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relation functional proposed by Perdew, Burke, and Ernzerhof (PBE)
[20] was adopted. To account for the valence–core interaction, ultrasoft pseudopotentials [21] were chosen for Nb 4p and 4d states and
norm-conserving pseudopotentials [22] were chosen for other states.
The wavefunctions were expanded in the plane-wave basis set with an
energy cut-off of 25 Ry; the energy cut-off for the augmentation
charge was 400 Ry. The Brillouin zone of the supercell was sampled
only at the C point. In the energy optimization, the Davidson method
and the Broyden charge-density mixing method were used. The structure optimization was quenched using molecular dynamics.
Synthesis: Methyltriethoxysilane (CH3Si(OC2H5)3), ethyltriethoxysilane (C2H5Si(OC2H5)3), propyltriethoxysilane (C3H7Si(OC2H5)3),
and octyltriethoxysilane (C8H17Si(OC2H5)3) were used as precursors
for the formation of organosiloxane networks, and tetraethoxysilane
(Si(OC2H5)4) was used as a precursor for the formation of siloxane
networks. Niobium ethoxide (Nb(OC2H5)5), titanium isopropoxide
(Ti(OiC3H7)4), aluminum sec-butoxide (Al(OsC4H9)3), yttrium
isopropoxide (Y(OiC3H7)3), calcium ethoxide (Ca(OC2H5)2), and
lithium ethoxide (LiOC2H5) were used as precursors of inorganic
components. Niobium ethoxide, titanium isopropoxide, aluminum
sec-butoxide, and yttrium isopropoxide were chemically modified
with ethyl acetoacetate. Ethoxysilane in 2-ethoxyethanol was partially hydrolyzed with water containing 0.1 mol % HCl in a molar
ratio of 3:2 (water/ethoxysilane). Metal alkoxide was added to the
partially hydrolyzed solution and stirred for 1 h. The molar ratio of
aluminum sec-butoxide/ethoxysilane was 5:95. The solution was
further hydrolyzed with an excess of water containing 0.1 mol-%
HCl in a molar ratio water/(ethoxysilane + metal alkoxide) of 30:1.
The hydrolyzed solution was allowed to gel at 70–100 °C for 1 day.
The gel was further heat-treated at 200 °C for 1 day. The sample was
ground to a powder and used for measuring the solid acid/base
strength. The measurements were carried out with a series of Hammett indicators [14].

Combinatorial Material Mechanics:
High-Throughput Polymer Synthesis
and Nanomechanical Screening**
By Catherine A. Tweedie, Daniel G. Anderson,
Robert Langer, and Krystyn J. Van Vliet*
Combinatorial materials science, an experimental concept
developed in the 1960s for alloy development, has resurged
via advances in materials synthesis.[1] Application of highthroughput syntheses toward the rapid discovery and optimization of functional materials has required parallel advances
in materials characterization.[2] In the context of polymer
design for applications ranging from biomaterials to microelectronic insulators, combinatorial approaches can enable
systematic, high-throughput surveying of structure–processing–property relationships as a function of composition and
operating conditions, in nanoliter to microliter volumes.[3–5]
Here, we develop a high-throughput synthesis/nanomechanical-profiling approach capable of accurately screening the mechanical properties of a large, discrete polymer library comprising nanoliter-scale material volumes. Within just a few
days, a library of over 1700 photopolymerizable materials was
synthesized and then assayed for mechanical properties using
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an automated nanomechanical screening system. The approach outlined herein enables the rapid correlation of polymer composition, processing, and structure with mechanical
performance metrics.
Efficient and accurate quantification of the mechanical
behavior of materials is of broad significance to material discovery, characterization, and model validation. In fact, the
mechanical properties of small material volumes (nm3–lm3)
are increasingly important aspects of performance in nonstructural contexts ranging from low-dielectric-constant
(low-j) thin films and metal interconnect lines in microelectronics[6] to abrasion-resistant palliative coatings,[7] photonicscompatible adhesives,[8] and polymeric biomaterials.[5,9,10]
Conventional materials development and characterization—
the serial process of bulk-material synthesis, batch-sample
preparation, and individual-sample testing (e.g., uniaxial tensile testing of several material coupons machined to a specific
geometry)—typically occurs over the span of weeks to
months. Parallelization of this effort through combinatorial
approaches has the potential to not only screen a large number of materials more efficiently, but also to enable material
design through systematic variation in composition, processing, and/or microstructure.[11] Thus, we sought to develop an
accurate, high-throughput analysis of relevant mechanical
properties of polymers, facilitating subsequent correlation of
these properties with material composition and functional
performance.
To maximize throughput and mechanical-property accuracy
while minimizing reagent cost, we considered a discrete polymer library as a microarray format of nanoliter-scale material
volumes. While combinatorial biomolecular libraries such as
DNA microarrays are commonly used, the synthesis of dis-

crete polymer libraries—an array of micrometer-scale spots,
each representing a stepwise change in composition and/or
processing of crosslinked molecules—has been a challenge.[4,12] This is due to both polymer physics, in that monomers deposited in solution must polymerize and crosslink
within the small reaction volume of the droplet, and technical
challenges such as reliable printing of high viscosity (high-molecular-weight) solutions. Anderson et al.[13] have recently
demonstrated this capability in the context of a wide range of
acrylate-based crosslinked polymers printed onto glass slides
(Fig. 1). Semiquantitative mechanical characteristics of temperature- and composition-gradient polymer libraries have
been assessed via pointwise, microscale impact testing of polymer films peeled from deposition substrates, to correlate processing history of a small subset of the gradient library with
impact energy and failure modes.[14] However, for reasons
related to solution-based materials synthesis, accurate interpretation of nanomechanical experiments, and applicationspecific assays of material performance, discrete polymer libraries such as in Figure 1 are often preferable to continuous
gradient libraries.[3,15]
Nanoindentation, a continuous measurement of load versus
nanometer-scale displacement of a rigid indenter into a material surface, has been proposed as an experimental approach
particularly well suited to rapid mechanical characterization
of the small representative volume elements (RVEs) of gradient or discrete material libraries.[1,3] From the load–displacement (P–h) hysteretic response of the RVE (Fig. 2), bulk
mechanical properties, including elastic modulus E and semiquantitative mechanical parameters such as hardness H, can
be estimated in closed form.[16–19] As nanoindentation inherently probes cubic nanometer to cubic micrometer material

Figure 1. Discrete polymer library. a) Pairwise combinations of 24 monomers printed as 576-spot arrays in triplicate on standard glass slide. b) Differential interference contrast image shows spots of 300 lm diameter and 15 lm thickness/5 Å root-mean-square surface roughness are located in
square arrays of 740 lm center-to-center spacing. c) Monomer structure notation; monoacrylate (*) was added at 30 vol.-% instead of monomer 17 to
increase hydrophilicity.
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Er = [(1–mi2)/Ei + (1–ms2)/Es]–1

(3)

where Er is the reduced elastic modulus of both the indenter
and sample materials, b is a geometrical constant related to

where Ei and mi of the diamond indenter are 1100 GPa and
0.07, respectively, and ms of the polymer samples is assumed as
0.45. Thus, the applied stress state and calculation of mechanical properties from these data are well defined and validated
by applications unrelated to combinatorial materials research.[18,22,23] More complex analyses relate the dynamic P–h
response to mechanical properties of time-dependent materials such as polymers, although it has been demonstrated that
many polymers do not conform to the assumptions of linear
viscoelasticity inherent in these analyses.[23,24]
Here, a large array of 1728 distinct polymer spots was
synthesized and then analyzed via nanoindentation. In order
to determine precision and accuracy of this approach, each
sample included arrays printed in triplicate: each of the three
arrays comprised 576 unique polymers, arranged in 24 subarrays each comprising 24 polymer spots representing all possible pairwise combinations of 70 vol.-% major monomer/
30 vol.-% minor monomer. Polymer spots were ∼ 300 lm in
diameter and ∼ 15 lm in thickness, tp, with 740 lm center-tocenter spacing (Fig. 1). The monomer structures are shown in
Figure 1c.
The triplicate array (1728 polymer spots) was printed on a
standard glass slide in less than 24 h via a modified robotic
fluid-handling system. Upon automated calibration of nanoindenter (MicroMaterials Limited, Wrexham, UK) load and
depth transducers (as a function of signal voltages) and readily implemented modifications of translational-stage displacement maxima and interindentation delay, the entire array
(representing 576 unique polymer compositions) was mechanically characterized in 24 h of continuous, automated
acquisition and analysis of nanoindentation P–h responses
(Fig. 2), with maximum indentation depths hmax = 1.5 lm
(∼ 10 % tp) as shown for one of the three arrays in Figure 3.
As the array was regularly spaced, automated data acquisition
required simply that the first indentation occurred near the
center of any spot in a subarray, which could be achieved visually or via profilometric scanning across a polymer spot with
the indenter. To establish precision of the approach as well as
material uniformity, adjacent subarrays of major monomers 1,
2, 5, and 6, each with 24 individual polymer spots, were nanoindented on each of the triplicate arrays. Under the loading
rate and stage-displacement rates implemented, a single subarray could be automatically nanoindented and analyzed for
E and H in about 1 h, such that the entire array could be completely and automatically analyzed in a 24 h cycle. Although
cycle time could be decreased considerably and easily through
more rapid sample actuation and/or increased loading rates,
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Figure 2. Representative nanoindentation load–displacement responses.
Comparative responses of borosilicate glass (solid line); a stiff polymer
spot in the array (70 % monomer 19: 30 % monomer 24, dashed line);
and the most compliant polymer spot in the array (70 % monomer 11:
30 % monomer 8, dotted line). Area circumscribed by the hysteresis
quantifies energy absorbed by the polymer. Maximum depth for the most
compliant polymer was 1800 nm, or 12 % of spot thickness. Profilometry
indicates a spot radius of curvature q of approximately 1270 lm and
thickness of approximately 15 lm, indicating that indentations near the
spot center would be < 10 % spot thickness t on a surface with no more
than 3° relative tilt.

volumes, it is theoretically possible to mitigate the contributions of adjacent material by restricting the maximum depth
of indentation hmax to be much less than the RVE diameter
and thickness, or to separate these contributions by semi-analytical deconvolution of the responses of the RVE and adjacent material. This is a particularly important consideration in
nanoindentation characterization of thin films, for which instrumented nanoindentation was originally developed, and
has been addressed by several researchers. In fact, nanoindentation has been applied recently to the analysis of gradient
libraries of metal-alloy thin films: large circular metal films in
which the composition is changed continuously as a function
of radial distance.[15,20] Technology required to apply this
approach to rapid and accurate analysis of large polymer libraries—which, unlike metals, exhibit large displacements
under small applied loads—requires unique considerations
(see Experimental). If the rigid indenter geometry can be approximated as a sharp cone and the indented material can be
approximated as a linear elastic–plastic solid, then:
Er = b dP/dhPmax/(Amax)1/2

(1)

H = Pmax/Amax

(2)

Adv. Mater. 2005, 17, 2599–2604
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the apex angle of the indenter, and Amax is the maximum
projected indentation contact area which can be calculated
from the nanoindentation data as a function of h:[18,21]
Amax = 24.5 hmax2 assuming ideal geometry of the Berkovich
(trigonal pyramid) indenter used herein. The sample elastic
modulus Es can be determined directly as:
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ameter on a flexible polyimide substrate) with reasonable repeatability of
estimated complex modulus Ec over
different temperatures (standard deviation/mean ranging 11 %–125 % for
identical polystyrene samples). The
speed of this testing was not reported.[26]
Representative results for E for the
entire array (576 spots) and a key subset
are shown in Figure 3. Several trends
are immediately apparent. First, E measured for any particular major monomer
is not strongly affected by the addition
of a minor monomer. That is, the standard deviation of the average E in a
subarray comprising a given major
monomer is typically < 2 GPa, regardless of minor-monomer structure. Thus,
although the minor-monomer structure
clearly modulates E of the copolymer in
a consistent fashion, in general, the major monomer more strongly influences
copolymer stiffness. Secondly, certain
minor monomers significantly and conb
sistently affect E within this library.
Specifically, when monomers 8 and 11
are the minor components (30 vol.-%),
the resulting copolymers are the most
compliant observed within any given
major monomer subarray (Fig. 3b).
Thirdly, the mechanical properties of a
copolymer are not necessarily consistent with those of the bulk counterparts.
In fact, although polymers with
30 vol.-% monomer 8 were identified as
the most compliant polymers in 92 % of
the subarrays, the subarray comprising
70 vol.-% monomer 8 exhibited an
Figure 3. Automated array-nanoindentation determination of elastic modulus E for entire 576-element polymer library. a) Nanoindentation data were acquired and analyzed in 24 h of instrument
average E = 5.7 ± 0.7 GPa, ranking 12th
time, with high precision and accuracy. b) Subarrays of major monomer 8 (black); major monomer
in compliance among the 24 major
11 (gray); and major monomer 22 (white). Error bars represent the maximum observed standard
monomer combinations. In contrast,
deviation of 7.5 % among the triplicate subarrays (shown only on major monomer 22 data for
polymers comprising a major volume
clarity). Large asterisks depict polymer spots of minimum E (30 % monomer 8) and maximum E
(30 % monomer 19 or 22) within a given subarray. Values of E are comparable to the range for macfraction of monomer 11 (70 vol.-%) reroscopic, crosslinked polymers characterized by uniaxial testing [25].
sulted in the most compliant subarray
of the 24 considered. This finding, which
would not be expected solely from consideration of monomer structure and volume fraction, indithe nanoindentation analysis employed herein assumes quasicates that there is a critical volume fraction of monomer 8, bestatic loading. This approach is experimentally and analytiyond which there exists a microstructural and/or phase
cally simpler to implement than dynamic loading methods
change concomitant with a significant increase in mechanical
that idealize the polymer as a configuration of springs and
stiffness.
dashpots, which is an important consideration for robust comImportantly, the error bars in Figure 3b represent the stanbinatorial approaches. However, Kossuth et al. have impledard deviation among the triplicate arrays—incidentally acmented simplifying assumptions to achieve parallel dynamic
quired on three separate days—and are not greater than 10 %
testing of small, discrete polymer composite libraries (96 samfor any specific polymer spot. This level of repeatability is
ple films of microliter-scale volumes and millimeter-scale dia
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was attained only for nanoindentations on glass and the stiffest polymers). Positioning of the indenter on the center of the first polymer
spot on the array was refined by isoforce profiling of the spot topography via the x–y scanning stage. This approach is similar to scanning
probe microscopy, but uses the relatively blunt indenter (radius
∼ 100 nm) as the scanning probe. Additionally, conventional profilometry (Tencor P10 Surface Prolifometer, San Jose, CA) was used to determine the average radius of curvature q and height t of spots
(qavg = 1269 lm; tavg = 17 lm). An array of nanoindentations was programmed via stage translation, based on the polymer library spacing
(740 lm inter-indentation spacing). Load–depth indentation data
were analyzed for E and H via the method of Oliver and Pharr [18],
which neglects material viscoelasticity and/or pile-up of the indented
material, where the unloading portion of the data was analyzed to obtain dP/dhPmax by fitting the conventional power law form from
0.90 Pmax to 0.20 Pmax.
Although nanoindentation is an increasingly automated experiment
that is possible using instrumentation ranging from commercial machines to home-built atomic force microscopes, application of this
approach for combinatorial materials science—particularly in discrete
polymer libraries—requires unique considerations. First, the instrument must include a sample translation stage that facilitates rapid
motion among array positions, as well as sufficient load and displacement resolution/maxima to reliably contact relatively soft materials.
Secondly, both the load/displacement transducers and the sample
translation stage should be stable against thermal/electronic drift, so
that no post-test data correction is required and so that every element
in the combinatorial array is accessed with high positional accuracy.
The absence of piezocrystal-actuation in the load frame of the indenter used herein resulted in frame compliance and load/displacement
signals that were extremely stable and repeatable. Third, in experiments different from those that consider microstructurally heterogeneous polymers (e.g., crystalline domains in an amorphous matrix),
the maximum indentation volume will dictate whether the calculated
properties represent the composite or minor-phase response. Although the solution is not straightforward or general, it is advisable to
restrict indentation depths to < 1/10 of the minor-phase diameter (typically via sharp geometries) to capture this response, and at least
10 times the minor-phase diameter (typically via blunt/spherical geometries) to capture the composite mechanical response of the material.

COMMUNICATIONS

comparable to the standard deviation observed for an array of
nanoindentations on a single, bulk metal sample of homogenous microstructure.[27] This underscores the high reliability
of the discrete polymer library deposition approach, as well as
the precision of the nanoindentation approach used herein.[28]
Further, the accuracy of this approach is demonstrated by
analysis of the nanoindentation response of the glass slide. A
series of experiments was conducted in which the interindentation spacing was decreased by a factor of two, such that
polymer spots and the glass slide were nanoindented alternately. From these data it was found that Eglass = 67 ± 2 GPa,
which is consistent with bulk measurements of Er for borosilicate glass.[29,30] Finally, a small subset of polymer spots was indented to two different hmax (1 and 1.5 lm) at the same loading rate of 2 mN s–1, and the calculated E was found to vary
no more than 6.5 % as a function of maximum depth/applied
load.
In summary, automated array synthesis and indentation
analysis provides a general, rapid, precise, and accurate mechanical characterization of discrete material libraries. Automated analysis of a large library of acrylate-based materials
demonstrates a range of mechanical properties that are affected by polymer composition in unexpected ways. These
studies provide the first large-scale analysis of structure–property relationships governing the mechanical response of combinatorial, acrylate-based materials. These methods are suitable for the analysis of crosslinked polymers for functional
applications such as biological substrata, enabling studies of
mechanical cues on cell behavior.[10,31] Likewise, this approach
can be applied to the discovery of new materials that require
dual optimization of mechanical and other functional properties, such as environmentally inert structural coatings and
insulating films in microelectronics. Beyond the immediate
utility of material screening and discovery, the experimental
capability demonstrated herein could accelerate the development of accurate material models relating monomer structure,
microstructure, and mechanical response.
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Combinatorial Array Preparation: Polymers were printed in a humid
Ar-atmosphere on epoxy monolayer-coated glass slides (Xenopore
XENOSLIDE E, Hawthorne, NJ [32]) which were first dip-coated in
4 vol.-% pHEMA (pHEMA = poly(hydroxyethyl methacrylate)),
using modifications of robotic fluid-handling technology as described
previously [3]. Spots were polymerized via ∼ 10 s exposure to longwave UV, and dried at < 50 mtorr (1 torr = 133.32 Pa) for at least
7 days prior to nanoindentation array analysis.
Nanoindentation: Nanoindentation experiments were conducted on
a pendulum-based nanoindenter equipped with a scanning stage
(NanoTest600 NT1, MicroMaterials, Wrexham, UK), and fitted with a
diamond Berkovich indenter (trigonal pyramid of apex semiangle
∼ 71°). This instrument has force and displacement resolution of
1.5 lN and better than 0.1 nm, respectively, and force and displacement maxima of 30 mN and 4 lm, respectively. Automated calibration of load and depth transducers requires < 1 h. All indentations
proceeded in load control at a rate of 2 mN s–1 to a maximum depth
of 1.5 lm (or 20 mN, whichever was attained first; the latter condition
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Extracellular matrices (ECMs), comprised of insoluble networks of proteins and polysaccharides, regulate cellular activities to direct the formation, maintenance, and repair of
numerous tissues.[1,2] While nanostructured and synthetic substrates incorporating biological motifs, such as adhesion and
growth-factor binding sites, have been generated,[3,4] these
materials exhibit reduced bioactivity compared to natural biopolymers. In particular, the inability of synthetic materials to
reconstitute the higher order, supramolecular structure of
native ECMs limits the development of bio-interactive materials for regenerative medicine. A vital property of ECMs is
the fibrillar architecture arising from supramolecular assembly. For example, the fibrillar structure of fibronectin (FN)
matrices modulates cell cycle progression, migration, gene expression, cell differentiation, and the assembly of other matrix
proteins.[5–11] While most cell types can deposit ECMs on synthetic materials, current biomaterials do not actively direct
deposition and assembly of fibrillar, supramolecular structures characteristic of natural matrices. By covalently immobilizing an oligopeptide (FN13) from the self-assembly domain
of fibronectin,[5] we have engineered surfaces that nucleate
the assembly of robust fibrillar FN matrices. FN13-nucleated
FN matrices template the assembly of collagen (COL) fibrils
within the FN architecture and exhibit higher cell proliferation rates. These synthetic substrates provide a promising
route to direct the assembly of supramolecular matrices for
enhanced cellular responses.
In the present study, oligopeptides, including FN13
(KGGGAHEEICTTNEGVM),
bioadhesive
RGD
(GRGDSPC), and control-scrambled sequences (KGGGITCETNEGEVAMH), were selectively tethered onto self-as-
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