
NISTIR 7480
February 2008

PPolymersolymers
DDivisionivision

FY 2006 PFY 2006 Programsrograms
andand

AAccomplishmentsccomplishments

Materials Science and Materials Science and 
Engineering LaboratoryEngineering Laboratory



i

National Institute of
Standards and Technology
James Turner
Acting Director

U.S. Department  
of Commerce
Carlos M. Gutierrez
Secretary

Materials Science and
Engineering Laboratory

FY 2006 
Programs and 
Accomplishments

Polymers 
Division
Eric J. Amis, Chief

Chad R. Snyder, Deputy Chief

NISTIR 7480

February 2008



ii

Certain commercial entities, equipment, or materials may be identified in this document in order to 
describe an experimental procedure or concept adequately.  Such identification is not intended to imply 
recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended 
to imply that the entities, materials, or equipment are necessarily the best available for the purpose.



iii

Table of Contents

Table of Contents

Executive Summary ...................................................................................................................1

 
Technical Highlights

 Cell Morphology and Migration Linked to Substrate Rigidity ...........................................2

 Chemical Heterogeneity in Chemically Amplified Photoresists:  
 FTIR Measurements and the Effect on Film Dissolution  ...................................................4

 Combinatorial Platform for Measuring the Effect of  
 Substrate Heterogeneities ....................................................................................................6

 Comparative Metrologies for Evaluating Single Wall Carbon 
 Nanotube (SWNT) Dispersion ............................................................................................8

 Numerical Optimization of Complex Instrumentation ......................................................10

 Platform for Characterizing Defects in Magnetic Nanoparticles ......................................12

 
Advanced Manufacturing Processes ........................................................................................15

 NIST Combinatorial Methods Center: 
  A Pioneer and Partner in Accelerated Materials Research ........................................16

 Polymer Formations: 
  Soft Materials Measurements on a Chip .....................................................................17

 Quantitative Polymer Mass Spectrometry  ........................................................................18

 
Biomaterials .............................................................................................................................19

 3D Tissue Scaffolds ...........................................................................................................20

 Combinatorial Methods for Tissue Engineering ...............................................................21

 Dental Polymers and Composites: 
  Developing a Test Suite for Total Materials Characterization ...................................22

 Metrology for Biomechanical Effects on Cell/Material Interactions ................................23

 
Materials for Electronics ..........................................................................................................25

 Dimensional Metrology with Small Angle X-Ray Scattering ...........................................26

 Organic Electronics ...........................................................................................................27

 Polymer Photoresists for Next-Generation Nanolithography ...........................................28



iv

Table of Contents

Nanometrology  .......................................................................................................................29

 Carbon Nanotube Materials: 
 Achieving the Gold Standard in Quality and Characterization ........................................30

 Combinatorial Methods for Nanomaterials and Nanometrology ......................................31

 Defects in Nanostructured Materials .................................................................................32

 Mechanics of Complex Interfaces: 
  Libraries for Probing Interfacial Adhesion ................................................................33

 Nanoimprint Lithography ..................................................................................................34

 Self-Assembly for Soft Nanomanufacturing .....................................................................35

 
Safety and Reliability ...............................................................................................................37

 Ballistic Resistance of Polymeric Materials ......................................................................38

 
Polymers Division FY06 Annual Report Publication List .......................................................39

 
Polymers Division ....................................................................................................................49

 
Research Staff ..........................................................................................................................50

 
Organizational Charts ..............................................................................................................59



1

Executive Summary 

I am pleased to yet again report to you the results of 
a strong year for the Polymers Division. Our staff and 
research collaborators continue to be acknowledged 
for their work in important areas, and in my summary 
this year, I would like to note some of the recognitions 
received this year.

As an agency of the Department of Commerce, the 
National Institute of Standards and Technology focuses 
on work, often in collaboration with industry, to foster 
innovation, trade, security, and jobs. This year, our 
efforts have been recognized by an award specifically 
related to service to industry. The Secretary of Com-
merce awarded the Department of Commerce Silver 
Medal for the development of innovative measurement 
methods for the structure and properties of nanoporous 
low-k thin films needed in next-generation IC’s to Barry 
J. Bauer, Christopher L. Soles, Da-Wei Liu, Ronald L. 
Jones, Eric K. Lin, and Wen-li Wu. Silver Medals are 
awarded for work that demonstrates exceptional perfor-
mance characterized by superlative contributions that 
have a direct and lasting impact within the Department 
of Commerce. 

Two Bronze Medals were also awarded within the 
Division by the NIST Director. Jan Obrzut received his 
for leadership in development and demonstration of an 
accurate broadband dielectric measurement for frequen-
cies where earlier methods were inadequate; and  
Christopher L. Soles received his for innovative ap-
plications of incoherent neutron scattering to measure 
the dynamics of glassy materials. Bronze Medals are 
awarded for outstanding contributions that increase the 
efficiency and effectiveness of NIST.

Complementing these awards for service to industry, 
several scientists and engineers were acknowledged for 
their outstanding scientific careers. In a White House 
ceremony on July 26, 2006, Christopher L. Soles was 
awarded the 2005 Presidential Early Career Award 
for Scientists and Engineers (PECASE), the nation’s 
highest honor for professionals at the outset of their 
independent research careers. Chris was recognized for 
his development of measurement methods and scientific 
insight into confined nanostructured materials. Annu-
ally, two NIST researchers are nominated for PECASE. 
Chris is the fourth Polymers Division scientist to win 
this honor with the previous awardees Sharon Glotzer 
(1998), Eric Lin (2001), and Michael Fasolka (2004).

At the 2006 Annual March meeting of the American 
Physical Society (APS), Steven D. Hudson was named 
a Fellow of the Society for excellence in structural stud-
ies of supramolecular and polymeric materials and the 
quantative description of droplet and particle dispersion 
under quiescent and flow conditions. Steve joins seven 

other current Polymers Division scientists and dozens of 
Division alumni as APS fellows.

Annually, our report provides a sample of the out-
standing research from the Polymers Division. As usual, 
only a portion of our work is included in this report, so 
please visit www.nist.gov/polymers for more details. 
On our site, you can also download copies of any of our 
publications. As always, I welcome your comments.

This also represents my last report to you as Chief 
of the Polymers Division. With the start of the 2007 
fiscal year, I moved to our laboratory office as Deputy 
Director of Materials Science and Engineering. I have 
thoroughly enjoyed my 11 years working with the out-
standing team of talented and dedicated scientists in this 
premier organization. Our research continues to push 
the scientific boundaries and fulfill the NIST mission. 
It is with heartfelt appreciation that I thank the staff of 
the Division and our many alumni for their support as 
we have grown and learned together. I am especially 
grateful to the members of my management team, Chad 
Snyder, Eric Lin, Alamgir Karim, Kalman Migler, Mike 
Fasolka, Marc Cicerone, and Dawn Bradley, for their 
dedication, willingness to challenge the status quo, and 
respect they show to our goals. The same can be said for 
the many great individuals who make up the Division 
staff, our collaborators, and the NIST management. I 
know this team will continue to grow as they give their 
support to Eric Lin as the new Division Chief. Together 
we will continue the tradition of excellence of the NIST 
Polymers Division.

Eric J. Amis 
     Chief, Polymers Division

Executive Summary

Polymers Division Management Team. Clockwise from Left:  
Kalman Migler, Eric Lin, Chad Snyder, Eric Amis,  
Alamgir Karim, Mike Fasolka, and Marc Cicerone.
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Cell Morphology and Migration Linked to Substrate Rigidity
Appropriate cell migration is critical to many areas 
of biology, and to guiding outcomes in Tissue Engi-
neering. Also, cell morphological changes affect the 
formation of cell adhesion and phenotypic expres-
sion. Cells have been shown to change morphology 
and migrate in response to a wide number of external 
stimuli, including chemical, mechanical, and elec-
trical. We have developed a model that links cell 
morphology and migration to substrate mechanical 
properties.

Martin Y.M. Chiang  

Cells cultured, in vivo, on substrates show activity 
that is influenced by substrate mechanics in the fol-

lowing ways: 

(1) Cells respond to variation in substrate rigidity. Cer-
tain types of cells on stiffer substrates have less rounded 
morphologies and are more likely to extend into branched 
morphologies than the same cells on softer substrates (Fig. 
1a). In contrast, some experimental studies show that other 
cell types extend into more branches on softer substrates and 
exhibit no preference to branching on stiffer ones (Fig. 1b). 

Figure 1:  Morphological change (stability).

(2) When cells, cultured on a substrate, are subjected 
to a uniaxial cyclical substrate stretch, the cells tend to 
elongate perpendicular to the direction of stretch 
 (Fig. 2). 

(3) Cells tend to migrate towards stiffer regions on 
a substrate with a stiffness gradient, which is known as 
durotaxis, although reverse durotaxis (migration towards 
less stiff regions) has also been observed.

 
Guided by the aforementioned experimental observa-

tions, we have developed a mathematical model of cell-
substrate adhesion that connects cell morphology and 
migration with the mechanical properties of the extra-
cellular environment. The model is based on the hypoth-
esis that morphology of a cell adhering to a substrate is 
driven by the competition between strain energies (in 
the cell and substrate) and interfacial energy (work of 
adhesion at the cell periphery).  The stability of a given 
cell morphology is given by the total energy of the cell/
substrate system based on strain and interfacial energies.

The total free energy (Etot) is expressed as the sum 
of the strain energy in the cell and substrate (E1) and 
interfacial energy at the cell periphery (E2). The ratio of 
these energies is given the designation b:

b = E1/E2

In Fig. 3, the graph on the right hand side of the fig-
ure displays Etot as a function of perturbation mode for 
several values of b.  Here, b is varied by changing sub-
strate rigidity.  The image insets correspond to the most 

Figure 3: Left-An initially circular cell (solid line) undergoing 
a morphological perturbation of harmonic form (dotted line). 
Right-The energy variation as a function of perturbation mode (or 
number of lobes) n for different values of b due to changes of the 
substrate rigidity.

Figure 2: Orientation stability.

Technical Highlights
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stable configuration of the cell predicted using phase-
field simulation that includes geometric nonlinearity.

In agreement with experimental observations report-
ed in the literature, our model has demonstrated the hy-
potheses that the morphological stability of an adherent 
cell to substrate is governed by the minimal total free 
energy in the cell/substrate system. The morphological 
changes of a cell can be rationalized as the consequence 
of competition between interfacial and elastic energies 
in the total free energy of cell/substrate system.  Thus, 
the cell changes into its energetically favorable shape 
by the assembling/disassembling of focal adhesions 
distributed around the cell periphery. The interfacial 
energy between the cell and substrate stabilizes the cell 
morphology while the strain energy from intracellular 
and extracellular forces destabilizes it. The competition 
results in a “resonant” window that refers to the range 
of the stiffness ratio (ms/mc, substrate to cell) over which 
the cell is in interaction with the substrate (Fig. 4). With 
this interaction, the cell and substrate can be mutually 
compliant. Consequently, it becomes energetically fa-
vorable for the cell to undergo significant morphological 
changes.  More importantly, the results from our analy-
sis indicates that the change of trend in morphological 
stability (the inflection point, Fig. 5) corresponds to  
ms = mc. Therefore, controlled experiments can be planed 
to estimate the cell stiffness by observing this change (as 
shown in Fig. 4.) 

to explore cell morphology and migration in a more 
complex native environment subjected to other external 
stimuli.

Within the framework of our phase-field model, cell 
migration and orientation are due to the variation of sub-
strate stiffness and durotaxis is viewed as a progressive 
minimization of the total free energy in a cell/substrate 
system. Our analysis indicates that the cell migrates not 
only from softer towards to stiffer regions of the sub-
strate, but that the reverse is possible under certain con-
ditions. The occurrence of durotaxis or reverse durotaxis 
phenomena depends on the relative rigidity between the 
cell and substrate. 

Our study provides insights into the dependence of 
cell morphology and migration on substrate mechanics; 
it can be used to rationalize discrepancies on the trend 
of morphological changes reported in the literature as 
well as cell locomotion due to the stiffness variation of a 
substrate. Finally, the study provides a guide in mea-
surement science for cell stiffness and can be extended 

Figure 5:  The variation of normalized b as a function of rigidity 
ratio, ms/mc, for various interfacial energies, g1 and g2 (g1 > g2), 
corresponding to different cell/substrate systems. b, the ratio of 
the interfacial energy density to strain energy density of the cell/
substrate system. The decrease of b gives rise to morphological 
instabilities.

For More Information on This Topic
M.Y.M. Chiang, J.P. Dunkers, and M.T. Cicerone 

(Polymers Division, NIST)

Figure 4:  Schematic representing how cell morphology changes 
in response to substrate rigidity.

Technical Highlights

Figure 6:  A typical evolution path of the cell from the initial 
stage to final stage of the simulation. A circular cell initially 
located on the softer region of substrate with a stiffness gradient 
(a). The cell migrates from the substrate surface with lower stiff-
ness to higher stiffness (b-f). When the cell migrates to a region 
on the substrate surface with a critical stiffness, the cell mor-
phology becomes unstable and changes from the original shape 
to a “potato”-like shape (f). This phenomenon is attributed to a 
consequence of the competition between energies for the morpho-
logical change and the migration.
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Chemical Heterogeneity in Chemically Amplified Photoresists:  
FTIR Measurements and the Effect on Film Dissolution

sites are randomly distributed.  If the measured frac-
tion exceeds this limit, dimer clusters are expected and 
the positive deviation from the homogeneous limit is 
indicative of the degree of heterogeneity.  These results 
can help understand correlations between compositional 
heterogeneity and the roughness observed upon the dis-
solution (development) of resists in aqueous bases.  

Figure 1a shows the IR spectrum of methacrylic acid 
(MAA) in a partially deprotected poly(methyladamantyl 
methacrylate) (PMAdMA) film with different extents 
of reaction.  If we define a ratio of the hydrogen bonded 
C=O to the total C=O in MAA, Fbond, we can obtain a 
continuous change of this ratio with the extent of reac-
tion of the film (Figure 1b).  Here, Fbond is calculated 
from the area under the IR peaks corresponding to hy-
drogen bonded and free C=O, respectively.  The degree 
of heterogeneity within the film is defined relative to the 
ideal homogeneous structure with a random distribution 
of components.

Figure 2: Degree of heterogeneity vs. deperotection level in 
PMAdMA film for photoacid concentration C =0.006 nm-3

Technical Highlights

The semiconductor industry roadmap indicates that 
excessive line-edge roughness (LER) in photoresists 
at sub 45 nm half pitch is a critical problem with no 
known manufacturable solutions.  It has been broadly 
accepted that the chemically heterogeneous structure 
in the photoresist is due to the reaction-diffusion 
process used to alter the solubility of exposed areas 
of the material.  However, few measurements of this 
structure have been successful.  In this work, we dem-
onstrate that Fourier-Transfer Infrared (FTIR) spec-
troscopy measurements can be used to parameterize 
the degree of heterogeneity in polymer thin films, and 
to illustrate its effect on the response of the polymer 
to an aqueous base developer solution. 

Vivek M. Prabhu 

T he semiconductor industry roadmap indicates that 
excessive line-edge roughness (LER) in photore-

sists at sub 45 nm half pitch is a critical problem with 
no known manufacturable solutions. LER is believed to 
result from the heterogeneous distribution in the depro-
tection product at the line edge of the latent image.  The 
optical image quality of the exposure and the distribu-
tion of the subsequently generated photoacid catalysts 
is a key factor to LER.  This heterogeneous deprotec-
tion distribution results in local differences in solubility 
in the developer solution, where highly deprotected 
chains dissolve, and those with insufficient deprotection 
remains in the film.  A quantitative measure of the de-
gree of heterogeneity in the deprotection reaction prod-
uct is needed to identify and enable design strategies to 
reduce materials sources of LER.  Direct experimental 
observation of the degree of heterogeneity is difficult 
because of the small size scale, and the limited contrast 
between protected and deprotected chains. 

Here, we developed a method to characterize the de-
gree of heterogeneity in thin polymer films using FTIR 
on materials that exhibit hydrogen bonding.  Carboxyl 
groups are well known to form dimers that induce a 
band shift in C=O IR spectra relative to the monomer 
state.  Since hydrogen bonding (dimer) can only occur 
with adjacent C=O groups, and the films are processed 
well below the glass transition, the local distribution in 
chemical composition generated by deprotection reac-
tion can be deduced from the ratio of hydrogen bonded 
to free C=O groups.  As a reference point, we use the 
fraction of hydrogen-bonded C=O groups when the 

Figure 1: (a) Evolution of C=O stretching bands of MAA groups 
with reaction extent in PMAdMA samples.  (b) Change of fraction 
of hydrogen bonded C=O in MAA groups with deprotection reac-
tion extent.
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We calculate the degree of heterogeneity (DH) and 
the dependence of DH on deprotection level as shown 
in Fig. 2.  It can be seen that the DH is small at very low 
and very high deprotection level, but is maximized at a 
deprotection level of approximately 0.20 to 0.25.  These 
trends arise because the system heterogeneity is domi-
nated by one component at low or high deprotection 
levels, and the contrast from the uniform phase is small.

The heterogeneity measured from FTIR strongly 
affects the response of a thin film to an aqueous base 
solution as a function of the average composition of the 
polymer as it changes during an acid catalyzed deprotec-
tion reaction.

to the solution.  With longer reaction time, diffusion 
and reaction of the photoacid molecules increases the 
methacrylic acid content, which eventually forms a con-
nected or percolated network.  The percolated character 
of these groups provides pathways for solute transport 
throughout the film, enabling the hydroxide ions to in-
duce film swelling by titrating methacrylic acid groups.   
The film swelling is enabled by the percolated distribu-
tion of deprotection domains, while the degree of swell-
ing is controlled by the ionizable group content. 

These data raise an interesting question about the 
origin of the stability of the swollen films.  For most 
polymer gels, film stability during swelling is due to the 
existence of cross-link junctions formed covalently or 
by physical entanglement of high molar mass chains.  
However, the system here does not have any chemical 
cross linking, and the molar mass of the polymers is 
below the entanglement molar mass.  The stability of 
our swollen films is attributed to physico-chemical junc-
tions formed by the continuum of hydrophobic (methy-
ladamantyl) groups.  The formation of these junctions 
is analogous to the aggregation of hydrophobic/hydro-
philic copolymers in aqueous solution.  

The combination of FTIR and QCM measurements 
provides new insights into the mechanisms of devel-
opment which are being incorporated into photoresist 
models of latent-image formation and dissolution.  In 
future work, we plan to extend these results to the gradi-
ent latent image line-edge to understand the polyelectro-
lyte effects at the liquid-photoresist interface by in situ 
neutron reflectivity.

For More Information on This Topic
B.D. Vogt, S. Kang, V.M. Prabhu, E.K. Lin, S.K. Satija, 
K. Turnquest, and W. Wu, Macromolecules 39, 8311 
(2006).

A. Rao, S. Kang , B. D. Vogt , V. M. Prabhu, E. K. Lin, 
W. L. Wu,  M. Muthukumar, W. D. Hinsberg, Langmuir 
22, 10009 (2006).

Figure 3:  Polyelectrolyte quasi-equilibrium phase behavior 
determined from the long-time QCM response in frequency (ΔF) 
and dissipation (ΔD).

Figure 4:  Schematic of the deprotection morphologies of the four 
regimes and relationship to the average fMAA (and fMADMA ) and 
percolation threshold (rc ).

Technical Highlights

Quartz crystal microbalance (QCM) with energy 
dissipation measurements are used to monitor changes 
in the crystal resonance frequency (film swelling) and 
its dissipation (related to its mechanical response).  Four 
different regimes of film behavior were identified when 
equilibrated with aqueous hydroxide solutions (Figure 
3).  In Regime I, there is no film swelling between com-
positions (0 < fMAA < 0.3); at higher average degrees of 
protection (0.3 < fMAA < 0.5), Regime II is characterized 
by film swelling only; in Regime III  
(0.5 < fMAA < 0.7), partial dissolution of a swollen film is 
observed; and finally, in Regime IV (fMAA > 0.7), nearly 
complete dissolution is observed. 

The different responses of the films to the aqueous 
solution are a function of the copolymer composition 
and the distribution of the methacrylic acid within the 
polymer films (Figure 4).  At short reaction (bake) 
times, the photoacid diffuses and reacts to a limited ex-
tent, forming domains of reacted photoresist that do not 
overlap.  At this early stage, Regime I, the hydrophobic 
continuum of protected polymer, prevents penetration 
of water.  The methacrylic acid content is inaccessible 
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Combinatorial Platform for Measuring the Effect  
of Substrate Heterogeneities

To the developers of thin films for coatings, electron-
ics, and nanotechnology, substrate heterogeneities 
can be the boon of a chemical pattern that drives 
self-assembly, or the bane of a defect that causes film 
fail-ure.  We have recently developed a combinatorial 
method for measuring a key under-examined fac-
tor in thin film behavior: the “strength” of substrate 
chemical heterogeneities.  Our approach merges 
soft-lithography and gradient techniques to design a 
mi-cropatterned library with gradually diminishing 
chemical contrast.  As we demonstrate for the case of 
polymer film dewetting, our graded test patterns illu-
minates functional ranges and critical phenomenon in 
film behavior.

Michael J. Fasolka and  
Duangrut Julthongpiput 

Surface chemical heterogeneities are essential to the 
performance and behavior of substrate supported 

polymer films.  For example, from a quality control 
standpoint, substrate chemical heterogeneities can be 
defects that drive instabilities, and thus failure, in poly-
mer film products such as barrier coatings, electronics 
packaging, and resist systems.  Alternately, patterned 
chemical heterogeneities on a substrate can be advanta-
geous, since they can template structures in an overlying 
film for micro- and nano-manufacturing aims.     

 With respect to both of these themes, a critical pa-
rameter is the strength of heterogeneity, i.e., the magni-
tude of chemical differences expressed by the substrate. 
However, the effect of this factor is difficult to quantify 
and examine in a methodical manner. In response to this 
need, we have developed a breakthrough combinatorial 
library for measuring the effect of differences in surface 
chemistry, or surface energy.   

 Our combinatorial test substrates consist of a pattern 
of micrometer-scale lines that exhibits a continuous 
gradient in surface energy differences against a constant 
surface-energy matrix (Fig. 1).  The library is fabri-
cated through a vapor-mediated soft lithography of an 
octyldimethylchlorosilane self assembled monolayer 
(SAM), which is then treated with a graded ultravio-
let (UV)-ozonolysis.  The substrate matrix material is 
SiO2.  The library design includes two calibration strips 
that express the changing and static surface energy of 
the SAM pattern lines and matrix, respectively.  The 
surface energy contrast, Dg=gSiO2-gSAM, along the pat-

Figure 1:  Schematic illustration (top) and calibration (bottom) 
of the gradient micropattern (Dmp) library of surface chemical 
heterogeneities.  The inset graph shows g data from the calibra-
tion regions.

terned region can thus be determined by contact angle 
measurements along these calibration regions.  In these 
libraries, Dg diminishes from ≈ 45 mJ/m2 to 0 mJ/m2 
(i.e., a homogeneous surface).

 Previously we described how gradient micropattern 
(Dmp) libraries can be used to quantify emerging nano-
metrologies, such as chemical force microscopy  
[Nanoletters 5, 1535 (2005)].  This year, we illustrated 
the utility of Dmp libraries for mapping thin film phe-
nomenon.  As a demonstration case, we examined the 
dewetting of a polystyrene (PS) deposited on the micro-
pattern.  The film was 35 nm thick and annealed at 60 ºC  
for 12 h.

 As summarized in Fig. 2, the Dmp enables systematic 
evaluation of the film dewetting as Dg diminishes, and 
illuminates critical surface energy conditions associated 
with this behavior.  The top of Fig. 2 shows a mosaic 
of optical micrographs used to assess the dewetted film 
morphology across the library.  An automated optical 

Technical Highlights
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that this crossover is largely due to competition between 
the kinetics of isotropic and pattern-driven dewetting.
By comprehensively mapping dewetting behavior, the 
Dmp illuminates functional ranges and critical values of 
substrate chemical heterogeneity for film applications.  
For example, the library shows that for self-assembly of 
PS droplet arrays, the optimum pattern strength is in the 
range of 14 mJ/m2 < Dg < 20 mJ/m2.  Likewise, to avoid 
heterogeneity-driven dewetting, surface energy differ-
ences on the substrate need to be less than 7 mJ/m2 in 
magnitude.  

 In FY06, we reported this work through an invited 
lecture at the American Chemical Society fall meeting, 
and at the 2006 International Waterborne Coatings 
Symposium.

    

For More Information on This Topic
 A. Karim, J. Douglas, E. Amis (Polymers Division, 
NIST).  For more information on the NIST Combinato-
rial Methods Center, see www.nist.gov/combi.

Figure 3:  Summary of droplet density data derived from images 
in Figure 2. Three regimes of droplet behavior are indicated in 
the figure.

microscope was used to capture this fully contiguous 
set of images.  Figure 2a-d shows four strips of optical 
microscopy data taken from this array.  The top and bot-
tom of each strip respectively show the matrix and SAM 
calibration regions.  As expected from homogeneous ar-
eas, the dewetted film exhibits polygonal arrangements 
of droplets, the scale of which remains constant along 
the matrix, but which increases as g decreases along the 
SAM region.

Figure 2: PS film dewetting from a Dmp library.  Top:  Contigu-
ous optical micrographs over the entire library. Bottom (a-d): 
images detailing the transition from pattern-directed to isotropic 
dewetting, delineated as Regions I-III.  Red insets are 250 mm x 
250 mm. (ODS SAM= n-octyldimethylchlorosilane self-assembled 
monolayer)

 Middle sections of Fig. 2a-d show dewetting along 
the Dmp.  Highlight images (red border) detail repre-
sentative droplet morphologies in each strip.  The Dmp 
library reveals three regimes of behavior.  The borders 
of these regimes can be delineated with precise Dg 
values because the library is calibrated, and due to the 
detail provided by comprehensive optical microscopy 
measurements.

 In Region I, where Dg> 14 mJ/m2, we observe a 
pattern-directed dewetting.  Region I is characterized 
by ordered arrays of PS droplets which are distributed 
along the center of both the matrix and SAM portions of 
the pattern.  In Region III, where Dg < 7 mJ/m2, iso-
tropic dewetting occurs. In this region, film dewetting 
is not affected by the substrate pattern, and the droplet 
morphology closely resembles the polygonal arrange-
ments observed in the calibration regions.  A crossover 
between these limiting behaviors is exhibited in Region 
II (7 mJ/m2 < Dg < 14 mJ/m2) where droplets gradu-
ally lose registry with the underlying pattern.  More 
detailed analysis in this region (not shown) indicates 

Technical Highlights
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Comparative Metrologies for Evaluating Single Wall Carbon 
Nanotube (SWNT) Dispersion

Despite claims of SWNT dispersion throughout the 
literature, there is currently no consensus on an 
absolute measure, nor has there been a methodical 
comparison of different approaches that might serve 
as a foundation for such a measure. We demonstrate 
that small-angle neutron scattering (SANS) provides 
the most direct measure of dispersion.  Near-infrared 
fluorescence spectroscopy, proposed to be sensitive 
to the bundling or clustering of SWNTs, similarly 
exhibits a definitive measure. In contrast, optical ab-
sorption spectroscopy and resonant Raman scattering 
have limited sensitivity.  Our study represents the first 
controlled comparison of currently accepted metrics 
for evaluating SWNT dispersion, and serves as a use-
ful point of reference for any of the four techniques.

Jeffrey A. Fagan and Erik K. Hobbie  

Single wall carbon nanotubes (SWNTs) exhibit re-
markable physical properties, and have the potential 

for profound impact over a broad range of technologies, 
from first generation applications such as conducting 
and mechanically reinforced plastics, to more advanced 
applications such as fuel cells, microelectronic compo-
nents, flat panel displays, and biochemical sensors.  In 
many of these applications, efficient dispersion of SWN-
Ts at the individual nanotube level will be a prerequisite 
for optimal performance.  Sources of imperfection in 
dispersing individual SWNTs are most likely bundles, 
defined here as the lengthwise aggregation or “roping” 
of tubes, and aggregates, the fractal-type networking of 
tubes in a floc.  

 Of all the measurement techniques currently used to 
evaluate SWNT dispersion in solutions and composites, 
small-angle scattering is perhaps the simplest to inter-
pret and understand.  This technique directly probes 
two-point correlations in composition, and can thus dis-
tinguish true form scattering due to individual SWNTs 
from the structural scattering that arises from nanotube 
aggregates and bundles.  Other more readily available 
methods, however, have also recently been used to 
evaluate SWNT dispersion, typically by focusing on 
subtle effects such as those that tube-tube interactions 
have on the optical signatures associated with transitions 
between electronic states in SWNTs of different chiral-
ity.  Most notably, these techniques include optical ab-
sorption spectroscopy, near-infrared (NIR) fluorescence 
spectroscopy, and resonant Raman scattering.  To extract 
maximum information from these optical techniques, 
the sensitivity of each to the level of SWNT dispersion 
must be known, especially as the limit of individually 
dispersed tubes is approached.  

Figure 1:  SANS intensity as a function of scattered wave vector 
for SWNT-PAA composites cast from ssDNA stabilized SWNTs 
in unbuffered (pH 2.2) and buffered (pH 4.1) aqueous 240k 
PAA solution, where the red lines denote a power law with an 
exponent of -1, and the blue line a power law with exponent -2.5.  
The black trace has been shifted down slightly for clarity by a 
constant multiplication factor of 1.77. Error bars denote two 
standard deviations in the total experimental uncertainty.

 Despite claims of SWNT dispersion throughout the 
literature, there is currently no consensus on an absolute 
measure, nor has there been a methodical comparison 
of different approaches that might serve as a foundation 
for such a measure.  For this purpose, we have prepared 
model polymer composites composed of single-stranded 
deoxyribonucleic acid (ssDNA) stabilized SWNTs 
dispersed in polyacrylic acid (PAA) for an evaluation 
of the different metrologies currently used to assess 
SWNT dispersion.  By varying the pH of the precursor 
PAA-SWNT solution, a systematic variation in SWNT 
aggregate dispersion is evaluated by scattering and 
optical spectroscopy.  Small-angle neutron scattering 
(SANS) provides the most direct measure of dispersion.  
Near-infrared fluorescence spectroscopy, proposed to be 
sensitive to the bundling or clustering of SWNTs, simi-
larly exhibits a definitive measure. In contrast, optical 
absorption spectroscopy and resonant Raman scattering 
have limited sensitivity.  Our study represents the first 
controlled comparison of currently accepted metrics 
for evaluating SWNT dispersion, and serves as a useful 
point of reference for any of the four techniques.

SANS profiles from the two composite samples are 
shown in Fig. 1.  For fully dispersed linear objects, we 
would expect a power law of -1.  The unbuffered com-
posite exhibits this power law over the entire q range 
measured, corresponding to rigid-rod behavior over a 
range of length scales between (6 and 200) nm.  In com-
parison, the buffered composite exhibits a distinctive 

Technical Highlights
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these two observations point to fully debundled SWNTs 
that have aggregated in the pH 4.1 composite.

From this comparison, SANS provides the most 
direct measure of nanotube dispersion, followed by 
near-infrared fluorescence spectroscopy.  Resonant 
Raman scattering and optical absorption spectroscopy 
are useful, but the limits of these techniques for assess-
ing the relative level of dispersion need to be clearly 
understood, as they provide measures with more subtle 
changes in signal.  From our results, the independent 
use of any of these techniques can be improved in its 
interpretation. 

For More Information on This Topic
 J.A. Fagan, E.K. Hobbie, K.B. Migler, B.J. Bauer 
(Polymers Division, NIST)

Figure 3:  Comparison of NIR fluorescence plots for the SWNT 
composite samples. Despite equal SWNT concentration and near 
equal film thicknesses, the fluorescence of the unbuffered film is 
substantially larger.

upturn in scattering at low-q, approximately propor-
tional to a power law with an exponent of -2.5, which 
is characteristic of nanotube clustering.  The difference 
is both striking and conspicuous, directly demonstrat-
ing ideal nanoscale SWNT dispersion in the unbuffered 
composite, as well as the ability to tune dispersion 
through adjusting the pH of the precursor PAA solution.

Figure 2:  UV-Vis-NIR absorbance as a function of wavelength 
for the same SWNT-PAA composites, where the solid/black trace 
denotes the spectra of the same concentration of ssDNA wrapped 
SWNTs in pure aqueous suspension (pH 7).

  Figure 2 shows a comparison of the ultraviolet-
visible-near-infrared (UV-Vis-NIR) absorption spectra 
obtained from the two composites, along with that from 
the initial aqueous (pH 7) ssDNA stabilized SWNT 
suspension.  The relative intensity of the peaks cor-
responding to the excitonic transitions for SWNTs of 
specific chirality in the NIR region of the spectrum are 
reduced from aqueous solution to buffered composite to 
unbuffered composite.  The second difference between 
samples is a redshift in the position of the dominant 
absorption peak from 1134 nm in the aqueous solution 
and unbuffered composite to 1163 nm in the buffered 
composite.  The changes in the peak structure leading 
to a broader and redshifted absorption in the buffered 
sample compared to the unbuffered one supports the 
SANS results that enhanced dispersion is achieved for 
the unbuffered composite. 

 Fluorescence spectroscopy is also a sensitive 
measure of SWNT dispersion, since SWNT bundling 
quenches the NIR fluorescence associated with the nar-
row band gap of the semiconducting SWNT species.  A 
comparison of the fluorescence maps for the unbuffered 
and buffered PAA composites, shown in Fig. 3, illus-
trates a pronounced difference in their spectral emis-
sions. In contrast, resonant Raman scattering from the 
SWNT radial breathing mode (Fig. 4) shows very little 
difference between the two samples.  In combination, 

Technical Highlights

Figure 4:  Radial breathing mode resonant Raman scattering for 
the two SWNT composites.
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Numerical Optimization of Complex Instrumentation
A novel approach has been created for the selection 
of optimal instrument parameters that yield a mass 
spectrum which best replicates the molecular mass 
distribution of a synthetic polymer. The application 
of implicit filtering algorithms was shown to be a vi-
able method to find the best instrument settings, while 
simultaneously minimizing the total number of experi-
ments that need to be performed. This includes con-
siderations of when to halt the iterative optimization 
process at a point when statistically significant gains 
can no longer be expected. This work represents part 
of an effort to develop an absolute molecular mass 
distribution polymer Standard Reference Material® by 
matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry.

William E. Wallace 

Typical analytical instrumentation optimization is 
performed by the analyst by simply applying the 

“factory settings” or by “optimizing by eye.” This is 
because an exhaustive search of the parameter space for 
modern instrumentation with many adjustable parame-
ters is prohibitively time consuming. However, a variety 
of little-known mathematical methods exist that enable 
the experimentalist to optimize instrument settings with-
out performing an exhaustive search. Broadly classified, 
these methods are all forms of numerical optimization. 
When the topology of the search space is very complex, 
for example, when it has great sensitivity to one or more 
parameters (as mass spectrometers often do), the meth-
ods used are part of the field of non-linear programming. 
They are called non-linear because some (or all) of the 
instrument parameters do not have a linear relationship 
between parameter value and measurement response. 
A simple example is laser intensity in MALDI-TOF 
mass spectrometry and its effect on signal-to-noise ratio 
where a relatively sharp threshold is observed experi-
mentally. When the measurement outcomes (which 
in the present case are mass spectra) contain random 
noise, the mathematical methods are termed stochastic 
numerical optimization. Stochastic methods are impor-
tant in mass spectrometry because all mass spectra have 
noise, this noise varies as the instrument parameters 
are adjusted, and the noise will often change across the 
spectrum. Measurement noise presents a significant 
challenge to any optimization method especially for 
cases where signal to noise is not the measurand to be 
optimized. Nevertheless, numerical optimization meth-
ods offer experimentalists a way to tune the instrument 
parameters to achieve the desired goal without having to 

search all possible parameter combinations. To measure 
the absolute molecular mass distribution of a synthetic 
polymer, it would be ideal to locate a region in param-
eter space where the instrument response function was 
uniform across the entire mass range. Finding the in-
strument response function is necessary to calibrate the 
intensity axis of the mass spectrum; that is, to go from 
mass spectrum to molecular mass distribution. If the in-
strument response function is uniform, then the relative 
peak areas in the mass spectrum correspond directly to 
the relative abundances of individual n-mers in the sam-
ple. A uniform instrument response function would be 
a line of zero slope; that is, it would have a derivative 
of zero. If not uniform, the instrument response func-
tion could slowly vary across the mass range, preferably 
linearly with mass. The optimal conditions are those 
that give the simplest (or flattest) instrument response 
function; that is, the one with the smallest derivative.

To measure the instrument response function, a gra-
vimetric mixture was made of three low polydispersity 
polystyrenes that were very close in average molecular 
mass. The optimal instrument settings were those that 
provided the closest match between the total integrated 
peak intensity of each of the three polymers with the 
known gravimetric ratios. Note that there is no guar-
antee (or even assumption) that the optimal instrument 
settings that give the flattest instrument response func-
tion will also yield optimal signal to noise ratios. In fact 
there is no reason to believe that a search for the instru-
ment settings that optimize the response function will 
not lead into a region where the mass spectra become so 
noisy as to make peak integration impossible. Thus, to 
find the optimal instrument settings, we used stochastic 
gradient approximation methods. These methods have 
proven to be extremely robust in cases where the mea-
sured data are very noisy.

Optimization is performed by defining an objec-
tive function J(x) where x is a vector consisting of the 
instrument parameters. In our case, the objective func-
tion was the sum of the squared differences between the 
amount of each polymer in a mixture created gravimet-
rically, and the amount of each polymer in the mixture 
found by mass spectrometry. When this function is zero, 
the gravimetric concentrations match the concentra-
tions found by mass spectrometry, and the instrument 
is optimized. The function J(x) is a noisy function with 
respect to the parameter vector x, due to the inherent 
statistical noise in the mass spectra. This complicates 
the task of numerically locating the minimum of J(x). 
The fact that each evaluation of J(x) requires an experi-
ment, and subsequent interpretation of experimental 
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coupled; that is, varying one requires all others to vary 
in response if J(x) is to move closer to its optimal value. 
Thus, the vector xi+1 has a tendency to be normal to the 
vector xi (in its five-dimensional space). The laser inten-
sity varies the most, and would seem to be the dominant 
variable. It seeks its stable value before the other param-
eters can settle down to find their optimal values.

results, means that there is a high cost for each function 
evaluation. This further complicates any numerical pro-
cedure that seeks to minimize J(x). Finally, there are val-
ues of the vector x (for example, out of range instrument 
parameter settings), for which J(x) cannot be evaluated. 
One method for minimizing noisy functions that seeks 
to approximate the gradient of the objective function is 
called implicit filtering. Broadly speaking, this method 
uses a very coarse grained step-length to build a finite 
difference approximation to the gradient of J(x). This 
gradient is then used to generate steep-descent direc-
tions for a minimization process. As iterates draw closer 
to the solution, and the objective function decreases, the 
finite difference step-length is decreased until it ap-
proaches a number small enough to suggest convergence 
of the algorithm to the minimum value.

Figure 1: The objective function J(x) and its local gradient value 
as a function of iteration step.

In Fig. 1, there is an initial steep drop in the ob-
jective function flowed by gradual movement to the 
optimal parameter settings. The gradient of the objective 
function also decreases steadily as the optimum point 
is approached. These monotonic responses indicate 
that the optimization routine is stable. At the optimum 
value, the objective function is so small that it cannot be 
reduced further due to the inherent noise in the measure-
ment. Likewise, the step size indicated for each param-
eter at this point is so small as to be below the precision 
of the instrument’s settings.

In Fig. 2, the values oscillate about their final values 
as the optimization proceeds. The laser intensity under-
goes the greatest excursions: decreasing in the first two 
iterations, returning to its initial value in the third itera-
tion, and then increasing in the fourth iteration before 
settling into its final value. The four other parameters 
make an excursion in the direction of their final values 
in the first iteration, return to their initial value in the 
second iteration, and find the equilibrium values by 
the third iteration.  This zigzag pattern is characteristic 
of the non-linearity of the system. This non-linearity 
arises from the fact that the instrument parameters are 

Figure 2: Individual instrument parameter values as a function of 
iteration number. 

A specialized noise-adapted filtering method has 
been applied to the problem of finding the optimal 
instrument parameters for a MALDI-TOF mass spec-
trometer. Finding the optimal instrument parameters was 
a critical step in creating an absolute molecular mass 
distribution polymer Standard Reference Material®. The 
task of tuning the instrument’s five main parameters 
could not be approached by exhaustive search methods, 
given the amount of effort needed to take and to reduce 
the data in a statistically meaningful way at each set 
of instrument parameters. Additionally, this method 
produces an estimate of the sensitivity of each optimal 
parameter not available to traditional exhaustive search 
methods. Each of the subtasks in the process could be 
automated to create an integrated closed-loop optimiza-
tion scheme. 

For More Information on This Topic
 W.E. Wallace, K.M. Flynn, C.M. Guttman (Polymers 
Division, NIST); A.J. Kearsley (Mathematical and Com-
putational Sciences Division, NIST)

 See www.nist.gov/maldi for more information.

Technical Highlights
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Platform for Characterizing Defects in Magnetic Nanoparticles

Nanoparticles are an important component of emerg-
ing technologies for medical diagnostics, targeted 
therapies, biomolecular detection, and next gen-
eration electronics.  The efficacy of nanoparticles 
in these applications is challenged by the lack of 
methods to characterize the strength and homogene-
ity of nanoparticle interactions.  We are developing a 
measurement platform to rapidly quantify nanoparti-
cle interactions for large assemblies of nanoparticles, 
providing statistics on the distribution in strength of 
interaction, and the capability to determine the nature 
and concentration of defective particles.

Ronald Jones and Jason Benkoski  

Nanoparticles with diameters of (1 to 100) nm are 
widely sought as enablers of advanced technolo-

gies for medical diagnostics and therapies, chemical and 
biological sensors, and microelectronics.  Many of these 
technologies rely on the enhanced optical, magnetic, and 
chemical functionality inherent in particles of nanometer 
scale.  However, properties of nanoparticles are  highly 
sensitive to particle size, shape, and chemical composi-
tion.  As a result, small variations in the manufacturing 
process can produce defective particles with undesirable 
properties,  resulting in a loss of device functionality.  
The advancement of suitable manufacturing techniques 
is currently limited by a lack of measurement platforms 
capable of rapidly characterizing defects in nanoparticle 
interactions over large particle quantities.

A specific class of nanoparticles that has received 
significant interest is magnetic nanoparticles (MNPs).  
The particles typically consist of a metallic core  with a 
polymeric flocculant coating.  Recent advances in syn-
thetic methods make the production of large numbers of 
MNPs with nearly monodisperse diameters and homo-
geneous compositions feasible.  However, scaling estab-
lished methods to characterize the interaction strength 
of a single MNP are challenged by the large numbers 
of particles and their small dimensions, precluding a 
measurement of defect concentration and homogeneity 
in manufacturing.  As a result, indirect and often time-
consuming measurements of size dispersity are used to 
infer homogeneity of interactions. 

We are developing a methodology to rapidly char-
acterize the homogeneity of large numbers of particles 
to quantify the number density of defective particles.  
Defective particles are particles with vanishing magnetic 
moment or particles with undesirable polarity.  In many 
applications, for example, the synthesis attempts to cre-

ate large batches of dipolar particles. However, small 
variations in synthetic conditions can result in varying 
concentrations of quadripolar particles, or even particles 
with higher moments of polarity.

Figure 1:  Schematic depicting the crosslinkable oil-water plat-
form for characterizing nanoparticle interactions.  The platform 
provides a rapid method to quantify the character and number of 
defects in magnetic interactions for a large number of particles.  
A wide range of particle size and chemistry are available to this 
methodology due to the ability to assemble oil soluble (top route) 
and/or water soluble (bottom route) particles. 

 Rather than measuring the properties of individual 
particles in a serial fashion, our methodology measures 
the shape and size of nanoparticle assemblies, where 
assemblies can consist of 10’s or 100’s of nanoparticles.  
Dipolar MNPs are known to assemble as long strings in 
solution when their magnetic moment interactions ex-
ceed other isotropic forces, including thermally induced 
vibrations and isotropic van der Waals interactions.  In 
contrast, non-polar particles or multipolar particles form 
non-linear assemblies.  Defects in MNPs are therefore 
characterized by the linearity within assemblies.  The 
methodology described here uses a novel platform to 
freeze-in thousands of assemblies for characterization 
using scanning probe or electron microscopies.  By 
measuring a large number of assemblies, where each 
assembly can contain 1000’s of particles, high precision 
statistics of defect concentration are obtained.    

 As shown in Fig. 1, MNP assembly occurs at an oil/
water interface, in which the oil phase can be flash-
cured upon ultraviolet (UV) radiation exposure.  The 
platform utilizes a photopolymerizable oil phase, 
1,12-dodecanediol dimethacrylate (DDMA), to provide 
a portable and characterizable “snapshot” of the assem-
bly process.  The use of a low viscosity oil and water 
phase allows MNP assembly to proceed rapidly.  With 
an appropriate chemistry and light source, the assem-
blies are frozen in less than 1 s from initial exposure, 
with minimal volume change of the oil phase.  Freezing 
of the MNP assemblies precludes the alteration of as-

Technical Highlights
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sembly structure by capillary forces at the air/water in-
terface.  The resulting sample is glassy, allowing storage 
for long-time or future measurements, and is amenable 
to a wide range of characterization platforms, including 
scanning probe and electron microscopies.  Its transpar-
ency to a wide range of electromagnetic wavelengths 
will enable the advancement of scattering and optical 
imaging based characterization platforms.   

 While development has focused on nanoparticles, a 
wider range of particle interactions can be studied under 
identical conditions, including much larger colloidal 
and latex particles, particles of varying polarity, and of 
varying composition, including metallic and polymeric.  
Particles investigated to date include nonpolar 0.39 mm 
poly(methyl methacrylate) latex spheres, nonpolar  
10 mm polystyrene latex spheres, highly polarizable  
5 nm Au nanocrystals, dipolar 10 nm CdTe quantum 
dots, and magnetic 25 nm magnetite nanoparticles.  As 
shown in Fig. 2, the range of structures expected in 
these assemblies is large, making the methodology gen-
eralizable to a large range of particles.

 In Fig. 3, assemblies of both micrometer scale 
polymer particles and nanometer scale metallic particles 
provide immediate qualitative and quantitative charac-
terizations of average interaction strength, while provid-
ing data on defect concentrations.  Specifically, charg-
ing on polystyrene particles as a result of the sample 
preparation method dramatically changes the assembled 
structure from dense, two-dimensional aggregates to 
highly branched networks.  The charging appears to be 
uniformly applied across all particles.  In contrast, gold 
nanoparticles follow a well defined random walk charac-
teristic of directional forces.  Similarly sized magnetite 
particles feature regions of dense packing, indicating the 
presence of particles with lower magnetic moment and/
or multipolar character.

Figure 4: Top: Optical micrographs of 10 mm PS spheres pro-
truding from the oil/water interface after crosslinking.  Shown are 
uncharged particles (left) with characteristic two-dimensional 
dense assemblies.  In contrast, a small charge added to the 
particle creates a highly branched assembly (right).  Bottom:  
Atomic force microscope phase image of assemblies of gold (left) 
and magnetite (right) nanoparticle assemblies. While the gold 
particles show a characteristic linear assembly, the presence of 
dense assembled regions in the magnetite particles may indicate 
the presence of particles with reduced magnetic moment.

 
 We have demonstrated the use of a DDMA/water 
interface as a platform for characterizing defects in 
the magnetic interactions of particles with nanometer 
scale dimensions.  The methodology characterizes the 
interaction strength of a large number of particles by the 
examining the structure of assemblies of 10’s or 100’s of 
nanoparticles at an oil/water interface.  Without the abil-
ity to preserve snapshots of the aggregated structures by 
this process, the rapid movement of the particles would 
challenge microscopy characterization techniques.  
The high interfacial tension of the oil/water interface 
provides a strong driving force for the segregation of 
many different particle types, despite large differences 
in charge, polarizability, size, and surface chemistry.  It 
therefore allows one to compare the aggregation of a 
wide variety of nanoparticles under remarkably similar 
conditions.

For More Information on This Topic
 J. Douglas, A. Karim (Polymers Division, NIST); J. 
Pyun (University of Arizona)

Figure 2:  Representative structures from assemblies of particles 
with varying types and strength of interaction.
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14



15

Program Overview

Advanced Manufacturing Processes

The competitiveness of U.S. manufacturers depends 
substantially on their ability to create new product 
concepts and to quickly translate such concepts into 
manufactured products that meet their customers’ 
increasing expectations of performance, cost, and 
reliability. This is equally true for well-established 
“commodity” industries, such as automotive, aerospace, 
and electronics; for materials suppliers of aluminum, 
steel, and polymers; and for rapidly growing industries 
based on nanotechnology and biotechnology. In support 
of these industries, the NIST Materials Science and 
Engineering Laboratory (MSEL) is developing robust 
measurement methods, standards, software, and process 
and materials data needed for design, monitoring, 
and control of new and existing materials and their 
manufacturing processes. 

Our research is conducted in close collaboration 
with industrial partners, including industrial consortia, 
and with national standards organizations. These 
collaborations not only ensure the relevance of our 
research, but also promote rapid transfer and utilization 
of our research by our partners.

Contact: Michael J. Fasolka

Quantitative Polymer Mass Spectrometry Project Meeting

NIST Combinatorial Methods Center



16

Combinatorial and high-throughput (C&HT) methods 
hold great potential for making materials research 
more productive, more thorough, and less wasteful.  
However, significant technical barriers prevent the 
widespread adoption of these revolutionary ap-
proaches by industry. Through creative, cost-effective 
measurement solutions, and by using a customer 
outreach model designed for fruitful collaboration, 
the NIST Combinatorial Methods Center (NCMC) 
strives to ease the acquisition of C&HT techniques by 
the materials research community. 

Michael J. Fasolka and Carol E. Laumeier  

The NIST Combinatorial Methods Center (NCMC), 
now in its fifth year, continues to be an innovative 

resource for industrial materials researchers striving to 
acquire combinatorial and high-throughput (C&HT) 
measurement capabilities.  The NCMC fosters adapta-
tion of C&HT methodologies through two complemen-
tary efforts.  First is a research program, centered in the 
Polymers Division’s Combinatorial Methods Group, 
which develops and demonstrates C&HT measurement 
solutions for the discovery and optimization of com-
plex materials products, including polymer coatings 
and films, adhesives, cosmetics, and structural plastics.  
Moreover, in conjunction with other Polymers Division 
Groups, a growing aspect of NCMC research provides 
C&HT methods for emerging technologies such as 
nanostructured materials, organic electronics, and bio-
materials.  All NCMC research is published in the public 
domain.

Advanced Manufacturing Processes

NIST Combinatorial Methods Center 
A Pioneer and Partner in Accelerated Materials Research

Figure 1:  NCMC Awardees of the Department of Commerce 
Silver Medal for Customer Service in 2006.  From left to right:  
C.M. Stafford, A. Karim, M.J. Fasolka, K.L. Beers, E.J. Amis.

Second, to complement its research, the NCMC 
conducts outreach efforts focused on disseminating new 
measurement methods to industry, assessing emerg-
ing industrial C&HT metrology needs, and forming a 
community of technology stakeholders.  The NCMC 
leverages a unique, “non-proprietary” consortium 
model, the development and success of which garnered 
a Department of Commerce Silver Medal for Customer 
Service (see photo).  This model promotes open discus-

sion of the metrology issues that face industrial stake-
holders, and a focus on the fundamental, common needs 
of this community.  NCMC consortium members (see 
table below) are served through a series of semi-annual 
workshops, a dedicated website, and documents that 
detail NCMC instrumentation.  FY06 activities included 
two additions to the NCMC workshop series.  NCMC-8: 
Polymer Formulations II, held Oct. 27-28, 2005, as-
sessed opportunities in microscale measurement tech-
nologies for advancing formulations science, gauged 
related measurement needs, and reported the achieve-
ments of the Polymers Formulations project.  NCMC-9: 
Combinatorial Methods for Nanostructured Materials, 
held Apr. 24-25, 2006, determined key metrology needs 
in industrial research of nanostructured polymeric ma-
terials, and set priorities for developing C&HT meth-
ods for these systems.  NCMC-9’s Workshop Report, 
NISTIR 7332, is available on the NCMC website (see 
below).  

In addition, non-proprietary “Focus Projects” enable 
member companies to collaborate with NCMC research-
ers to produce more specific measurement solutions. Two 
NCMC Focus Projects were completed in 2006.  The 
first, co-funded by Procter and Gamble and National 
Starch, resulted in a powerful microfluidic approach for 
measuring interfacial tension.  The second, sponsored 
by Intel and National Starch, resulted in combinatorial 
libraries that assess the performance of epoxy adhesives 
for flip-chip electronics.  A new Focus Project, with the 
goal of developing HT measurements of polymer hydrogel 
mechanics, was launched with Vistakon, a manufacturer 
of contact lenses.

NCMC Members (*New in FY2006)

Air Products & Chem. Insight Faraday*

Arkema Inc. Intel

Avon* L’Oreal

BASF PPG Industries

Bayer Polymers Procter & Gamble

Dow Chemical Company Rhodia

ExxonMobil Research Symyx Technologies*

Honeywell International Unilever*

Hysitron International Univ. of Southern Miss.

ICI/National Starch & Chem. Veeco Metrology

For more information, please visit the NCMC 
website at www.nist.gov/combi.

Contributors and Collaborators

 E.J. Amis, K.L. Beers, A. Karim, C.M. Stafford  (Poly-
mers Division, NIST)
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Advanced Manufacturing Processes

Polymer Formulations: 
Soft Materials Measurements on a Chip
Complex structured fluids, also known as formula-
tions, have been an important part of modern life for 
many years, even though they are poorly understood.  
Only recently has industry begun to control and de-
sign these materials to obtain novel, valuable proper-
ties, but scientists are overwhelmed by the composi-
tion and processing variable space required.  We 
develop and demonstrate high throughput methods 
to advance polymer formulations science through the 
fabrication of microscale instrumentation for measur-
ing physical properties of complex mixtures.

Kathryn L. Beers 

Significant progress was made this year in our 
efforts to build microfluidic instrumentation for the 

measurement of polymer solutions.  New measurement 
capabilities were developed, several collaborators 
visited NIST for extended periods to learn new 
technologies, and high impact publications resulted 
from our work. 

Dynamic light scattering (DLS) remains one of 
the most popular and powerful tools to measure size 
in solutions containing nanoparticles (such as latexes 
and suspended inorganics) and nanostructures (such 
as micelles and vesicles).  Several prototypes were 
constructed that enable particle sizing in the range of 19 
nm to 107 nm using less than 150 µL of solution (Figure 
1).  Rapid measurements using these devices surveyed 
a range of solution composition and temperature to 
determine surfactant dissolution behavior.  Simple 
extension of these measurements will enable phase 
mapping of nanostructured solutions.  The instruments 
were designed to be integrated with existing NIST 
techniques for synthesis, spectroscopy, and image 

analysis of polymer solutions in microfluidic devices. 
the developing industry.

 Progress was also made on additional methods, includ-
ing the validation and integration of droplet library fabrica-
tion, photopolymerization, and shrinkage measurements 
for methacrylate-based resins [The Analyst 131, 1027 

Figure 2:  :  Illustration of a solution gradient stabilized in a 
confined microchannel (left) that was used to construct a polymer 
brush surface with a gradient in statistical copolymer composi-
tion (right).

Figure 1:  Diffusion measurements and particle sizing of latex 
spheres and block copolymer micelles conducted on a microflu-
idic device.  Inset: Photograph of a fixed, multi-angle device.

(2006).].  Correlations between monomer composition, 
extent of conversion, and shrinkage were matched with 
off-chip measurements.

 Microfluidic confinement has also enabled the stabi-
lization of solution gradients, as validated by fiber-optic 
Raman spectroscopy.  The power of such a solution 
gradient was demonstrated by fabrication of a statistical 
copolymer brush surface containing a gradient in com-
position [Fig. 2; Adv. Mat. 18, 1427 (2006)], a gradient 
heretofore unobtainable, and thus valuable in character-
izing thin film and nanoparticle behavior.

 Visiting scientists from CSIRO and BASF performed 
research in the NIST laboratories this year.  Microfluidic 
device design, measurement strategies for polymeriza-
tion, and use of microscopy and spectroscopy tools were 
transferred to both organizations.  A new joint project 
on the library design and characterization of surfactant 
solutions will eventually be conducted at CSIRO using 
NIST technology.

Contributors and Collaborators

T.Q. Chastek, C. Xu, S.E. Barnes, K.A. Page, M.J. 
Fasolka, E.J. Amis (Polymers Division, NIST); S. Müs-
sig (BASF); C. Fong (CSIRO)
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Quantitative Polymer Mass Spectrometry 

Matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) has been 
demonstrated as a method for absolute molecular mass 
distribution measurement of synthetic polymers via the 
creation of Standard Reference Material® 2881. This 
means determining a comprehensive uncertainty budget 
for a complex measurement technique that must include 
both Type A and Type B uncertainties.

William E. Wallace 

Currently, all absolute molecular mass polymer 
standards provide a single moment (e.g., Mn 

or Mw) of the molecular mass distribution (MMD). 
(By absolute it is meant that the standard is based 
on direct measurement of a physical property, and 
not on calibration against another polymer.)  We 
have created a comprehensive strategy to create an 
absolute molecular mass distribution polymer Standard 
Reference Material® using matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) 
mass spectrometry. To create such a standard, our 
methods must be demonstrably free of operator bias 
(intentional or unintentional). Furthermore, the Type 
A (“random”) and Type B (“systematic”) uncertainties 
must be determined for each part of the experiment.  
The required unbiased, repeatable steps are:  1) sample 
preparation, 2) instrument tuning, 3) data collection, and 
4) data analysis.  These steps ultimately lead to a signal 
intensity calibration function (and, most importantly, its 
associated uncertainty) that relates the true MMD of the 
analyte to the MMD measured by mass spectrometry.

We used a narrow polydispersity polystyrene initi-
ated with an n-octyl group, and having a peak mass (Mp) 
of 9 000 u.  To this polymer we gravimetrically mix 
two n-butyl-initiated polystyrenes, one having an Mp of 
6 000 u and the other an Mp of 12 000 u. The different 
end groups allow us to distinguish between different 
peaks in the mass spectrum, as shown in the top panel 
of the figure (right).  By controlling the gravimetric mix, 
we created a signal-intensity calibration curve using a 
Taylor’s expansion around a central mass peak as our 
mathematical model.  We used electrospray methods to 
create uniform MALDI targets that are free of “sweet 
spots” that could be reproducibly made, and whose 
preparation could be described precisely. Removal of 
the gross uncertainties inherent in typical MALDI sam-
ple preparation methods (e.g. “hand spotting”) is critical 
for quantitation work. With gradient-free numerical 
optimization methods (see Technical Highlight in this 
Report) we located the instrument parameter settings 

in 5-dimensional space (extraction, lens, and detector 
voltages; laser intensity; and extraction delay time) that 
give the least bias in the molecular mass distribution, 
as well as the Type B uncertainties for the measure-
ment.  We do this by comparing the difference between 
the gravimetric mixture ratios with the ratios found by 
mass spectrometry until an optimal set of instrument set-
tings is found.  Data collection is randomized to prevent 
unknown changes in experiment procedure or instru-
ment performance from creating a systematic bias in the 
data over periods of hours, days, and weeks. Using our 
time-series segmentation method, MassSpectator (see 
W.E. Wallace, A.J. Kearsley, and C.M. Guttman, “An 
Operator Independent Approach to Mass Spectral Peak 
Identification and Integration,” Analytical Chemistry 
76, 2446 (2004) and A.J. Kearsley, W.E. Wallace, and 
C.M. Guttman, “A Numerical Method for Mass Spectral 
Data Analysis,” Applied Mathematics Letters 18, 1412 
(2005), we automatically identify and integrate mass 
peaks to give a MMD, as shown in the bottom panel of 
the figure. Finally, using standard additions of the three 
polystyrenes (and two other polystyrenes with inter-
mediate average masses), we created a signal intensity 
calibration curve as a function of molecular mass across 
the distribution.  Variations in relative ratios of the three 
polymers let us determine the Type A uncertainty in the 
calibration curve.
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Program Overview

Biomaterials

Rapid development of medical technologies depends 
on the availability of adequate methods to character-
ize, standardize, control, and mass produce them. To 
realize this goal, a measurement infrastructure is needed 
to bridge the gap between the exponentially increasing 
basic biomedical knowledge and clinical applications. 
The NIST Materials Science and Engineering Labora-
tory (MSEL) Biomaterials Program is a collaborative ef-
fort creating a new generation of performance standards 
and predictive tools targeting the metrology chain for 
biomedical research. 

Today, all areas of materials science confront real 
systems and processes. In the biomaterials arena, we 
can no longer advance science by simply studying ideal 
model systems. We must comprehend complex realistic 
systems in terms of their structure, function, and dynam-
ics over the size range from nanometers to millimeters. 
MSEL is uniquely positioned to make a major contribu-
tion to the development of measurement infrastructure 
through three focus areas: Systems Biology, Bioimag-
ing, and Nanobiosensing.

Contact: Marcus Cicerone
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3D Tissue Scaffolds 

We are developing reference materials and noninva-
sive analytical methods to meet measurement needs 
related to 3D tissue engineering (TE). These meth-
ods and reference materials will replace destructive 
end-point methods currently in use, and in so doing, 
will facilitate more efficient and effective TE scaffold 
testing and design. 

Marcus T. Cicerone  

Result-focused rational design of 3D TE scaffolds, 
one Holy Grail of tissue engineering, requires first 

that cell response can be monitored to known conditions 
within the bulk of the scaffold. We are developing non-
invasive characterization methods that will replace some 
of the destructive end-point methods currently in use.  
The methods we are developing will result in quantifi-
able, reliable metrics that are relevant to success of TE 
constructs in properly supporting cell and tissue growth.  
Cells in 3D constructs respond to perfusion conditions, 
local surface morphology, and surface chemistry, as well 
as a number of other mechanical, chemical, and electri-
cal stimuli.  Work under this project focuses on char-
acterizing the first three of these factors, as well as cell 
response to them.

Reference Scaffold and Structural Analysis – 
There is a continuing need for reference materials 
and standard artifacts in this field. We are in the final 
stage of generating a 3D reference scaffold for poros-
ity.  These artifacts will be used as standards against 
which to evaluate scaffold porosity and permeability; 
the primary characterization data are permeability and 
porosity. Analysis of 3D images obtained by micro-com-
puted tomography (mCT) plays a major role in scaffold 
characterization.  We expect to complete an interlabora-
tory comparison for determining confidence limits in 
specifications by December 2006. The work is a collab-
orative project through ASTM (Task Force F04.42.06).  
This work has also spurred generation of an ASTM draft 
guide for scaffold characterization (in preparation).

In-situ Cell and Tissue Imaging – Optical and 
other imaging modes have revolutionized research into 
many areas, including cell-material interactions.  Opti-
cal imaging in 3D TE constructs poses two important 
problems: the rapidly dividing cells are sensitive to 
high light flux, and 3D scaffolds generally provide poor 
platforms for high-resolution imaging due to opacity.  In 
addressing the former, we continue to develop broad-
band coherent anti-Stokes Raman scattering microscopy 

(m-CARS) as a powerful, noninvasive method for deter-
mining cell health and development within tissue scaf-
folds.  Progress this year has included a new method to 
eliminate nonresonant background so that weak spectral 
features in the fingerprint region can be detected [Kee et 
al., Optics Express 14, 3631 (2006)].  

We have demonstrated a solution to another major 
hurdle for imaging in 3D scaffolds by developing an 
optically clear tissue scaffold.  This scaffold is fabri-
cated by salt-leaching from a photopolymerized glassy 
polymer that has been used in dental applications.  Char-
acterization of these scaffolds with respect to morphol-
ogy and mechanical properties has been submitted to  
Biomaterials (S. Lin-Gibson, et al.).  A report on be-
havior of osteoblast cells on these scaffolds has been 
published [F.A. Landis et al., Biomacromolecules 7, 
1751 (2006)].

Figure 1:  Optically clear salt-leached scaffolds made with 
varying porosity and pore size allows large range in mechanical 
properties as well as clear imaging of cells as far as 400 mm into 
scaffold. 

Applicability of 2D Results to 3D Scaffolds –  
Surfaces of many 3D scaffold types present to cells as 
having varying degrees of curvature, however analysis 
of cell response to surface chemistry is most conve-
niently performed on flat surfaces. We have shown that 
in some cases the results obtained in 2D are retained in 
3D scaffolds.  Distinct compositions of phase-separated 
blends of tyrosine-derived polycarbonates have been 
shown to elicit marked differences in proliferation and 
differentiation response in 2D.  We have recently dem-
onstrated that these results carry over to 3D.     
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Combinatorial Methods for Tissue Engineering

The goal of this project is to develop measurement 
methods and associated materials to characterize 
the interactions, at the surface, between cells and 
biologically active materials for use in optimizing 
tissue-engineered products.

Matthew L. Becker  

The diversity of functional species, distinct structural 
features, and multiple hierarchies within classes of 

functional biomaterials create significant challenges to 
characterization.   Solutions to these challenges re-
quire novel approaches to measurements, including the 
development of new methods and instrumentation.  Our 
program seeks to develop combinatorial tools and meth-
ods to identify the critical physico-chemical properties 
influencing the biological performance of biomaterials. 

Morphology Gradient Libraries - We are fab-
ricating single and multi-variable continuous gradi-
ent libraries to generate linear variations in important 
physical properties, including roughness, surface energy, 
crystallinity, and phase separation. This approach af-
fords opportunities to quickly identify compositions and 
physical properties exhibiting favorable cell-material 
interactions using automated characterization and data 
acquisition methods, and narrow the physical param-
eter space where higher levels of characterization are 
required.

Bioactive Ligand Gradients - We are designing 
bioactive ligand density gradients to identify optimum 
lignad densities for directed cell adhesion, prolifera-
tion, and differentiation.  We are combining traditional 
and automated bio-imaging techniques with emerging 
microanalytical techniques to obtain data that links 
substrate properties with morphology and biochemical 
signatures of protein and RNA expression in small cell 
populations.  

Cell morphological, viability, and biomarker mea-
surements are being measured on similar 2D and 3D 
substrates and their results compared among them and 
with existing data of in vivo samples.  These well-
defined substrates are being used to push the sensitivity 
limits of current methods and if successful, the cor-
relations will increase the ability of in vitro cell-based 
measurements to predict cellular behavior in vivo.  

We anticipate these efforts will provide the founda-
tion for a framework, which would guide the early as-
sessments of in vitro and in vivo material performance, 
and establish a series of metrologies for biocompatibility 
thresholds.  These measurement solutions would provide 
useful guidance to materials development efforts, manu-
facturing process optimization, and regulatory agencies.
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Figure 2:  The plot above depicts cell area and aspect ratio as 
a function of position on a peptide functionalized self assembled 
monolayer possessing a gradient in RGD density, a peptide com-
monly used in cell adhesion applications.

Biomaterials

One of our focus areas is to develop physical and 
spectroscopic methods to measure the extent and associ-
ated physico-chemical changes resulting from phase 
separation.  Phase separation is a critical component 
in solution processing, materials optimization, and 
medical device manufacturing.  The various changes 
in properties have been shown to influence preferential 
protein adsorption profiles that influence the biological 
responses.

Figure 1:  Diffraction patterns collected over a range of sample 
rotation angles.  The distance between the pronounced horizontal 
ridges provides the sidewall angles b, while the relative intensity 
and placement 
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Dental Polymers and Composites:  
Developing a Test Suite for Total Materials Characterization 
The objective of this project is to develop combina-
torial platforms for characterizing salient material 
properties of candidate dental polymers. These plat-
forms will aid others in the development and optimi-
zation of polymers for restorative composites with 
improved performance.

Sheng Lin-Gibson and Nancy J. Lin 

Polymeric dental composites are widely used in the 
restoration of anterior lesions and small to medium 

sized defects in the posterior region of the mouth. While 
significant improvements have been made in the com-
posites’ properties, their long term performance is still 
less than optimal. A significant effort has been devoted 
to improve the composite properties by designing new 
dental polymers. For the matrix polymer alone, a large 
number of material and processing parameters influ-
ence the material properties and biological responses. 
High-throughput and combinatorial methods are ideal 
for the purpose of characterizing these materials because 
of their faster data acquisition and ability to span a wide 
parameter space, and equal processing conditions for a 
given specimen, resulting in a lower experimental error 
rate. 

2,2-bis[4-(2-hydroxy-3-methacryloxypropoxy) 
phenyl] propane (BisGMA) and triethylene glycol 
dimethacrylate (TEGDMA) are two commercially 
important dental monomers. 2D gradient samples of a 
model dental polymer consisting of a dimethacrylate 
mixture (BisGMA and TEGDMA) varying in composi-
tion and conversion were fabricated (Figure 1). A broad 
conversion range was obtained for all compositions. 
The conversions were measured using near infra-
red (IR) spectroscopy, and the mechanical properties 
(elastic modulus and hardness) were determined using 
nanoindentation with the continuous stiffness method. 
Our previous work demonstrated a strong correlation 
between vinyl conversion and mechanical properties of 
the cross-linked polymer.

Figure 1: Fabrication of 2D gradient samples.

Two indicators for material biocompatibility are 
cell viability and cell attachment density, both of which 
can be quantified (Figure 3). In general, cell viability 
remained high until the conversion fell below 44 %. A 
high degree of cell attachment required a higher conver-
sion.  Similar trends were seen for all compositions.

Biomaterials

Figure 2:  Fluorescent microscopy showing viability of cells cul-
tured on 2D gradient samples.  Live cells are stained green, and 
dead cells are stained red.  Scale bar = 50 μm.

Figure 3:  Cell viability (left) and cell density (right) measured 
as a function of methacrylate conversion for a single composition. 

Continuous variable gradients are efficient for screen-
ing biological effects arising from the composition and 
degree of conversion. Other potential combinatorial/
high-throughput techniques are also being evaluated for 
their ability to screen structure-properties relationships 
in dental materials, including relating conversion to 
polymerization shrinkage.

Contributors and Collaborators

J.M. Antonucci (Polymers Division, NIST)

Cell viability on the 2D gradient samples was as-
sessed using fluorescence microscopy (Figure 2). As 
the degree of conversion increased, cell attachment 
and viability increased. Compositions with increasing 
TEGDMA content had increased cell viability, but the 
effects were subtler.
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Metrology for Biomechanical Effects on Cell/Material Interactions

Many tissue engineered medical products are cultured 
under mechanical stimuli to mimic the physiological 
environment. This approach is currently addressed 
in an ad hoc way to demonstrate how cells respond 
under macroscopic stress conditions. However, stress 
at the cellular level is not well characterized. This 
project will develop a measurement infrastructure 
consisting of instrumental techniques, mathematical 
modeling, and characterization protocols to 
determine local stresses on cells from macroscopic 
stresses and to quantify the effect of these stresses 
on cell morphology, phenotype, and biochemical 
signaling.

Joy P. Dunkers  

Metrology Development – Mechanotransduction 
is the process by which cells convert mechanical 

stimuli into biochemical signals. Most cell functions are 
influenced by mechanical stimuli: proliferation, migra-
tion, differentiation, apoptosis, and protein synthesis. 
Much work has been done to identify the specific 
molecular signals activated for various phenotypes, 
and to correlate the macroscopic stress/strain on the 
flexible substrate to cell response. However, there are 
currently no standard protocols on how these studies 
are conducted, or how the real time stress/strain local 
to the cell is determined. We believe that the existence 
of many apparently contradictory results in the litera-
ture is related to this lack of consistent analysis. We are 
creating a measurement platform to quantify the actual 
stress transferred to the cell and to correlate it to cellular 
response in 2-D and 3-D cultures. This platform will 
be useful to researchers, as well as to regulatory agen-
cies, as they seek new methods to test tissue engineered 
medical products.

In this investigation, smooth muscle cells were 
selected as the model system to examine the transition 
from synthetic to contractile phenotypes under biaxial 
stress.  A combination of culture techniques, bioreac-
tor designs, and cell-based assays were used to image, 
quantify, and predict biological responses as a func-
tion of mechanical stimuli.  Studies include dynamic 
culture testing, advances in optical and fluorescence in 
vitro imaging, genetic profiling, and mathematical/com-
putational modeling. This research platform expands 
across the tissue engineering spectrum, starting from the 
simplest case of non-confluent cells to proliferation and 
organization into tissues. 

This year we developed methods to robustly attach 
and thoroughly characterize extracellular matrix (ECM) 
proteins on the deforming substrate. Here, the ECM 
protein is fibronectin (FN) grafted to the deforming 
polydimethylsiloxane via a silane coupling agent. We 
characterized the FN coating in terms of surface rough-
ness, uniformity, thickness, conformation, and rigidity. 
Response of smooth muscle cells (shown below, stained 
for focal adhesions and actin cytoskeleton) to the grafted 
FN was characterized by proliferation and live/dead 
assays. These baseline results will serve to evaluate the 
durability of the attached FN after the biaxial stretching.

Mathematical Modeling – Previous in vitro stud-
ies using cells cultured on substrates show that 1) cells 
sense the variation in substrate rigidity by modifying 
their morphology; 2) cells subjected to uniaxial stretch 
elongate perpendicular to the stretch direction; and 3) 
cells show preference to specific substrate stiffness on a 
stiffness gradient (durotaxis).

Guided by this, we developed a mathematical model 
of cell-substrate adhesion to explain the dependency of 
cell morphology and migration on substrate mechanics. 
The hypothesis is that the morphology of a cell adher-
ing to a substrate is characterized by the competition 
between cell and substrate strain energies and interfacial 
energy (work of adhesion) at the cell periphery. The 
final configuration of the cell morphology is determined 
by the total free energy minimum of the cell/substrate 
system. This work is discussed further in the High-
lights section of this report.  [Yong Ni and Martin Y.M. 
Chiang, “Cell Morphology and Migration Linked to 
Substrate Rigidity,” Soft Matter 3, 1285 (2007).]
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Program Overview

Materials for Electronics

The U.S. electronics industry faces strong interna-
tional competition in the manufacture of smaller, faster, 
more functional, and more reliable products. Many criti-
cal challenges facing the industry require the continual 
development of advanced materials and processes. The 
NIST Materials Science and Engineering Laboratory 
(MSEL) works closely with U.S. industry, covering 
a broad spectrum of sectors including semiconductor 
manufacturing, device components, packaging, data 
storage, and assembly, as well as complementary and 
emerging areas such as optoelectronics and organic 
electronics. MSEL has a multidivisional approach, com-
mitted to addressing the most critical materials measure-
ment and standards issues for electronic materials. 

Our projects are conducted in collaboration with 
partners from industrial consortia (e.g., SEMATECH), 
individual companies, academia, and other government 
agencies. The program is strongly coupled with other 
microelectronics programs within the government such 
as the National Semiconductor Metrology Program 
(NSMP). Materials metrology needs are also identi-
fied through the International Technology Roadmap for 
Semiconductors (ITRS), the International Packaging 
Consortium (IPC) Roadmap, the IPC Lead-free Solder 
Roadmap, the National Electronics Manufacturing Ini-
tiative (NEMI) Roadmap, the Optoelectronics Industry 
Development Association (OIDA) Roadmap, and the 
National Magnetic Data Storage Industry Consortium 
(NSIC) Roadmap. 

Contact: Christopher L. Soles
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Dimensional Metrology with Small Angle X-Ray Scattering

The feature size in microelectronic circuitry is ever de-
creasing, and now approaches the scale of nanometers. 
This trend creates a need for new measurements capable 
of non-destructive measurements of small features con-
sisting of a variety of materials (polymers, nanoporous 
thin films, metals), with sub-nanometer precision. In this 
project, we are developing small angle x-ray scattering 
for the non-destructive measurements of the pitch, line-
width, sidewall angle, average cross section, and line 
edge roughness in nanoscale patterns. Other applica-
tions of this technique in areas such as nano-rheology 
and nanofabrication are being explored. 

Wen-li Wu and Ronald L. Jones 

The demand for increasing computer speed and de-
ceasing power consumption continues to shrink the 

dimensions of individual circuitry components toward 
the scale of nanometers.  When the smallest, or “criti-
cal”, dimensions are < 40 nm, the acceptable tolerance 
will be < 1 nm.  This requirement creates significant 
challenges for measurements based on electron mi-
croscopy and optical scatterometry.  In addition, the 
continuing development of new materials for extreme 
ultraviolet photoresists, nanoporous low-k dielectrics, 
and metallic interconnects all require high precision 
dimensional measurements for process development and 
optimization.

sion mode.  CD-SAXS has previously demonstrated 
a capability for sub-nm precision for periodicity, line 
width, sidewall angle, and height measurements. 

This year, we have extended the capabilities to better 
quantify roughness.  Structures were designed with line 
edges close to a sine wave with a nominal wavelength of 
150 nm and amplitudes ranging from 20 nm to 60 nm.  
Three classes of structures were measured: (1) centerline 
roughness (CLR), where the center of mass of the line 
varies sinusoidally but the line width remains constant; 
(2) line width roughness (LWR), where the center-
line follows a straight line and the line width varies as 
two opposing sine waves; and (3) line edge roughness 
(LER), where the line edges have some randomness in 
its phase angle relative to its neighbor.  These controlled 
structures produced observable “satellite” diffraction 
peaks that run parallel to the main diffraction axis.  The 
peak positions provide the wavelength of the rough-
ness, while their intensity revealed the amplitude of the 
periodic component to the roughness.

Figure 2:  Schematic of model line edge roughness structures 
with the top-down SEM micrograph and the resulting SAXS data.

Also this year, NIST completed installation of the 
world’s first laboratory based CD-SAXS instrument.  
This instrument is incorporates a rotating anode source 
with two different targets, advanced focusing optics, and 
a Bonse-Hart camera.  The result is a flexible system 
that can address both the development of CD-SAXS 
for the semiconductor industry and advanced structural 
measurements of nanostructured materials in solution or 
in the bulk.

Contributors and Collaborators

C. Wang, D. Ho, H. Lee, C. Soles, H. Ro, V. Tiruma-
la, E. Lin (Polymers Division, NIST); K. Choi, B. Rice, 
G. Thompson (Intel); B. Bunday (ISMI); S. Knight (Of-
fice of Microelectronics Programs, NIST); J. Villarrubia, 
A. Vladar (MEL, NIST); P. Butler (Center for Neutron 
Research, NIST); Y. Liu (SEMATECH); Q. Lin, A. 
Grill, H. Kim (IBM); K. Char, D. Yoon (Seoul National 
University); J. Watkins (U. Mass-Amherst)

Materials for Electronics

Figure 1:  Schematic of the CD-SAXS geometry, showing the 
x-ray beam (solid line) in transmission through the patterned 
sample.

 To address this need, we are developing a high pre-
cision x-ray based metrology, Critical Dimension Small 
Angle X-ray Scattering (CD-SAXS).  This technique is 
capable of non-destructive measurements of test patterns 
routinely used by microelectronic industries to monitor 
their fabrication process.  A collimated monochromatic 
x-ray beam of sub-Ångström wavelength is used to mea-
sure the pattern dimensions on a substrate in transmis-
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Materials for Electronics

Organic Electronics

Organic electronics has dramatically emerged in re-
cent years as an increasingly important technology 
encompassing a wide array of devices and applica-
tions, including embedded passive devices, flexible 
displays, and photovoltaic cells. Device performance, 
stability, and function critically depend upon charge 
transport and material interaction at the interfaces of 
disparate materials. We develop measurement methods 
to characterize the electronic and interfacial structure 
of organic electronics materials with respect to pro-
cessing methods, processing variables, and materials 
characteristics.

Dean M. DeLongchamp 

Organic electronic devices are projected to revolu-
tionize new types of integrated circuits through 

new applications that take advantage of low-cost, high 
volume manufacturing, nontraditional substrates, and 
designed functionality. The current state of organic 
electronics is slowed by the concurrent development of 
multiple material platforms and processes, and a lack of 
measurement standardization between laboratories. A 
critical need exists for new diagnostic probes, tools, and 
methods to address these technological challenges. 

electrical measurements of organic semiconductor films, 
the effect of branched end-group substitutions on mo-
lecular packing, growth mechanisms of evaporated thin 
films, and the development of combinatorial methods to 
characterize materials rapidly.

Figure 2:  AFM image from terraced structure of a high carrier 
mobility polythiophene thin film.

This year, significant progress was made to identify 
the molecular characteristics of newly developed, high 
carrier mobility poly(2,5-bis(3-alkylthiophen-2-yl) 
thieno[3,2-b]thiophenes). These polymers exhibit the 
highest mobility for a polymer material due to ex-
ceptional order throughout the film. Near edge x-ray 
absorption fine structure (NEXAFS), atomic force 
microscopy (AFM), ellipsometry, Fourier transform in-
frared (FTIR) spectroscopy, and x-ray diffraction (XRD) 
measurements were able to highlight the influence of 
substrate surface on the film morphology, to determine 
the tilt angle of the conjugated planes, and to highlight 
the importance of the side-chain packing density on the 
structure formation.

Several activities highlighted the increasing need 
for advanced measurements and materials science 
in organic electronics. A U.S. Measurement System 
Workshop was held on “Large-area Flexible Electron-
ics and Photonics” (http://usms.nist.gov/workshops/ 
macroelectronics.htm) to determine measurement needs 
to enable this emerging technology area. Also, NIST 
staff co-chaired and contributed to the development of a 
technology roadmap for printed and organic electronics 
with iNEMI.
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Figure 1:  Several different experimental methods (NEXAFS, 
XRD, and ellipsometry) are brought together to determine the 
structure of 20 nm films to determine correlations with device 
performance.

 Organic electronics presents different measurement 
challenges from those identified for inorganic devices. 
We are developing an integrated suite of metrologies to 
correlate device performance with the structure, proper-
ties, and chemistry of materials and interfaces. We apply 
new measurement methods to provide the data and 
insight needed for the rational and directed development  
of emerging materials and processes. Studies include 
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Polymer Photoresists for Next–Generation Nanolithography

Photolithography, the process used to fabricate inte-
grated circuits, is the key enabler and driver for the 
microelectronics industry.  As lithographic feature sizes 
decrease to the sub-32 nm length scale, challenges arise 
because photoresists appear to be reaching their resolu-
tion limits.  Unique high–spatial resolution measure-
ments are developed to reveal limits on materials and 
processes that challenge the development of photoresists 
for next-generation sub-32 nm lithography.

Vivek M. Prabhu 

Photolithography is the driving technology used by 
the microelectronics industry to fabricate integrated 

circuits with ever decreasing sizes. This fabrication 
technology is also rapidly being adopted in emerging 
areas in optoelectronics and biotechnology, requiring the 
rapid creation of nanoscale structures.  In this process, a 
designed pattern is transferred to the silicon substrate by 
altering the solubility of areas of a polymer–based pho-
toresist thin film through an acid catalyzed deprotection 
reaction after exposure to radiation through a mask. To 
fabricate smaller features, next generation photolithog-
raphy will be processed with shorter wave lengths of 
light requiring photoresist films less than 100 nm thick 
and dimensional control to within 2 nm.  

We work closely with industrial collaborators to 
develop high–spatial resolution and chemically specific 
measurements to understand changes in material proper-
ties, interfacial behavior, and process kinetics at nano-
meter scales that can significantly affect the patterning 
process.

This year, we worked with SEMATECH to de-
termine materials sources of line-edge roughness in 
193-nm photoresists, and with Intel Corporation to 
investigate the effect of extreme-ultraviolet (EUV) ex-
posure on pattern resolution of model EUV photoresist 
materials. We continue to provide new insight and detail 
into the complex physico–chemical processes used in 
advanced chemically amplified photoresists.  Measure-
ment methods include x-ray and neutron reflectivity 
(XR, NR), small angle neutron scattering (SANS), 
near¬–edge x-ray absorption fine structure (NEXAFS) 
spectroscopy, solid state nuclear magnetic resonance 
(NMR), quartz crystal microbalance (QCM), infrared 
variable-angle spectroscopic ellipsometry; fluorescence 
correlation spectroscopy (FCS), and atomic force mi-
croscopy.

Figure 1:  Copolymer composition effect on deprotection front 
measured by NR.  Swelling and dissolution behavior of polymer 
thin films controlled by developer normality quantified by QCM. 
Evaluation of three model copolymer resists for LER for100 nm 
line/space imaged with 193 nm photolithography.

Photoresists are multi-component mixtures that 
require dispersion of additives, controlled transport 
properties during the interface formation, and controlled 
dissolution behavior.  The fidelity of pattern forma-
tion relies on the materials characteristics.  Hence, we 
examine the influence of copolymer compositions, 
molar mass, and photoacid generator additive size to 
determine the root causes of image quality by highlight-
ing the polymer physics and chemistry.  In addition, our 
collaborators test our hypothesis using 193 nm and EUV 
lithographic tests.

Accomplishments for this past year include quantifi-
cation of the copolymer composition and quencher addi-
tives effect on photoacid-reaction diffusion deprotection 
front for resolution and roughness fundamentals by NR, 
advancement of photoresist / liquid interfaces for dis-
solution fundamentals by QCM, effect of exposure dose 
on the reaction-front in model EUV materials, photoacid 
generator miscibility and dispersion in complex photore-
sist co- and ter-polymers by NMR, aqueous immersion 
dependence on photoacid generator leeching and depth 
profile by NEXAFS, and development of cross-corre-
lation FCS with nanopositioning for labeled-polymer 
diffusivity in bulk and at interfaces.
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Program Overview

Nanometrology

Nanotechnology will revolutionize and possibly 
revitalize many industries, leading to new and improved 
products based on materials having at least one dimen-
sion less than 100 nm. The federal government’s role in 
realizing the full potential of nanotechnology is coordi-
nated through the National Nanotechnology Initiative 
(NNI), a multi-agency, multi-disciplinary program that 
supports research and development, invests in a bal-
anced infrastructure, and promotes education, knowl-
edge diffusion, and commercialization in all aspects of 
nanoscale science, engineering, and technology. NIST’s 
unique and critical contribution to the NNI is nanome-
trology, defined as the science of measurement and/or a 
system of measures for nanoscale structures and sys-
tems. NIST nanometrology efforts focus on developing 
the measurement infrastructure - measurements, data, 
and standards - essential to advancing nanotechnology 
commercialization. This work provides the requisite 
metrology tools and techniques and transfers enabling 
measurement capabilities to the appropriate communi-
ties.

The NIST Materials Science and Engineering Labo-
ratory (MSEL) plays a vital role in nanometrology work 
at NIST with efforts in four of the seven NNI Program 
Component Areas - Instrumentation Research, Metrol-
ogy and Standards for Nanotechnology; Nanomateri-
als; Nanomanufacturing; and Fundamental Nanoscale 
Phenomena and Processes. Innovative projects across 
MSEL are defining and addressing the forefront research 
issues in these areas.

Contacts: Alamgir Karim; Kalman Migler

Carbon Nanotube Project Meeting

Polymers Division Small-Angle X-Ray Scattering Facility
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Carbon Nanotube Materials: 
Achieving The Gold Standard in Quality and Characterization
The availability of high-quality, well-characterized 
carbon nanotube materials is essential to the de-
velopment of advanced applications that exploit the 
nanotube’s remarkable combination of properties. 
Our goal is to provide the methodologies that will 
produce Gold Standard nanotubes materials separat-
ed by length, diameter, and type. These high-quality 
samples will enable characterization of their electri-
cal, optical and mechanical properties.

Barry J. Bauer, Erik K. Hobbie  
and Kalman B. Migler 

A world-wide effort to harness the extraordinary 
properties of carbon nanotubes and to develop 

revolutionary new functional applications ranging from 
high-speed electronics to biosensors, fuel cells, and dis-
plays is underway.  However, typical nanotube materials 
contain dozens of different types of tubes, have a wide 
distribution of lengths, and frequently contain impuri-
ties.  The ill-defined nature of this material prevents 
proper characterization, which hampers trade and ap-
plication development.  

Our goal is to enhance both the quality of nanotube 
materials and the characterization methodologies of 
them by the development of solution-based techniques 
which sort the nanotubes by type and length, and enable 
characterization on materials of high purity.  We are 
currently focusing our efforts on three key areas which 
demonstrate the principles of our approach.  First, we 
are developing metrics for assessing the dispersion of 
nanotubes in solutions and in polymers.  Second, we are 
fractionating dispersed suspensions to produce nano-
tubes of well-defined length, and then characterizing 
the effects of length on their optical and toxicological 
properties.  Third, we are laying the groundwork for the 
next phase of the project, using the length fractionated 
tubes to then separate by type, via combinations of flow 
and electric fields. 

The characterization of nanotube dispersion is criti-
cal to our program, as only singly dispersed nanotubes 
can be separated by length and type.  Further, funda-
mental characterizations through optical, electrical, 
and mechanical methods are sensitive to the degree 
of dispersion.  We have compared a variety of opti-
cal, viscometric, and scattering techniques to measure 
dispersion, and found that DNA-wrapped nanotubes 
disperse well in aqueous suspensions, so we have 
chosen this material for the next phase of the project.  

In the Technical Highlights section of this report, we 
describe our achievement of unprecedented dispersion 
using the DNA-wrapped nanotubes in a model polymer, 
and the resulting comparison of dispersion measurement 
techniques. 

Nanometrology

Figure 1:  Absorption spectroscopy for 12 fractions that eluted from 
an ion-exchange column.

Next, we utilize the well-dispersed nanotubes for 
length fractionation through size-exclusion chromatog-
raphy.  We have introduced automated quality control 
measures into the chromatography via on-line viscom-
etry and light scattering.  We are exploring the effects of 
length on absorption and Raman spectroscopy, and we 
find a strong increase of absorbance with length as well 
as shifts in key Raman ratios.  The well-characterized, 
length separated fractions are also being used in toxi-
cology studies, and we find that the long SEC fractions 
show much lower toxicity. 

Finally, we are laying the groundwork to take the 
length-separated tubes and further separate them by type 
(semi-conducting vs. metallic).  This requires measures 
of the response of the DNA-wrapped nanotubes to 
electric fields and the complex flow fields in a field-
flow-fractionation system.  We have measured a wide 
range of electrophoretic mobilites on tubes of the same 
nominal length, and have measured the polarizability 
and impedance of the tubes in AC electrical fields.  The 
data generated will drive the design of future separation 
methods.

The methods and data developed here will be utilized to 
develop standards for nanotube characterization, and to 
develop complementary reference materials.
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Industrial developers of nanomaterials strive to adapt 
combinatorial and high-throughput methods to accel-
erate product discovery and optimization.  This pro-
ject addresses the primary barrier to the application 
of these attractive measurement approaches to nanos-
tructured polymer materials:  the design of appropri-
ate combinatorial libraries.  To meet this need, we 
produce and demonstrate library designs that express 
the factors governing nanomaterials behavior, and 
that are amenable to high-throughput characteriza-
tion by industrially relevant nanometrologies.

Michael J. Fasolka and Thomas H. Epps III 

The structure and performance of nanostructured 
polymer materials, including self-assembling sys-

tems, nanocomposites, and lithographic resists, depend 
on a plethora of interdependent compositional, interfa-
cial, and processing factors.  This makes these materials 
prime candidates for combinatorial and high-throughput 
devel-opment.   However, as detailed in a 2006 NIST 
Combinatorial Methods Center (NCMC) Industry Work-
shop Report, adaptation of combinatorial methods to 
these systems is hampered by the persistent challenge of 
de-signing appropriate combinatorial libraries (see NIS-
TIR 7332, www.nist.gov/combi).  Specifically, industry 
requires libraries that express the parameters relevant 
to nanomaterials behavior, and that can be analyzed 
with the measurements they currently rely upon, such 
as Transmission Electron Microscopy (TEM), Atomic 
Force Microscopy (AFM), and X-Ray Photoelectron 
Spectroscopy (XPS).

The NCMC has produced a suite of gradient combi-
natorial library designs that are readily employed for 
the high-throughput analysis of polymer nanomaterials. 
Gradients in temperature, composition, film thickness, 
and substrate surface energy (g) provide means to rapid-
ly and comprehensively measure the effect of these key 
factors on structure and performance.  Moreover, these 
planar libraries are highly geared for characterization 
by automated microscopy and spectroscopy methods.  
In 2006, we extended gradient approaches to analyze 
triblock copolymer thin films.  In bulk systems, these 
materials self-assemble into intricate nanostructures 
that can be harnessed for membranes and electronic 
devices, but it is uncertain whether these compelling 
motifs persist in the thin film geometries required for 
these applications.  We demonstrated a gradient design 
to gauge the effect of g on the film behavior of a triblock 

copolymer that exhibits a unique gyroid morphology in 
the bulk. As shown in Figure 1, our library revealed that 
this material switched from its bulk morphology to a 
lamellar motif in thin films, and illuminated a critical g 
(water contact angle of  ≈70º) below which the material 
exhibited “autophobic dewetting.” Automated XPS and 
NEXAFS (Near Edge X-Ray Absorption Fine Structure) 
analysis along the library shows that dewetting was 
driven by a g-dependent structuring of a polymer mono-
layer that forms at the substrate surface.  This work was 
reported via invited lectures at meetings of the American 
Physical Society and the American Chemical Society in 
2006.
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Also in 2006, we designed a method to prepare com-
binatorial libraries of film specimens for TEM analysis. 
The industrial need for this is paramount, since TEM is 
the primary tool many companies use for imaging nano-
structures. As shown in Figure 2, our method employs 
an array of poly(acrylic acid) (PAA) droplets, which 
are deposited over a thin film library; in the Figure, a 
gradient library of block copolymer on silicon is shown. 
A polydimethylsiloxane (PDMS) gasket, with an array 
of holes, is used to sequester plugs of aqueous PAA 
solution while they dry atop the specimen. The system is 
then immersed in liquid nitrogen, which causes the PAA 
droplets to pull a library of 48 different film specimens 
from the substrate. Since they remain lodged in the 
gasket, the PAA plugs retain their registry. Samples are 
harvested by dissolving the PAA plugs to leave floating 
films that can be retrieved with TEM grids.

Combinatorial Methods for Nanomaterials and 
Nanometrology

Figure 1:  Optical micrograph of g-dependent morphology and 
autophobic dewetting in a triblock copolymer thin film. 
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Figure 1:  Combinatorial film libraries for TEM analysis.
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Defects in Nanostructured Materials

The functionality of nanoscale materials, critical to 
emerging technologies in data storage, microelectron-
ics, and medical diagnostics, is strongly dependent 
on the density and location of physical, chemical, and 
magnetic defects.  Currently, a lack of tools capable 
of characterizing defects in these materials limits the 
development of these important technologies.  We are 
developing measurement platforms capable of high 
precision measurements of defects in nanostructured 
surfaces, and materials to enable manufacturing at 
these scales, as well as provide insight into materials 
properties that control defect formation.   

Ronald L. Jones and Alamgir Karim  

Manufacturing reliable structures with nanometer 
scale dimensions is a potential route to advanced 

technologies for microelectronics, medial diagnostics 
and therapy, and data storage.  However, manufacturing 
is challenged by the sensitivity of structural functional-
ity to small concentrations of defects in size, shape, and 
chemical composition.  Current methods of inspection 
are incapable of rapidly locating the “needle-in-a-
haystack” defect until late in manufacturing stages, and 
are often destructive to the sample.  We are developing 
measurement platforms capable of quantifying the type 
and number of defects, their location, and their resulting 
impact on materials properties.  

In addition to advancing manufacturing methods, 
measurement platforms to characterize defects will 
advance the fundamental understanding of defect 
formation mechanisms, providing additional control 
over material properties.  Controlled defect formation in 
bulk materials has long been an important route toward 
mechanical toughening in crystals, altering phase transi-
tions in solids, and imposing the formation of amor-
phous glasses.
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Figure 1:  Transmission electron micrography of a cross 
sectioned porous silica film created by patterning with a block 
copolymer template.  The image shows a wide range of structural 
irregularities (Image courtesy H.-C. Kim).

Figure 2:  SAXS intensity as a function of scattering vector parallel  
(horizontal axis) and perpendicular to the substrate (vertical axis) 
for nanostructured silica films.  The data shows qualitative and 
quantitative differences between varying degrees of orientational 
control, including (from left to right) randomly packed spheres, 
partially oriented cylinders, and highly oriented lamellae.

One platform under development uses small angle 
x-ray scattering (SAXS) to measure the 3D distribution 
of orientation within nanostructured thin films.  In Fig. 
1, the microphase structure of a block copolymer film 
has been chemically converted to a porous silica film as 
a potential route toward high density data storage and 
next generation membranes.  Controlling the orienta-
tion of the morphology is critical to both applications.  
The data in Fig. 2 demonstrates both a qualitative and 
quantitative change in SAXS intensity as the orientation 
of the microphases is varied.  Fits of the data provide 
high precision measures of the distribution in orientation 
non-destructively in a manner exportable to industry.  

Other platforms being developed aim to characterize 
and quantify magnetic interactions in individual metal-
lic nanoparticles, rapidly quantifying the concentration 
of defective particles for many applications, including 
medical diagnostics.  Precise characterization of nano-
particle interactions is also aiding the development a 
“nanotagger” platform that utilizes nanoparticles to 
“seek, identify, and locate” chemical and topologi-
cal defects on surfaces by attaching and fluorescing. 
Applications of these platforms focus on fundamental 
understanding of packing defects during self-assembly 
of polymer crystals and block copolymer films. 
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Technologies such as next-generation electronics, 
advanced adhesives, and functional coatings depend 
on robust interfaces between a variety of hard and 
soft materials.  To ensure the reliability of new prod-
ucts and drive these products into new and emerging 
markets, industry requires means to assess the host of 
factors that govern the mechanical behavior of these 
systems. With an emphasis on combinatorial and 
high-throughput approaches, this project develops 
and demonstrates innovative tools for measuring the 
mechanical properties and performance of materials 
systems that incorporate complex interfaces.

Christopher M. Stafford  

Adhesion between materials depends on a multitude 
of factors, including interfacial energy, interfacial 

roughness, chemical interactions, polymer entangle-
ments, and a variety of energy dissipation mechanisms.  
Given this immense parameter space, the understand-
ing and optimization of adhesion in a given system 
requires a huge number of experiments.  In this capacity, 
combinatorial and high-throughput techniques offer a 
promising measurement solution for industrial research-
ers.  As part of our effort to extend these revolutionary 
approaches to the mechanical analysis of systems with 
complex interfaces, in 2006 we designed a number of 
combinatorial libraries that express key factors that 
govern interfacial adhesion.  These libraries are a foun-
dation for gauging and optimizing the effect of these 
parameters.  Moreover, these specimen arrays comple-
ment high-throughput measurement schemes, including 
our multilens contact adhesion test and our combinato-
rial edge lift-off test.  

Polymer brushes provide a facile route for express-
ing diverse chemistry and functionality on a surface.  
As illustrated in Figure 1, by changing monomer types, 
surface initiator site density, and reaction times across 
a surface, we are producing libraries that systematically 
express chemical moieties, chain lengths, and molecular 
architectures, which dictate polymer adhesion.  These 
types of libraries also present a unique opportunity to 
study the effects of molecular rearrangements at contact-
ing interfaces.

Roughness plays a critical role in interfacial adhe-
sion, however systematic measurements of the effect of 
this factor are difficult to achieve. To meet this need, we 
are developing approaches to design roughness libraries 
that span multiple length scales.  For example, a versa-
tile method for creating roughness gradients exploits the 
melting and fusion of surface-adsorbed polymer micro-
spheres.  As shown in Figure 2, the scale of roughness 
is gradually varied by melting the spheres on a tempera-
tures gradient.  In addition, we are harnessing a buckling 
phenomenon to design libraries that independently vary 
the amplitude and lateral spacing of surface roughness.
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Mechanics of Complex Interfaces: 
Libraries for Probing Interfacial Adhesion

Development of multi-component adhesives and 
coatings by industry involves testing hundreds or 
thousands of candidate formulations.  To address this 
challenge, we are developing routes to prepare composi-
tional libraries of the viscous polymer mixtures that are 
inherent to these systems.  This work is part of a NIST 
Combinatorial Methods Center (NCMC) Focus Project 
with Intel and ICI/National Starch, completed in 2006.  
These companies will use these libraries for the high-
throughput optimization of epoxy underfill materials 
for flip-chip electronics.  In 2007, we will develop and 
demonstrate the rapid measurement of the interfacial 
strength across these libraries using our combinatorial 
edge lift-off test.

In 2006, we reported our project achievements at 
key national conferences in the adhesion field.   Invited 
lectures on this work were given at the two Gordon 
Research Conferences (Science of Adhesion, and Com-
binatorial and High-Throughput Material Science), the 
Adhesion Society, and the Materials Research Society.  
We also disseminated our results to industrial partners at 
semi-annual NCMC Workshop lectures.
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Figure 1:  Illustration of different polymer brush libraries for 
assessing interfacial adhesion.

Figure 2:  Atomic force micrographs of a roughness library 
produced by melting polymer microspheres on a temperature 
gradient.
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Nanoimprint Lithography
Nanoimprint lithography is a high-throughput pat-
terning technique with the ability to directly replicate 
features smaller than 10 nm, not just in optimized 
resists, but also in functional materials.  This makes 
the technology extremely attractive for many forms 
of nanotechnology, starting with CMOS applications, 
and extending into many emerging technologies.  To 
fully harness the potential of nanoimprint lithogra-
phy requires development of the measurement infra-
structure to evaluate, quantify, and tailor the unique 
properties that come with patterning materials on the 
nanoscale.

Christopher L. Soles 

There are two aspects of nanoimprint lithography 
introducing measurement challenges.  The first 

aspect is resolution.  Because this technique has inher-
ently high-resolution, basic shape metrology becomes a 
significant challenge. Quantifying physical dimensions 
is critical for evaluating patterning processes, quality 
control, and assessing the long-term stability of nano-
scale features.  Currently the semiconductor industry is 
challenged by with shape metrology at the 65 nm tech-
nology node.  The potential jump to sub-10 nm features 
exacerbates this challenge.  The second aspect stems 
from directly patterning the material of interest.  This 
differs from other lithographies where a sacrificial resist 
transfers the pattern into the functional material.  Be-
yond pattern shape, it then becomes critical to quantify 
how the desired properties of the functional material are 
impacted by the imprint process. This is a new class of 
metrology for the nanofabrication community.

Significant progress has been made on both aspects.  
Critical dimension small angle x-ray scattering (CD-
SAXS) and specular x-ray reflectivity (SXR) for pattern 
shape characterization were adapted for nanoimprint li-
thography.  Papers were published describing how these 
techniques could be used to quantify, with nm precision, 
the fidelity of the imprint pattern transfer process.  If the 
nanostructures are to be made of functional material, 
they must also be stable for long periods of time.  Stabil-
ity in nanostructures, especially polymeric ones, will be 
a major challenge for nanomanufacturing.  Using CD-
SAXS and SXR, we found that the imprint process can 
induce internal stress that can compromise the stability 
of the resulting nanostructures.  By modifying imprint 
variables, such as the time, temperature, and the molec-
ular mass of the material being imprinted, we illustrated 
how these stresses can be minimized.

Examples of imprinted functional materials include 
semicrystalline materials where the crystal morphology 
needs to be controlled for organic semiconductor ap-
plications, and nanoporous low-k dielectric materials for 
interconnect technologies.  For the patterned low-k ma-
terials, the way in which the imprint process affects the 
porosity will be important for controlling the effective k 
of the pattern.  The Figure below, obtained by SXR and 
CD-SAXS, compares the imprinted pattern cross-section 
to the mold, quantifying the effects of pattern shrinkage 
upon vitrification.  A modest shrinkage occurs in the 
vertical direction, with almost no shrinkage in the later-
al.  Knowing and controlling this shrinkage will be criti-
cal for next generation devices.  The panel to the right 
further shows how the porosity of the pattern varies as a 
function of height (obtained by x-ray porosimetry).  The 
porosity is reduced in the patterned region.  These types 
of metrologies will be critical for developing effective 
imprint process for low-k materials

Nanometrology

This year our findings were published in high profile 
journals, including Applied Physics Letters, Nano Let-
ters, and Physical Review Letters.  Industrial outreach 
to the semiconductor industry was achieved through in-
vited and contributed presentations at major lithography 
and metrology conferences.   These included a Webcast 
for Semiconductor International that was viewed by 
thousands worldwide.  Bilateral cooperative agreements 
were established and funded with Seoul National Uni-
versity and the Indian Institute of Technology, Kanpur.
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The self-assembly of molecules and nanoparticles is 
central to the formation of biological structures, and 
the synthetic emulation of this process offers great 
promise for nanometrology and nanofabrication. Ac-
cordingly, this approach to fabrication has recently 
been identified in U.S. chemical industry roadmaps 
for nanomanufacturing. We respond to this challenge 
by developing theoretical, computational, microfluid-
ic, and optical methods to enable precision measure-
ments of the thermodynamic and kinetic parameters 
controlling synthetic self-assembly

Jack F. Douglas and Steven D. Hudson 

Self-assembly of nanoparticles into functional struc-
tures such as sensors, optical filters, and pharma-

ceutical agents holds great promise for inexpensive 
manufacturing at the nanoscale. The greatest opportu-
nity involves self-assembly of highly directional and 
specific interactions that lead to structures that have a 
chain-like, sheet-like, or shell-like structure. The basic 
design rules that describe how a given set of anisotropic 
particles assembles into a given structure are now being 
developed as one component of this project. The second 
component addresses the critical need for methods to 
measure these anisotropic and specific interactions 
between particles; such basic information is the key to 
determining how the asymmetry of interacting particles 
encodes information about the geometry of the orga-
nized structure.

Our theoretical approach to the principles governing 
this process is inspired by existing models and measure-
ments for the self-assembly of actin, tubulin, and the 
ubiquitous icosahedral shell structures of viral capsids. 
In our simulations, we introduce a family of simple, yet 
anisotropic, potentials that give rise to the self-assembly 
of linear polymeric, random surface (“membrane”), 
tubular (“nanotube”), and hollow icosahedral structures 
that are similar in many respects to their biological 
counterparts, yet simple enough for model experimental 
realization. The potentials involve equivalent particles 
and an interplay between directional (dipolar, multi-
polar) and short range (van der Waals) interactions. 
Specifically, we find that the dipolar potential, having 
a continuous rotational symmetry about the dipolar 
axis, gives rise to chain formation, while particles with 
multipolar potentials having discrete rotational sym-
metries (square quadrupole or triangular ring of dipoles 
or “hexapole”) lead to the self-assembly of sheet (see 

Figure), nanotube, and hollow icosahedral geometries. 
These examples reveal a general design rule: the local 
rotational symmetries of the organizing particles tend 
to be preserved in the final organized structure. They 
also strongly motivate the need for methods to measure 
the anisotropic interaction strength. We also show that 
fluctuations in the assembly kinetics and the form of 
assembly and polymorphism can be controlled with 
appropriate seeding of the assembly process. Seeding is 
thus crucial to the effective control of kinetics and form 
of synthetic self-assembly.
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Self-Assembly for Soft Nanomanufacturing

Extensive effort has also been made in character-
izing the thermodynamic nature of self-assembly, and in 
the numerical and experimental procedures required in 
determining the thermodynamic parameters governing 
these transitions. A recent commentary in Science maga-
zine (July 7, p.55) highlights this modeling effort.

Current method and technology development here 
explores the potential of particles with charged patches 
or magnetic moments to control assembly. Surface-
sensitive and patterning techniques are being adapted 
to access anisotropic interactions between particles. 
These measurements employ the asymmetry inherent at 
a surface. 

The geometry of these assemblies is characterized by 
electron microscopy, microfluidic, and optical methods. 
Recently, we have discovered hollow colloidal shell 
structures, and are working with Percec and coworkers 
to manipulate the interactions controlling this structure. 
Microfluidic traps have been used to determine interac-
tion strength within assemblies.  
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Figure 1:  Self-assembled sheet preserving the local symmetry of 
quadrupole particles (shown in enlargement). 



36



37

Safety and Reliability

We take for granted that the physical infrastructure 
around us will perform day in and day out with consis-
tent reliability. Yet, failures occur when these structures 
degrade to where they no longer sustain their design 
loads, or when they experience loads outside their origi-
nal design considerations. In addition, we have become 
increasingly aware of our vulnerability to intentional 
attacks. The Safety and Reliability Program within the 
NIST Materials Science and Engineering Laboratory 
(MSEL) was created to develop measurement technol-
ogy to clarify the behavior of materials under extreme 
and unexpected loadings, to assess integrity and remain-
ing life, and to disseminate guidance and tools to assess 
and reduce future vulnerabilities. Project selection is 
guided by identification and assessment of the particular 
vulnerabilities within our materials-based infrastructure, 
and focusing on those issues that would benefit strongly 
by improved measurements, standards, and materials 
data. Ultimately, our goal is to moderate the effects of 
acts of terrorism, natural disasters, or other emergencies, 
all through improved use of materials. Our vision is to 
be the key resource within the Federal Government for 
materials metrology development as realized through 
the following objectives:

• Develop advanced measurement methods needed 
by industry to address reliability problems that arise 
with the development of new materials;
• Develop and deliver standard measurements and 
data;
• Identify and address vulnerabilities and needed 
improvements in U.S. infrastructure; and
• Support other agency needs for materials expertise. 

Contact: Chad R. Snyder

Program Overview
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Ballistic Resistance of Polymeric Materials

This project is developing metrologies and  
Failure of a first responder’s personal body armor 
prompted NIST’s Office of Law Enforcement Stan-
dards (OLES), under the auspices of the National In-
stitute of Justice (NIJ), to initiate a program to assess 
the long-term durability and effectiveness of current 
and future soft body armor products. In response, we 
are developing metrologies and models to test and 
predict the long-term reliability of polymers used in 
these products.

Gale A. Holmes and Chad R. Snyder 

In a recent review [1] of the potential degradation 
mechanisms of the ballistic fiber poly (p-phenylene 

benzobisoxazole, i.e., PBO), ultraviolet (UV) radiation 
exposure, exposure to moisture, elevated temperature 
exposure, and mechanical folding have been identi-
fied as mechanisms that may compromise the structural 
integrity of the active ballistic fiber during use. Since 
answers related to the long-term durability of the armor 
are sought, any testing methodology must allow relevant 
degradation mechanisms to occur under field conditions 
and controlled exposure conditions without compromis-
ing the structural integrity of the armor. As a result the 
testing methodology must be non- or minimally-inva-
sive, precisely determine the mechanical properties of 
the ballistic fibers, and reflect the ballistic performance 
properties of the armor.

ASTM Standard D3379-75, a statistically robust 
testing methodology that measures the tensile strength 
and Young’s modulus for high modulus single-filament 
materials that also addresses the issue of sample size, 
was modified to accurately measure the strain-to-failure 
and diameter of single filaments, with the latter provid-
ing a more accurate measure of the yield strength and 
Young’s modulus of the filament. This test was designed 
to monitor changes in fiber properties without compro-
mising the integrity of flexible body armor. In addition 
to showing that changes in ballistic fiber properties are 
readily quantified using this test, results from PBO fila-
ments have shown that deviations of the yield strength 
data from the expected normal distribution can be at-
tributed to abnormal variations in the fiber diameter of 
the PBO filament along its length, thus highlighting the 
need to profile the length of the tested fiber.

Research data from 2005 indicated that a single 
severe fold in a PBO fiber could result in a greater than 
10 % reduction in ballistic performance, as quantified by 
the test method discussed above. To better quantify the 

Our research on the degradation pathways of PBO 
and PBO-like materials has focused on the role of 
residual phosphoric acid on the chemical degradation 
of these materials. A procedure was devised to extract 
residual acid using a soxhlet extractor, methylate any 
extracted phosphoric acid by diazomethane, and identify 
and quantify its presence by gas chromatography-mass 
spectrometry. This more involved procedure was de-
vised to overcome the presence of phosphorus contain-
ing sizing material that may be added during processing. 
Initial results indicate that after a week-long extraction 
process, only 25 % of the phosphorus containing species 
was removed from the fiber. Research is ongoing to 
identify the extracted phosphorus, which is presumed 
to be composed primarily of the sizing additive, and to 
devise a more robust approach for removing the remain-
ing phosphorus believed to be trapped in the micro and 
nanoscale voids of the fiber structure.
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Safety and Reliability

impact of fatigue on ballistic performance, a device was 
designed (below) for use on a servo hydraulic machine, 
such as those commonly used to measure the fatigue 
resistance of structural materials, to fold single and mul-
tiple layers of woven fabric of ballistic material. Initial 
data from this device indicate that repeated folding of 
PBO fibers can result in a greater than 20 % reduction in 
ballistic performance after 5 000 cycles or seven months 
of wear! Since this is a new testing methodology, re-
search is being conducted to validate these preliminary 
test results.
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