preservation, sharing, and archiving (e.g., the Cam-
bridge Crystallographic Database [107], CrystalEye [108]). There are currently no
technical obstacles to doing the same for polymer data. What is severely lacking,
though, is an understanding of data (“I am a chemist and shouldn’t have to worry
about data (formats)”) as such, a willingness to become educated, and community
agreement on how to deal with scientific data.

Another challenge to data access is presented by the unstructured nature of the
data contained in many documents. From “the point of view of a computer”, an
unstructured document is a collection of symbols without any semantics, i.e., the
phrase “polystyrene has a glass transition temperature of 95◦ C” is, in the absence
of further structuring data, i.e. metadata, meaningless and even the presence of data
is hard to detect.

We have already discussed that a technical solution to this is to provide metadata
in the form of markup. Markup can be introduced into a document either at the time
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of authoring (a priori) or once the document has been prepared (a posteriori). As
the authoring of markup is potentially complex, good semantic authoring tools are
required. At the moment these are largely absent, although the Chem4Word project
aims to fill this gap [87]. If markup is introduced a posteriori, one usually has to en-
gage in a significant amount of “information archaeology” and utilize technologies
such as natural language processing, entity extraction, and parts-of-speech tagging.
An example of this is the OSCAR 3 system, which is currently being developed by
Corbett and Murray-Rust and extended to polymers by Jessop and Adams [109].
OSCAR 3 is an open and extensible system for the automated markup of chemistry
in documents. The markup is XML-based and designed to support browsing and
chemistry-aware searching.

Table 1 shows an example of markup, generated using the OSCAR 3 system. The
abstract of a polymer research paper has been parsed by OSCAR and the resulting
markup for the first sentence of the abstract is shown in-line with the text (Table 1B).
The first chemical entity encountered in the sentence is “oleic acid”, which has been
marked up as type = CM (Chemical Moiety) and a number of other annotations,
such as in-line representations of chemical structure (InChI, SMILES) have been
attached.

2.2.2 Access and “Political/Cultural” Access-Barriers

While any technical problems associated with access to polymer data can be over-
come with comparative ease, the real access problem is politico-cultural in nature.
We have already alluded to the fact that scientists often produce data for the single

Table 1 An abstract ([174]) (A) prior to markup, (B) after markup with OSCAR 3

(A) Elaboration of PLLA-based superparamagnetic nanoparticles: Characterization, magnetic be-
havior study and in vitro relaxivity evaluation Abstract. Oleic acid-coated magnetite has been
encapsulated in biocompatible magnetic nanoparticles (MNP) by a simple emulsion evaporation
method.

(B)<?xml version = "1.0" encoding = "UTF-8"?>

<PAPER><TITLE>Elaboration of PLLA-based superparamagnetic
nanoparticles: Characterization, magnetic behaviour
study and in vitro relaxivity evaluation.</TITLE> [175]
<ne surface= "Oleic acid" type= "CM" provenance=
"unknown" SMILES = "CCCCCCCC\C=C/CCCCCCCC(O)=O"
InChI="InChI=1/C18H34O2/c1-2-3-4-5-6-7-8-9-10-11-
12-13-14-15-16-17-18(19) 20/h9-10H, 2-8, 11-17H2, 1H3, (H,
19, 20)/b10-9-" cmlRef="cml1" ontIDs="CHEBI:16196">Oleic
acid</ne>-coated<ne surface="magnetite" type= "CM"
provenance="nGramScore" weight="0.09220993385201925">magnetite</ne>has
been encapsulated in biocompatible magnetic nanoparticles (MNP)
by a simple emulsion<ne surface="evaporation" type= "ONT"
provenance="oscarLexicon" ontIDs="REX:0000178">evaporation
</ne>method....</ABSTRACT>
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purpose of accomplishing the aims of the research project they are working on at
the time of data production. Once this has been achieved, the data produced during
the project becomes virtually obsolete and its main value for the scientist lies in the
proof of the fact that project work has been carried out at all and that it has been
carried out with scientific integrity [110]. There is very little return in taking any
further steps beyond “standard” journal publication to ensure that his data is easily
accessible and reusable by other scientists, even when there are no commercial or
other obstacles to data sharing.

Apart from very simple considerations of return or reward, the very system of sci-
entific publishing, which science has evolved, now represents a de facto obstacle to
data sharing and dissemination. Scientific publishing is historically a response to a
scaling problem: in the early days of modern science, data and results were commu-
nicated through letters sent between scientists. With the growth of the community of
scientists and the breadth of scientific endeavor, letter writing clearly did not scale
any more and the twin institutions of the “learned society” and the scientific journal
publication were developed [111]. The remit of the scientific journal was to col-
lect manuscripts, to organize some form of verification of the “reasonableness” of
the publication’s content and to print and distribute the resulting journal issue. The
journal subscription fee formed the economic basis of the system. Much of the value
proposition of current STM publishing is still rooted in this business model. With
the advent of the digital document, the internet and the set of technologies currently
subsumed under the “Web 2.0” label, the economic foundation for this model has
all but collapsed and the internet now fulfils many of the functions a traditional pub-
lisher used to perform. Document collection can be automated (users upload their
digital manuscripts into an electronic workflow) as can, in principle, peer review
(a weblog (“blog”) with a commenting function is nothing other than a publication
system with built-in peer review) and, of course, virtually cost-free publication and
distribution can be achieved by simple publication of papers on a website. Pervasive
computing and networks mean that the economic cost associated with each of these
activities is minimal and tending towards zero. Publishers are therefore increasingly
attempting to shift their value proposition to content and data: the subscription to an
electronic journal is often redefined as a subscription to a database. This redefini-
tion is particularly problematic because once the subscription is discontinued, so is
access to the content. Physical copies of paper-based journals, by contrast, remain
in the subscribing institution’s library even after discontinuation of the subscription
and access is therefore secure. The shift to content as the main value proposition is
furthermore exemplified by what appears to be an attempt to apply copyright state-
ments to factual data, which is now effectively preventing scientists from accessing
their own data in all but the most technologically backward way.

Copyright was originally conceived to protect the property rights of an author and
to facilitate the governance of the use of an expression of an idea, but neither the
idea itself nor factual data. Although copyright subsists in the particular expression
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of the idea of an anthropomorphic mouse (e.g., Mickey Mouse), copyright law does
not stop other parties from developing different expressions of the same idea and
from subsequent exploitation.

This discussion is relevant here, because the act of publication of a scientific pa-
per containing polymer data means that the publisher merely owns the expression
of the facts and data, but not the fact or the data itself. Unfortunately, publishers
increasingly appear to attempt to claim copyright on scientific data by attaching
copyright statements to, for example, supplementary data which is almost com-
pletely factual. In an optimistic interpretation of these practices, one might assume
that it only gives an impression that the data is copyrighted and the copyright state-
ment merely refers to the layout of the supplementary information. In the worst
possible interpretation, this can be viewed as a data grab by the publishers, who are
trying to erect barriers to data access which universities or private institutions would
not have the appetite to test in court. The practice of appending copyright statements
to supplementary information in any case obfuscates the data access situation. Other
disciplines, such as biology, environmental science, and physics, have long evolved
both a discipline and an ethics of data sharing and open access to data. Although
there are examples to the contrary (e.g., PubChem), chemistry and polymer science
are astoundingly backward in their approach and attitude to caring about their data
as well as to sharing and dissemination. Ultimately, the successful development of
polymer informatics will require access to polymer data and hence a culture of “data
awareness” and sharing needs to be developed in the polymer science community.

3 Making Use of Polymer Data

Another aspect of polymer informatics, beyond the representation and registration
of polymer information and data, is the conversion of data into knowledge and thus
into the power to make decisions. To this end, the same tools, which are common in
small molecule informatics, have also been used to study polymer data. The work
that has been reported so far subdivides into two categories, namely classification
and chemometrics problems and property prediction.

3.1 Classification and Chemometrics Problems

The rapid classification of polymeric species is an important problem in the area of
analytical chemistry in general and of particular relevance to recycling and waste
management. To accomplish classification tasks, a combination of spectral data and
principal component analysis (PCA) is often employed.

Principal component analysis is a simple vector space transform, allowing
the dimensionality of a data set to be reduced, while at the same time minimizing
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the concurrent information loss [112–114]. In essence, PCA transforms data from
one coordinate system to another in such a way that the greatest data variance comes
to lie on the first axis of the new coordinate system (the first principal component
with the highest eigenvalue), the second largest variance on the second axis (the
second principal component) and so forth. There are as many principal components
in the system as there are dimensions. Data reduction is achieved by discarding
components with variances below a certain threshold.

Van den Eynde and Bertrand described the use of PCA for the determina-
tion of molecular weights from time-of-flight secondary ion mass spectrometry
(ToF-SIMS) spectra of polystyrene samples [115]. ToF-SIMS spectrometry is well
established for the characterization of polymer surfaces, but the quantification of
the resulting spectra has proved to be difficult. In a previous study, the authors had
recognized an influence of the molecular weight of their polymer samples on the
intensities of observed secondary ions. In the present study, the researchers used
18 polystyrene samples of different molecular weights and different butyl end-
groups (n-butyl, sec-butyl, tert-butyl), which were spin-coated onto silicon wafers
and subsequently subjected to ToF-SIMS analysis. After pre-processing, the spec-
tral data was subjected to PCA. The results showed, that the first two principal
components were sensitive to both the molecular weight and the chemical struc-
ture of the endgroups. The most significant ions in the spectrum can be detected
from the corresponding loading plots and the score plots allow samples to be
categorized in terms of end-group structure and molecular weights. Furthermore,
a universal calibration curve could be found by plotting the first principal com-
ponent, which is independent of the structure of the endgroup, as a function of
molecular weight. This can then be used for the determination of the molecular
weight of an unknown polystyrene sample from its secondary ion mass spectrum.
A similar approach was reported for the characterization of hyperbranched aliphatic
polyesters [116].

Batur et al. also used a number of machine learning tools, including PCA, and
a set of different experimental techniques in a bid to quantify the crystallinity of
low-density polyethylene (LDPE) films [117]. In a multistep experiment, a first set
of training data was produced by heating a thin film of LDPE to 120◦C in order
to produce a completely amorphous sample. The sample was then cooled in steps
of 2◦C and a Raman spectrum was recorded at each temperature step. The spec-
tra were subsequently used as inputs for principal component analysis and neural
network modeling. The inputs were correlated to crystallinity values derived from
small angle light scattering (SALS) experiments, which were carried out at the same
time and calibrated by DSC. The authors developed a linear regression model of
crystallinity by correlating the factor loadings of the significant factors to the exper-
imentally determined crystallinity values. It could be shown, that models determined
in this way validated well with respect to experimental data and also predicted the
crystallinities of test samples subjected to different cooling rates with satisfactory
accuracy. Modeling using neural networks led to comparable results.

Miranda et al. used a combination of Fourier-Transform Infrared Spectroscopy
(FT-IR) and PCA to elucidate the chemistry that occurs when poly(vinyl alcohol)
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(PVA) is cross-linked under ultraviolet (UV) irradiation using sodium benzoate
as an initiator [118]. An aqueous solution of PVA and sodium benzoate was cast
onto a glass plate and the solvent was allowed to evaporate. After irradiation of
the samples for 1, 2, 3, and 4 h, the IR spectra of the films were determined
and analyzed by PCA. A detailed analysis of the scores and loadings led to the
conclusion that upon irradiation the sodium benzoate is decomposed in an ini-
tial step. The resulting radical subsequently abstracts a hydrogen atom from the
PVA chain to produce a polymeric radical. The latter reacts with available hy-
droxy groups to form ether bond linkages between PVA chains. Furthermore, it
was found that there is a good linear correlation between the mean of the scores
of one of the significant principal components and irradiation time, which means
that the irradiation time of an unknown sample can be determined from the IR
spectrum.

The use of PCA for the classification of both natural and synthetic polymers
was demonstrated by Vazquez et al. [119]. In their work, the researchers recorded
Total X-Ray Fluorescence (TXRF) spectra of scleroglucan, xanthan, glucomannan,
poly(ethylene oxide), and polyacrylamide and subjected the resulting spectral data
to PCA. To the naked eye, the X-ray fluorescence spectra of the polymers look
virtually identical. However, when subjected to PCA it could be shown that the
first two principal components contain approximately 96% of the variance in the
dataset. When plotting the scores of the two components against each other, six
distinct clusters are observed, which clearly differentiate the individual polymers.

Principal Component Regression (PCR) was used by Tuchbreiter and Muelhaupt
to determine the composition of a number of random ethane/propene, ethane/1-
hexene, and ethane/1-octene copolymers [120]. After polymerization, the polymers
were characterized by both Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy (ATR-FT-IR) and 13C NMR and multivariate calibration models using
PCR were subsequently developed to estimate the co-monomer content.

The data generated by other experimental techniques is also amenable to decom-
position/analysis by PCA. Lukasiak et al. reported the use of several classification
techniques, such as PCA, k-means and hierarchical clustering, linear discrimi-
nant analysis, k-nearest neighbors as well as distance metrics using Euclidean and
Mahalanobis measures on data generated by Dynamic Mechanical Analysis (DMA)
of several types of polymers (polypropylene, LDPE, polystyrene, acrylonitrile-
butadiene-styrene) of several different grades [121]. In their paper, the authors
determined the damping factor (tan δ) of the polymers as a function of tem-
perature and showed that this data, in combination with several of the machine
learning techniques listed above, can be used to classify polymers into types and
grades.

All of these studies suffer from the fact that they were carried out on relatively
small datasets of more or less homogeneous polymers and are generally not well val-
idated. As such, they indicate that there may be useful chemometric methods here,
but there is considerable scope for further studies on much larger and heterogeneous
sample sets to demonstrate general applicability and usefulness.
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3.2 Property Prediction

A more common use of informatics for data analysis is the development of
(quantitative) structure-property relationships (QSPR) for the prediction of ma-
terials properties and thus ultimately the design of polymers. Quantitative
structure-property relationships are multivariate statistical correlations between
the property of a polymer and a number of variables, which are either physical
properties themselves or descriptors, which hold information about a polymer in
a more abstract way. The simplest QSPR models are usually linear regression-
type models but complex neural networks and numerous other machine-learning
techniques have also been used.

Two very simple types of QSPR have been developed early on in the evolution
of polymer property prediction, namely van Krevelen’s group contribution methods
[122] and Bicerano’s system [123], which mainly relies on the use of topological
descriptors. Group contributions regard the overall properties of the polymer as the
scalar sum of the properties of the chemical groups contained in the molecules mak-
ing up the polymer.

While both the Bicerano and van Krevelen systems model a significant number
of polymer properties, most QSPR studies have focused on only a small number
of key properties (which is mainly correlated to the availability of data for model
development).

3.2.1 Glass Transition Temperature (Tg)

The glass transition temperature is a central property of polymers and of consid-
erable importance in both fundamental polymer science as well as polymer engi-
neering and processing. Below the glass transition temperature, macromolecules in
bulk are fairly rigid, as they only have the freedom to vibrate and oscillate around
fixed positions, creating a small amount of free volume. Significant translational
movement, however, is usually not possible. The glass transition occurs at the tem-
perature at which the free volume in the bulk material becomes large enough for
macromolecular chains to move relative to each other. At this point the polymer
backbone relaxes and the material undergoes a transition from a solid to a quasiliq-
uid state [124].

Van Krevelen’s group contributions are widely used for the prediction of Tg and
perform reasonably well. When experimentally determined Tg values for 600 poly-
mers are compared to predictions from group contributions, it could be shown that
approximately 80% of the calculated Tg values were within±20K of the experimen-
tal result [122]. A serious limitation of any group contribution method, however, is
that only polymers with structural groups for which contributions have been devel-
oped can be predicted.

The group contribution methodology was extended by Hopfinger and Koehler
through combination with molecular modeling [125, 126]. In these papers the
main determinants of the glass transition temperature are considered to be the
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conformational entropy and mass moments of the polymer, which the authors
estimate from molecular mechanics and conformational energy calculations. Re-
sults show, that Tg can be correlated with the intramolecular flexibility of the
polymer chain, which can be broken down into linear contributions of conforma-
tional entropies of the repeat units and intermolecular interactions arising mainly
from electrostatics.

Katritzky and co-workers reported a descriptor-based attempt to develop QSPR
models of Tg for low-molecular weight homopolymers [127]. The authors used
the CODESSA suite [128] to calculate a set of 238 molecular descriptors for a
set of 22 simple homo- and co-polymers with little structural diversity. To elimi-
nate highly correlated descriptors, a pairwise comparison of descriptors was carried
out and only those with descriptors with pairwise correlation coefficients R2

ij < 0.1
were used for the development of QSPR models. Linear regression techniques pro-
duce a four parameter model with important contributions from descriptors such as
DPSA (the difference between the positive and negative partial surface areas nor-
malized by the number of electrons), the topological Randic index, the number of
OH groups present in the molecules, and the partial negative charge surface area
weighted by the total charge. The authors point out that molecules with large DSPA
values have stronger intermolecular electrostatic interactions and thus higher glass
transition temperatures. The Randic index can be interpreted to be a measure of
branching of the molecule. The regression model determined by the authors sug-
gests, that the higher the degree of branching, the higher Tg, which is commensurate
with our current understanding of the glass transition temperature in polymers. The
appearance of the OH group count may be specific to the set of polymers chosen by
the researchers, but could also be interpreted as a measure of the hydrogen bond-
ing in the system. The partial negative surface area, like the DSPA descriptor, may
be interpreted to be a measure of the electrostatic interactions between polymer
chains. Unfortunately, the authors do not provide any type of validation of their
QSPR model, and therefore it is difficult to assess how general the model is.

A subsequent paper expands this work by considering a larger and more diverse
set of polymers and by validating constructed models [129]. The work only con-
siders linear polymers and uses trimers as input models. Descriptors were again
calculated using the CODESSA package on the middle fragment of the trimer. Lin-
ear regression modeling gave rise to a five-parameter model. The most significant
descriptors were found to be the moment of inertia (measuring the mass distribution
around the principal axis of rotation), the Kier shape index (coding for the number
of skeletal atoms, molecular branching etc.), the most negative atomic charge in the
molecule, the HSA/TSFA descriptor (measuring hydrogen bond forming ability),
and the fractional positive partially charged surface area (describing electrostatic in-
teractions between molecules), thus confirming the physical picture emerging from
the first study. While the reported correlations are good (R2 = 0.946, R2

cv = 0.938
for the best model) and additional cross-validation was also satisfactory, no valida-
tion using a text/external data set (i.e., data not used for developing the regression
model) was reported, which again makes it somewhat difficult to assess the stability
of the model. The standard error of prediction was 32.9 K.
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Yet another expansion of this work was reported by Cao et al. who developed a
set of descriptors based on the rotation of the polymer side chain, the bond count
of the freely rotating part of the side chain, the polarizability effect index, and a
descriptor containing information relating to hydrogen bonding [130]. The authors
applied the descriptors to the polymer set reported by Katritzky and found good
correlations between predicted and observed values with a standard deviation of ap-
proximately 21 K and an absolute average error of 15.30 K. While this is somewhat
better than the results obtained by Katritzky, it is still a very significant error and
underlines the difficulty associated with the task of accurately predicting the glass
transition temperature for polymers.

An attempt to design polymers with specific properties, thus solving the “inverse”
structure-property relationship problem, was presented by Reynolds in an elegant
piece of work [131]. In a first step, Reynolds constructed a library of 17 polymers,
chosen from a larger collection of 112 diphenol/diacid condensation polymers,
using a diversity search method in order to derive quantitative structure-property
relationships for Tg and the contact angle (CA). The QSPRs were then evaluated
against the remaining polymers in the large library and could be shown to be per-
forming well (R2 = 0.89,RMS error = 7K (validation set)). In a subsequent step, the
validated models were used to build focused libraries of new condensation polymers
with specific glass transition temperatures and contact angles.

Following on from Reynolds’ work, Brown and co-workers also developed a so-
lution to the inverse QSPR problem using models built on the signature molecular
descriptor and targeting polymer properties such as Tg, heat capacity, density, mo-
lar volume, and cohesive energies [132]. The “forwards” equations are comparable
to other work discussed here in terms of predictive ability. The researchers subse-
quently use their models to “design” polymers within a given property target range
and to validate their approach by the “re-disovery” of Nylon-6,10 from an inverse
QSPR model.

Apart from regression techniques, artificial neural networks (ANNs) have also
been investigated for the development of predictive systems for Tg. ANNs are math-
ematical constructs, which are designed to mimic loosely information processing in
the brain and in particular the functions of neurons [133] and are commonly used in
statistics to model complex and often non-linear relationships between data. While
there is a plethora of different neural network architectures, there are some common
features. All neural networks have a number of interconnected processing nodes,
which store knowledge by a dynamic response to external inputs and also make
information available for use [134]. Knowledge is contained in the weighted distri-
bution between processing nodes and a learning algorithm is used to determine and
change the weights of the processing units during the learning process (Fig. 12).

In an early paper, Osguthorpe et al. investigated the use of ANNs of several dif-
ferent architectures for the prediction of the glass transition temperature of linear
homopolymers, using descriptor values computed from the structure of the cor-
responding monomers [135]. The problem with any prediction from a monomer
structure is, of course, that it ignores the history of a polymer, which can signifi-
cantly influence its glass transition temperature as well as physical factors such as
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Fig. 12 The structure of a simple ANN together with an illustration of neuron microstructure
(inlaid box)

Fig. 13 General chemical
structure of the
Brocchini-Kohn Library of
polyarylates (R, Y = points
of structural variability in the
pendent chain and the
backbone) [3]
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the molecular weight dependence of Tg and others. Consequently, the best result ob-
tained by this approach gives RMS errors of 35 K in a validation set with maximum
errors as large as 130 K. Nevertheless, and probably as expected, the study shows
that the monomer does carry some information about the glass transition tempera-
ture of the corresponding polymer.

In a subsequent study, Mattioni and Jurs compared prediction approaches, which
take the structure of a monomer as an “input structure” vs those starting from the
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polymer repeating unit structure [136]. In the first part of their study, numerical
descriptors for a set of 165 monomers were calculated and the set was subse-
quently split into a training and test set. The best linear regression model was a
10-component model with an RMS error of 25.87 K in the training set and 26.68 K
in the test set. The authors found that descriptors which encode molecular size and
branching were particularly relevant as was a descriptor counting the number of sin-
gle bonds in the monomer molecule (which may hold information about the degree
of flexibility of the corresponding polymer backbone). The most relevant descriptors
from linear modeling were used as inputs into several NNs with different architec-
tures. The best NN-generated models produced an RMS error of 15.67 K for the
training and 21.76 K for the test set, which is an improvement when compared to
Osguthorpe’s work. The use of genetic algorithms or simulated annealing proce-
dures to select relevant input descriptors did not lead to a significant improvement
in prediction accuracy of the NNs. In the second part of the study, descriptors de-
rived from the repeating unit structure of a macromolecule were used. The best
linear models constructed from this data had RMS errors of 40.06 K in the training
and 43.16 K in the test set, which is significantly worse than the results achieved
using the monomer structures. The use of neural networks improves the situation
somewhat with RMS errors of 27.33 K and 32.96 K for training and test set. For
models derived from repeating units, the use of descriptors selected using feature
selection methods, in particular simulated annealing, as inputs led to significant im-
provements in performance with the best NN models achieving RMS errors of 21.14
and 21.94 for training and test sets respectively.

An unconventional approach to the prediction of Tg (other properties, such as
degradation temperature, tensile strength, Izod impact, Rockwell hardness, com-
pressive strength, maximum elongation and refractive index were also considered)
using neural networks was presented by Ulmer et al., who combined the use of
“custom” descriptors for polymers with the notion of bootstrap cross-validation and
“property experts” in an attempt to develop new polycarbonate polymers with de-
fined physical properties [137]. The authors argue that traditional topological and
theoretical descriptors do not provide an optimum way to represent polymers, as
they tend to neglect aspects of polymer structure such as tacticity, entanglement,
cross-linking, etc. They therefore introduce a new type of vector representation of
molecular structure and atomic composition, which is referred to as “Hamiltonian
Interaction Modeling” (HIM). HIM is based on the assumption that the combination
of inter- and intramolecular interactions describes the behavior of both the atomistic
and the condensed phase of a polymer. A “molecular Hamiltonian” for a repeating
unit is constructed by fusing descriptions of atomic, valence and mass connectivity
with an interaction site model based on cell models and the polymer reference in-
teraction site model (PRISM) [138]. This yields several descriptors, which are used
as inputs into neural networks using “bootstrap resampling”. Furthermore, the au-
thors compared the HIM descriptors to other descriptor systems, such as the Porter
[139] and Bicerano [123] descriptors. Bootstrap resampling is used to subdivide the
dataset into a training and test set. The algorithm works by creating a new dataset
of N data points by randomly sampling an original dataset N times with the possi-
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bility of sample repetition. Unique training sets are generated by comparing the sets
produced by bootstrap resampling to the original dataset and selecting only unique
data points. Once a significant number of training and test sets have been created
in this way, neural networks are trained for each training set and evaluated against
an ensemble of test sets. Predicted values for the property under consideration are
then produced by averaging over the output of each of the individual networks.
The trained networks were used to design novel bisphenol A polycarbonate (BPAC)
polymers with increased impact resistance.

Afantitis et al. investigated the use of radial basis function (RBF) neural networks
for the prediction of Tg [140]. Radial basis functions are real-valued functions,
whose value only depends on their distance from an origin. Using the dataset and
descriptors described in Cao’s work [130] (see above), RBF networks were trained.
The best performing network models showed high correlations between predicted
and experimental values. Unfortunately the authors do not formally report an RMS
error, but a cursory inspection of the reported data in the paper would suggest ap-
proximate errors of around 10 K.

A slew of almost identical papers by a Chinese group reported the use of quantum
mechanical methods for the calculation of descriptors for several classes of poly-
mers and their subsequent correlation to the glass transition temperature and other
polymer properties via artificial neural networks [141–144]. The general conclu-
sions, which can be drawn from these contributions are that NNs usually show better
performance in predicting glass transition temperatures than regression models, and
that descriptors which codify for inter- and intramolecular interactions, conforma-
tional freedom and the presence and size of a side chain, are the most suitable for
predicting Tg. This confirms results from prior studies using computationally less
expensive methods.

Solaro et al. reported the use of a direct structure representation (chemical trees),
rather than descriptors, as an input into a recursive neural network using a narrow
dataset composed of methacrylate polymers containing alkyl, thioalkyl and fluo-
roalkyl ester groups as well as polyacrylamides and α-substituted polyacrylics. This
seems to lead to good prediction results in both training and test sets, though further
validation using larger and more diverse datasets will be required [145].

3.2.2 Refractive Index

The refractive index is another important polymer property and is defined as the ratio
of the velocity of light traveling in a vacuum to that of light traveling in a material
[123]. As polymers are increasingly used in optical applications, this quantity is of
considerable importance. The refractive index is also an important quantity in light
scattering experiments which, in turn, are used for the determination of molecular
weights, molecular shapes, and molecular dimensions. As is the case for all major
polymer properties, both the van Krevelen [122] and Bicerano [123] methodologies
allow the estimation of the quantity.
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One of the first QSPR models was developed by Katritzky using a dataset
consisting of 95 mainly homochain polymers, though polyoxides, polyamides, and
polycarbonates were also represented [146]. The homochain polymers subdivide
into polyethylenes, polyacrylates, polymethacrylates, and polystyrenes. The model
was developed from standard CODESSA descriptors using multilinear regression,
which gave rise to a five-parameter equation (R2 = 0.940,s2 = 0.00013). The signif-
icant parameters are the HOMO-LUMO energy gap, the AM1 heat of formation, the
maximum nuclear repulsion for a C–H bond, the partial negative surface area, and
the relative number of fluorine atoms. The researchers interpret the presence of the
AM1 heat of formation and the positive contribution this factor makes to the “loose-
ness” of electrons in the molecule and therefore to a greater amount of freedom
to interact with light. They note that less stable compounds have higher refractive
indices. The presence of the maximum nuclear repulsion energy for C–H bonds is
taken to encode information containing the hybridization state of the carbon atoms
in the molecule and thus presumably also holds information concerning how elec-
tromagnetic radiation interacts with the electrons contained in the molecules. The
partial negative surface area encodes information about the charge distribution and
thus the size of the repeating unit. The presence of the fluorine atom count can be ra-
tionalized by the very unusual electronic properties this atom imparts on molecules
(fluorinated polymers have unusually low refractive indices).

Subsequent work was mainly reported by a cluster of Chinese workers who
outlined the development of a four-parameter model [147], the use of descriptors
derived from high-level density functional theory calculations [148], the use of
cyclic dimer structures rather than repeat unit structures for the purposes of de-
scriptor calculation [149], and the development of a more specialized QSPR model
for the refractive indices of conjugated polymers [150] and vinyl polymers [148].
For the purposes of the development of their four-parameter model, Xu et al. used
monomer structures rather than repeating unit structures. While they do not report
the details of the software used to calculate their descriptors, four quantities seem
to be of importance: the sum of the valence degrees, the degree of unsaturation, the
relative number of halogen atoms, and the intermolecular electrostatic attraction or
hydrogen bonding of the molecules. Conceptually, many of these descriptors en-
code similar types of information as those used by Katritzky et al. and thus support
earlier findings. There is, however, only a marginal improvement of predictive accu-
racy. The other papers in this series mainly confirm and repeat these results without
adding significant new insights or improvements in predictive ability.

3.2.3 Lower Critical Solution Temperature (LCST)

The lower critical solution temperature is another crucial polymer property, which,
together with the Upper Critical Solution Temperature (UCST), defines the two
solubility boundaries of polymers in solution. Typically, systems are completely
miscible below the LCST but only partially miscible above the LCST and com-
pletely immiscible above the UCST.
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Liu and Zhong introduced a number of QSPR models based on molecular
connectivity indices [151, 152]. In a first iteration, the researchers developed
polymer-dependent correlations: descriptors were calculated for a set of solvents
and models were developed per polymer type [151]. Polymer classes under
consideration were polystyrene, polyethylene, poly-1-butene, poly-1-pentene,
poly(4-methyl-1-pentene), polydimethylsiloxane, and polyisobutylene. As the au-
thors fail to provide any validation for their models, it is difficult to asses their
predictive power. In a subsequent iteration and general expansion of this study,
mixed and therefore more general models based on the calculated connectivity
indices of both solvent and polymers were developed. While it is unclear from the
paper which polymer representation was used for the calculation of the connectivity
indices, the best regression model (eight parameter model) yields only acceptable
predictive power (R2 = 0.77, R2

cv = 0.77, s = 34.47 for the training set, R2 = 0.75
for a test set) [152]. Using the same dataset, Afantitis and co-workers subsequently
expanded this work by expanding the descriptor space and providing more rig-
orous validation [153]. The researchers produced a nine-parameter model, which
shows improvements over the equation put forward by Liu et al. (R2 = 0.8860,
R2

cv = 0.8546 for the training set, R2 = 0.8738 for the test set). Xu et al. tested the
dataset previously used by Liu and Afantitis using a set of 199 topological Dragon
descriptors [154]. This leads to a linear 10-factor model which shows approxi-
mately the same predictive power as that developed by Afantitis et al. (R2 = 0.8874,
R2

cv = 0.8658, s = 24.57). In a further paper, Xu et al. investigated an even larger
descriptor set and the use of neural networks for the prediction of LCSTs [155]. The
researchers showed that the development of an initial linear model on the basis of
the enlarged descriptor space does not lead to significant improvements in predictive
ability in comparison to earlier work, but that the use of neural networks can lead to
further improvements in the predictive ability of a model (R2 = 0.9625, s = 13.43
for the training and R2 = 0.9524 for the test set). The obvious drawbacks here are
the lack of interpretability and reproducibility of neural network models.

3.2.4 Intrinsic Viscosity

Like the lower critical solution temperature, the intrinsic viscosity of a polymer so-
lution is dependent on both the nature of the polymer and that of the solvent. The
intrinsic viscosity contains information about the volume associated with a given
amount of polymer in dilute solution and thus encodes information about the con-
formational properties of a polymer chain. The quantity is therefore of importance
for those engaged in both polymer synthesis and processing [123, 156]. Using the
same methodology the researchers exploited for the development of their LCST
model, Afantitis et al. report the construction of a linear eight-component model for
the intrinsic viscosity [157]. The correlation was developed using a dataset contain-
ing 65 different polymer-solvent combinations and 10 different polymers. A total
of 30 physicochemical, topological, and structural descriptors were calculated and
the polymers were represented as their corresponding monomers for the purposes
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of descriptor generation. As was the case with LCST, the prediction of the intrinsic
viscosity is difficult: the best performing model showed R2 = 0.759, R2

cv = 0.601,
and a root mean square (RMS) error of 34.67 for the training set (R2 = 0.751,
RMS = 49.39, test set). Both the HOMO and LUMO values as well as the topo-
logical index of the solvent and the principal moment of inertia along the x-axis
of the solvent, together with the dipole length, Conolly molecular surface area, the
LUMO energy, and the molecular weight of the polymer are significant factors, thus
indicating that the intrinsic viscosity depends on the molecular weights of both the
polymer and that of the solvent, the polymer and solvent structure, the interactions
between polymer and solvent as well as the electronic properties of both polymer
and solvent.

Gharagheizi subsequently expanded the work by Afantitis et al. by expanding
the descriptor space (calculating 1664 descriptors for both solvent and polymer)
and investigating the use of radial basis function neural networks, but using the same
data set. Parameter selection through genetic-algorithm based multilinear regression
leads to a five-parameter model with an R2 = 0.8112 and R2

cv = 0.7714. The impor-
tant descriptor types in this model are electrotopological state descriptors (polymer),
information content descriptors (polymer), radial distribution function descriptors
(polymer), as well as a weighted total accessibility index descriptor (solvent). When
these descriptors are used as inputs into a neural network, a further improvement in
R2 can be observed.

3.2.5 Biomaterials

Polymer-based biomaterials are becoming increasingly important, whether they are
used as medical supplies (pipes, catheters, bags), prostheses, or dental materials, or
in a pharmaceutical context as drug conjugates [4, 7, 158–160], protein conjugates
[6, 158, 159, 161], synthetic vectors [12, 14, 18, 162, 163], or as immuno-adjuvants
[164, 165].

Early and prescient work to develop correlations between biological observables
and the physico-chemical properties of polymers were reported by Brocchini and
Kohn [3, 32, 166]. Prior to the development of the models, the authors had been
engaged in the combinatorial synthesis of a 112-member library of polyarylates,
prepared through the condensation of diphenols with diacids (Fig. 12).

The library was evaluated with respect to a number of physicochemical properties
such as glass transition temperatures and contact angles, and a number of correla-
tions were developed. Furthermore, the polymers in the library were screened with
respect to fibrinogen absorption and fibroblast proliferation on a thin polymer film
and good correlations between proliferation, contact angle, and the backbone archi-
tecture of the polymer could be established: fibroblasts proliferate effectively when
seeded on polymers in which oxygen substitutions are present in the side chain and
the main chain and when the contact angle is large. However, proliferation decreases
upon increasing contact angle in the absence of oxygen substitution. More recently,
Kohn et al. built on this work and reported the in silico design and preparation of
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a polymethacrylate library. The library was screened against fibrinogen adsorption
and the attachment and growth of fibroblast-like NIH3T3 cells. Descriptors were
calculated on the polymer structures using the Molecular Operating Environment
(MOE) program and models were developed using polynomial neural networks.
While validation data are provided, the authors fail to communicate both the mod-
els they developed and the precise nature of some of the descriptors involved in
the correlations (presumably for commercial reasons). This makes the comparison
and assessment of this work difficult though the authors assert that factors similar
to those observed for the polyarylates, namely the hydrophilicity/hydrophobicity of
the polymer and the presence of heteroatoms as well as measures of electrostatic
behavior, make a significant contribution to the models describing the biological
responses [167].

3.2.6 Other Polymer Properties

There have been isolated QSPR studies of a number of other polymer properties.
These include the dielectric constant [144], the dielectric dissipation factor (tan δ)
[168], the solubility parameter [169], the molar thermal decomposition function
[170], the vitrification temperature of polyarylene oxides [171], and quantities relat-
ing to molecularly imprinted polymers [172, 173]. The interested reader is referred
to the literature for further information.

4 Summary and Conclusions

Informatics in the domain of polymer science is an exciting and multifaceted chal-
lenge. Many problems remain unsolved: there are still significant issues in the
representation of fuzzy materials such as polymers. The move away from the
paradigm of the connection table is absolutely necessary, but also requires a rethink
of the traditional ways of information representation in chemistry. Some of the tech-
nological solutions may be found in the realm of the semantic web, which is already
impacting the way in which scholarly information and scientific data are communi-
cated and transmitted. The main problem, however, is a cultural one: unlike in other
disciplines, there is currently no culture of data sharing and data re-use in chemistry
and much of the materials sciences. Furthermore, the current scholarly publication
process is profoundly dysfunctional – even scientists who wish to share data do not
currently have the tools or the infrastructure to do so. All of this directly impedes
the development of polymer informatics. In spite of all of these obstacles, work to
tackle both the technological and cultural problems associated with polymer data
is ongoing. Work is being carried out which attempts to relate polymer properties
to their (chemical structure) representation. One should therefore remain optimistic,
that progress towards the ultimate goal, namely the use of informatics to aid the un-
derstanding of the physico-chemical behavior of polymers and their in silico design
is inexorable.
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