
Self-Assembly of ABC Bottlebrush Triblock Terpolymers with
Evidence for Looped Backbone Conformations
Daniel F. Sunday,*,† Alice B. Chang,*,‡ Christopher D. Liman,† Eliot Gann,†

Dean M. Delongchamp,† Lars Thomsen,§ Mark W. Matsen,∥ Robert H. Grubbs,‡

and Christopher L. Soles†

†Materials Science and Engineering Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899,
United States
‡Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 91125, United States
§Australian Synchrotron, 800 Blackburn Road, Clayton, Victoria 3168, Australia
∥Department of Chemical Engineering, Department of Physics and Astronomy, and Waterloo Institute for Nanotechnology,
University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

*S Supporting Information

ABSTRACT: Bottlebrush block copolymers offer rich opportunities for the design of complex
hierarchical materials. As consequences of the densely grafted molecular architecture,
bottlebrush polymers can adopt highly extended backbone conformations and exhibit unique
physical properties. A recent report has described the unusual phase behavior of ABC
bottlebrush triblock terpolymers bearing grafted poly(DL-lactide) (PLA), polystyrene (PS), and
poly(ethylene oxide) (PEO) blocks (LSO). In this work, a combination of resonant soft X-ray
reflectivity (RSoXR), near-edge X-ray absorption fine structure spectroscopy (NEXAFS), and
self-consistent field theory (SCFT) was used to provide insight into the phase behavior of LSO
and underlying backbone chain conformations. Consistent with SCFT calculations, RSoXR
measurements confirm a unique mesoscopic ACBC domain connectivity and decreasing lamellar
periods (d0) with increasing backbone length of the PEO block. RSoXR and NEXAFS
demonstrate an additional unusual feature of brush LSO thin films: when the overall film
thickness is ∼3.25d0, the film−air interface is majority PS (>80%). Because PS is the midblock,
the triblocks must adopt looping configurations at the surface, despite the preference for the
backbone to be extended. This result is supported by backbone concentrations calculated
through SCFT, which suggest that looping midblocks are present throughout the film.
Collectively, this work provides evidence for the flexibility of the bottlebrush backbone and the
consequences of low-χ block copolymer design. We propose that PEO blocks localize at the PS/PLA domain interfaces to
screen the highest χ contacts in the system, driving the formation of loops. These insights introduce a potential route to
overcome the intrinsic penalties to interfacial curvature imposed by the bottlebrush architecture, enabling the design of unique
self-assembled materials.

■ INTRODUCTION

Bottlebrush block copolymers (BCPs) are densely grafted
macromolecules that feature a polymer backbone bearing
polymeric side chains. Steric repulsion between the side chains
imparts a certain bending rigidity to the backbone, causing
bottlebrush polymers to adopt extended, wormlike conforma-
tions.1 Because of their extended conformations, bottlebrush
polymers display unique physical properties compared to linear
analogues. For example, the bottlebrush architecture sup-
presses entanglements in the melt up to ultrahigh total
molecular masses (>1 MDa),2−4 which facilitates fast assembly
into nanostructures with ultralarge periodicities (d0 > 100
nm).5 This ability to tune self-assembled length scales over a
wide range while maintaining excellent melt processability6

opens new opportunities to design hierarchical functional
materials. Reflecting this potential, bottlebrush BCPs have

found utility in a wide variety of applications, including
photonics,6,7 solid electrolytes,8 supersoft elastomers,9−11

biomedical materials,12,13 and nanofabrication.5,14,15

Recent theoretical16−18 and experimental14,19,20 work
provides guidance for tailoring bottlebrushes to achieve desired
structures and properties. Many parameters within the
enormous design space can be modified, including the side-
chain chemistry, grafting density (z), total backbone degree of
polymerization (Nbb), side-chain degrees of polymerization
(Nsc), and block volume fractions ( f). However, in large part
due to long-standing synthetic challenges, considerable work is
still needed to understand bottlebrush behavior ranging from
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the level of the backbone and side-chain conformations to the
factors controlling mesoscopic structure. Whereas the phase
behavior of linear diblock copolymersthe simplest BCP
architecturehas been extensively investigated, the phase
behavior of graft BCPs remains relatively unexplored. Linear
AB diblock copolymers with symmetric compositions ( fA = 1/
2) typically assemble to lamellar morphologies wherein the
lamellar period d0 scales according to d0 ∼ Nα, where N is the
total degree of polymerization and 1/2 ≤ α ≤ 2/3.21,22 The
scaling exponent α reflects the Gaussian coil-like chain
conformations. For analogous graft BCPs, α is often
significantly larger, reflecting the extended wormlike con-
formations: d0 ∼ Nbb

α(z), where α ∼ z.23 In the limit of large z,
α approaches 0.9, indicating that fully grafted bottlebrush
BCPs are highly extended compared to linear BCPs. The
backbone extension also manifests in the expanded composi-
tion window for lamellar morphologies. The steric-induced
stiffening of the backbone resists interfacial curvature,
discouraging the formation of higher-dimensional structures
such as cylinders or spheres even at highly asymmetric
compositions.24 We note that despite these consequences,
recent theory and experiments suggest that bottlebrushes in
the melt may be more flexible than generally assumed.19,25

These results raise interesting questions about the flexibility of
the bottlebrush backbone and opportunities for materials
design.
A recently reported bottlebrush triblock terpolymer,

featuring a polynorbornene backbone with grafted poly(DL-
lactide) (PLA), polystyrene (PS), and poly(ethylene oxide)
(PEO) blocks (LSO), provides an attractive platform for
studying the interplay of molecular architecture, chain
conformation, and self-assembly (Figure 1).26 Brush LSO
exhibits unusual phase behavior: rather than forming the
expected lamellar morphology with ABCB connectivity
(LAM3), brush LSO forms partially mixed lamellae with
mesoscopic ACBC connectivity (LAMP). Transmission
electron micrographs (TEM) suggest that PEO blocks reside

at the interfaces between PS and PLA domains. Furthermore,
under certain conditions, d0 decreases when the total molecular
mass increases.26 To better understand the molecular origins of
this behavior, in this report we use soft X-ray techniques and
self-consistent field theory to interrogate the composition
distribution of brush LSO assembled in thin films.
The structure of multicomponent polymers is generally

characterized using a combination of real space information,
such as TEM with contrast-enhanced staining, and reciprocal
space information from X-ray scattering. Both approaches are
sensitive to the electron density variation in a sample, which
limits the contrast in typical all-organic polymers. Soft X-ray
based techniques such as resonant soft X-ray reflectivity
(RSoXR)27−29 and near-edge X-ray absorption fine structure
spectroscopy (NEXAFS)30,31 are sensitive to variations in the
chemical composition,32−34 concentration,35 and bond ori-
entation,36,37 allowing differentiation between components
that may have nearly equal electron densities in hard X-ray
measurements. The soft X-ray regime (100−3000 eV) of the
electromagnetic spectrum is populated by absorption edges for
elements which make up the majority of organic materials,
including carbon, nitrogen, and oxygen. Near an atomic
absorption edge, the complex index of refraction

ρ ρ= − [ − ]λ
π

n i1
2 R Im

2

(where ρR is the real component, ρIm
is the imaginary component in terms of scattering length
density (SLD), and λ is the X-ray wavelength) varies
significantly as a function of energy and molecular composition
due to electronic transitions between occupied and unoccupied
orbitals. This sensitivity to chemical structure has been utilized
to tune the contrast between the different components in soft
materials, making it possible to interrogate composition
distributions in sub-100 nm thick organic films.32,38,39 While
NEXAFS is primarily surface-sensitive, RSoXR has the
capability to depth profile the bonds in thin films up to
several hundred nanometers thick depending on the energy,
making the two techniques excellent complementary measure-
ments for investigating thin film behavior. In this report, both
RSoXR and NEXAFS were used to evaluate the composition
distribution in brush LSO thin films. These measurements
provide new insight into the molecular origins of the unusual
phase behavior, shedding light on role of low-χ interactions
and the flexibility of the bottlebrush backbone.

■ MATERIALS AND METHODS
Sample Preparation. Brush LSO triblock terpolymers were

synthesized by living grafting-through ring-opening metathesis
polymerization (ROMP) according to reported procedures.26 The
molecular masses of the PLA, PS, and PEO side chains were fixed at
4.4, 2.3, and 2.0 kg/mol, respectively. A series of LSO samples were
synthesized from a parent LS diblock copolymer having backbone
degrees of polymerization Nbb,L = 26 and Nbb,S = 24 through the PLA
and PS blocks, respectively. PEO blocks with backbone degree of
polymerization Nbb,O = 8, 12, 16, and 12 were installed, varying the
volume fraction of PEO from f PEO = 0.09 to 0.20. Molecular
characterization data are summarized in Table 1. The LSO samples
were self-assembled on a silicon wafer with the lamellae oriented
parallel to the substrate by spin-coating from propylene glycol methyl
ether acetate (PGMEA) (30 mg/mL, 1000 rpm). The film thickness
was tuned until no island/hole formation was observed by atomic
force microscopy (AFM). We note that no evidence of crystallization
was observed on the time scale of sample preparation and
measurement, consistent with previous reports of densely grafted
PEO-containing bottlebrush BCPs.8,26

Figure 1. (A) Illustration of the bottlebrush LSO triblock terpolymers
studied herein. The polynorbornene backbone is indicated in black;
the polylactide (L), polystyrene (S), and poly(ethylene oxide) (O)
side chains are red, green, and blue, respectively. (B) Chemical
structure of brush LSO.
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Resonant Soft X-ray Reflectivity (RSoXR) and Near-Edge X-
ray Atomic Fine Structure Spectroscopy (NEXAFS). RSoXR
measurements were conducted at beamline 6.3.2 at the Advanced
Light Source at Lawrence Berkeley National Laboratory. Measure-
ments at the carbon edge (270−300 eV) used a 600 mm−1 grating,
titanium filter, nickel order sorter, and a combination of photodiode
and CEM Burle detectors. The data were fit using the refl1d program,
which utilizes the matrix method to calculate the simulated reflectivity
profile, and uncertainties were determined using the differential
evolution adaptive Metropolis (DREAM) algorithm. All uncertainties
represent 95% confidence intervals. NEXAFS measurements were
collected at the SXR beamline40 of the Australian Synchrotron and

corrected and normalized with the “quick as NEXAFS tool”
(QANT).41

Self-Consistent Field Theory (SCFT). We employ the same
SCFT that was previously introduced for AB bottlebrushes19 and later
extended to the current ABC bottlebrushes.26 The calculation models
the backbone as a semiflexible wormlike chain and the grafts as
flexible Gaussian chains. The original study19 obtained the persistence
length of the backbone by fitting the equilibrium period of the
lamellar phase obtained by SCFT to the experimental result. Here, we
use the same persistent length of 3.1 nm, which equates to five
backbone units. The interactions between the three types of grafts are
controlled by the usual Flory−Huggins interaction parameters, which
were estimated to be χLS = 0.08, χSO = 0.049, and χLO = −0.01 based
on previous experiments.26 The spacing of the grafts is assumed to be
sufficiently close to prevent other chains from interacting with the
backbone. This implies that the backbone interactions remain
relatively constant, and thus they are ignored in the calculation. For
further simplicity, the volume of the backbone is also ignored. Using
standard techniques,42 the SCFT of this model is solved for a bulk
lamellar morphology in the incompressible limit, with the equilibrium
period (d0) determined by minimization of the free energy (F).

Table 1. Molecular Characterization Data for Brush LSO
Triblock Terpolymers

sample Nbb,L
a Nbb,S

a Nbb,O
a Mn (kg/mol) Đ

LSO-8 26 24 8 197 1.00
LSO-12 26 24 12 206 1.01
LSO-16 26 24 16 215 1.07
LSO-20 26 24 20 224 1.00

aNumber-average degree of polymerization through the backbone,
determined from a combination of light scattering and 1H NMR.

Figure 2. (A) Experimental (black circles) and simulated (red lines) reflectivity profiles collected for a brush LSO-12 thin film at three different
energies. Simulated reflectivity profiles were calculated from the SLD profiles shown in part B. (B) Composition profiles for LSO-12 determined
from reflectivity measurements at 270, 284, and 286 eV. The insets show the simulated SLD profile (top) and the composition profile calculated
using SCFT (bottom), showing excellent qualitative agreement with the experimental results. The shaded colors highlight the correspondence of
each material to its SLD: PLA (red), PS (green), and PEO (blue).
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■ RESULTS AND DISCUSSION

Reflectivity measurements were conducted near the carbon
edge to vary the contrast between the three components (PLA,
PS, and PEO) in the LSO films and characterize their
distribution. The experimental and simulated reflectivity curves
for LSO-12 (Nbb,O = 12) are shown in Figure 2A.
Measurements were conducted at (1) 270 eV, which is
effectively nonresonant and sensitive to the electron density
distribution; (2) 284 eV, which is just below the absorption
peak for aromatic carbons (≈285 eV) and therefore sensitive
to the concentration of PS; and (3) 286 eV, which is below the
absorption peak for carbonyl bonds (≈288 eV) and sensitive to
the concentration of PLA. These three energies enable
considerable variation of the optical constants in the system
and effective determination of the component distributions.
NEXAFS measurements were used to evaluate the optical
constants of bottlebrush homopolymers for each component to
aid in correlating a measured SLD with the chemical
composition (shown in the Supporting Information).
The ρR profile, determined from fits to the experimental

data, is shown in Figure 2B for all three energies. Several
models were tested while fitting the RSoXR data. First, an
ABCBA-type model with a PEO layer isolated between PS
layers was tested, representing the conventional LAM3
morphology expected for triblock terpolymers. The LAM3
model failed to fit the experimental data, eliminating the
possibility that the material may organize differently in a thin
film compared to the bulk. This comparison also evaluates the
possibility that chain pull-out impacts the component
distribution and periodicity, as has been previously proposed
by analogy to linear ABA′ triblock copolymers.26 In linear

ABA′ triblocks, when the end blocks are sufficiently
asymmetric, the shorter A blocks can pull out of A domains
and segregate to the center of B domains, thereby increasing
d0. The reduction in free energy due to relaxation of the B
blocks outweighs the enthalpic penalty to A/B mixing.43,44 At
284 eV, RSoXR provides significant contrast between PS and
PEO as a result of the sensitivity of the soft X-rays to the
aromatic rings in PS; the 1s→ π* transition occurs around 285
eV. The presence of even a small amount of PEO in the PS
domains would cause an observable change in the reflectivity
profile. However, no evidence for PEO in PS domains was
observed in any of the brush LSO thin films, suggesting that
chain pull-out does not explain the unusual trend in d0.
Two other models, consistent with LAMP, were also

considered. The first model assumes an explicit PEO layer
residing at the interface between PS and PLA domains, and the
second model incorporates an implicit PEO layer between PS
and PLA domains. The best fits for both models reduced to
identical SLD profiles where the PEO layer could not be
explicitly observed, indicating that the bilayer model accurately
captures the measured SLD profile. Based on the fits, LSO-12
forms a lamellar morphology with a PS layer at the top surface
followed by alternating domains of PS and PLA with PEO at
the interfaces. Near the silicon substrate, the layers become less
distinct and the interfaces become broader, potentially due to
restricted motion at that surface.
SCFT calculations provide further insight into the

reflectivity results. The bottom half of the inset in Figure 2B
shows the SCFT composition profile calculated for LSO-12.
SCFT predicts that PEO will be primarily localized at the
PLA/PS interfaces, with a small fraction distributed through-
out the PLA layer, consistent with the partially mixed LAMP

Table 2. Dimensions Resulting from Best Fits to the Brush LSO Reflectivity Profilesa

sample d0 (nm) (RSoXR) d0 (nm) SAXSb dL+O(nm) dS (nm) interfacial width, w (nm) PS surface thickness (nm)

LSO-8 26.1 ± 0.5 26.8 16.7 ± 0.3 9.4 ± 0.3 3.8 ± 0.5 4.6 ± 0.2
LSO-12 25.7 ± 0.6 25.2 16.9 ± 0.3 8.8 ± 0.3 4.5 ± 0.6 4.2 ± 0.3
LSO-16 25.2 ± 0.5 24.6 16.8 ± 0.2 8.4 ± 0.3 4.8 ± 0.8 3.8 ± 0.2
LSO-20 23.1 ± 0.5 23.6 16.6 ± 0.3 6.5 ± 0.2 7.5 ± 0.8 3.3 ± 0.2

aUncertainties represent 95% confidence intervals determined by the DREAM algorithm.45 bLamellar period determined from previously reported
hard SAXS measurements.26

Figure 3. Schematic illustration of chain configurations over one lamellar period (d0) for (A) LSO-8 and (B) LSO-12. Relevant dimensions are
indicated, including d0, the thickness of the mixed PLA/PEO domains (dL+O), the thickness of the PS domains (dS), and the average distance
between block junctions at the interface (aij). Note d0

(8) > d0
(12) and aij

(8) < aij
(12).
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morphology. The composition profile from the SCFT
calculations can be used to calculate an SLD profile using
the known values of the optical constants for each polymer at
each energy. These SLD profiles derived from the SCFT
simulations show excellent agreement with the experimental
results, providing further support for the component
distributions determined by RSoXR.
The overall changes in d0 with Nbb,O determined by RSoXR

correspond with the d0 values determined from small-angle X-
ray scattering (SAXS) measurements on the same materials in
the bulk (Table 2).26 In addition to this information,
reflectivity provides a unique, powerful advantage over
SAXS: the absolute thicknesses of individual domains can be
directly interrogated, providing new insight into the con-
nections between the molecular architecture and the mesoscale
domain structure. With increasing Nbb,O, the mixed PLA/PEO
domains maintain the same thickness dL+O ≈ 16.8 nm, while
the thickness of the PS domains (dS) decreases from 9.4 nm
(LSO-8) to 6.5 nm (LSO-20). At the same time, the interfacial
width (w) increases from 3.8 to 7.5 nm. The interface between
layers in the model is described by an error function, and w is
calculated from the width of the error function (σ) according
to the following relationship: w = σ√2π. The combination of
these trends suggests that compatibilization of PS and PLA at
the interface is the primary driver of the unusual decrease in d0
with increasing total molecular mass. Blending at the interface
screens the unfavorable high-χ interactions between PS and
PLA, encouraged by the morphological frustration (χLS ≫ χLO)
and enabled by low χ between the PLA and PEO end blocks
(χLO ≲ 0).
The interfacial compatibilization also involves changes to the

average cross-sectional area per chain: as increasingly long
PEO blocks are localized at the interface between domains, the
average distance between block−block junctions (aij) must
increase. To maintain uniform melt density, d0the
orthogonal dimensionmust decrease (Figure 3).46,47 This
change in the cross-sectional area at the interface would
typically reduce both dL+O and dS,

48 but it is offset here by the
increasingly long PEO blocks anchored in the PLA-rich
domains. The correspondence between the thin film period
determined by reflectivity and the bulk period from SAXS
measurements indicates that this behavior is likely consistent in
both the thin film and bulk.

Figure 3 illustrates both bridging and looping midblocks,
motivated by analogies to linear ABA′ triblock copolymers.
Both LSO and ABA′ triblocks feature low-χ interactions
between the end blocks (χAC ≲ 0, χAA′ ≈ 0). Linear ABA′
triblock copolymers are expected to exhibit end block mixing
with a high fraction of looping midblocks (≥60%).49,50 For
brush LSO, however, the presence of looping configurations
(which require significant backbone curvature) may initially
seem incompatible with the steric-induced stiffening of
bottlebrush polymers. The SLD and SCFT profiles calculated
herein address this potential conflict. One intriguing result that
sheds light on the behavior of these materials is the presence of
the PS block at the air interface (Figure 2B). To confirm the
composition at the surface, NEXAFS measurements around
the carbon edge were conducted on LSO-12 (Figure 4).
NEXAFS is exquisitely sensitive to the chemical composition
within the first five nanometers of the surface. The LSO-12
NEXAFS spectra show a strong absorption peak around 285
eV, which corresponds to the 1s → π* transition for the
aromatic rings in polystyrene. A second distinct peak is
observed around 288 eV, which corresponds to the 1s → π*
transition for the carbonyl bond in PLA. (A small peak at 288
eV is also present at this position in the homo-PS bottlebrush
reference sample due to the imide linkages in the backbone of
the brush and the methyl ester end group on the PS side
chain.) A quantitative fitting of the LSO-12 spectra suggests
that there is ∼80 vol % PS at the top surface, consistent with
the findings of the RSoXR measurements. Given that NEXAFS
is sensitive to several nanometers beneath the top surface,
some or all of the PLA and PEO in the signal likely originates
from the components beneath the PS layer. As shown in the
Supporting Information (Figures S2−S4), RSoXR measure-
ments demonstrate that PS appears at the top surface for all
four samples measured (Nbb,O = 8, 12, 16, and 20), although
the NEXAFS measurement was only performed on the LSO-12
for confirmation.
Because PS comprises the midblock of brush LSO, the

backbone must form loops, despite the conformational and
packing challenges this poses for the backbone and side chains.
In fact, the composition of the surface layer and small thickness
relative to a fully extended chain suggest that the surface layer
is composed almost entirely of looped chains. The free energy
penalty from these conformational effects is clearly outweighed
by the enthalpic preference due to the mixing of PLA and PEO

Figure 4. NEXAFS analysis of LSO-12 at the carbon edge. Transitions corresponding to PS (CC 1s→ π* for the aromatic rings [284.5 eV]) and
PLA (CO 1s → π* for the carbonyl [288 eV]) are highlighted.
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at the interface. Informed SCFT calculations provide further
evidence for backbone curvature and the formation of looped
configurations. In addition to predicting the distribution of the
side chains, SCFT calculations also show the change in the
backbone concentration throughout a single period (Figure 5).

At the center of the PS lamella, the backbone concentration
drops significantly and then increases near the PS/PLA
interfaces. This behavior is consistent with a high fraction of
the blocks forming loops, which result in the decrease in
backbone concentration at the center of the PS block where
the space is instead occupied by the side chains. We note that
the persistence length for the backbone of a brush LS polymer
with identical grafting density and similar side-chain molecular
mass to the materials in this study was determined to be ∼3.1
nm.19 By comparison, the persistence length of linear PS is ∼1
nm.51 While the polynorbornene backbone is clearly more
rigid than most linear polymers, in this case the midblock is
long enough (∼5 persistence lengths) to be considered flexible
and have nearly equal probability of forming loops and bridges.
Any ABA′ polymer is expected to form loops under the
condition that the contour length of the midblock is greater
than the persistence length, and the same criteria are expected
to determine whether loop formation occurs in LAMP-forming
ABC systems.
The localization of PS at the air interface is interesting given

that the surface free energy of PLA is slightly lower than PS
(40.7 mJ/m2 vs 41.7 mJ/m2).52 The intuitive configuration
would be for the block with the lowest surface energy to reside
at the top of the film, a behavior which is demonstrated
repeatedly in linear BCP surface studies.53 However, the brush
LSO samples defy this expectation. Furthermore, unlike typical
linear BCP systems, for which parallel lamellae exclusively form
at film thicknesses of either half-integer multiples of d0
(asymmetric wetting conditions) or full-integer multiples of
d0 (symmetric wetting conditions), brush LSO assembled at
∼3.25d0. It is possible that a different film thickness could
result in a PLA layer at the top surface, which would provide a
second set of conditions which lead to the assembly of
substrate-parallel lamellae. Further studies are underway to

better understand the thin-film assembly of these intriguing
materials.

■ CONCLUSIONS
Soft X-ray measurements demonstrate that bottlebrush BCPs
can display a surprising degree of flexibility and shed new light
on the assembly of ABC triblock terpolymers. A combination
of RSoXR and NEXAFS demonstrate that under certain
conditions the midblock in a bottlebrush triblock terpolymer is
largely present at the air interface, providing evidence that the
bottlebrush polymer forms loops despite the steric-induced
stiffening of the backbone. SCFT calculations provide evidence
that this behavior occurs throughout the film, rather than solely
at the top surface. This result suggests a certain universality in
the configurations of both linear and bottlebrush triblocks and
raises interesting questions about how the side chains pack in
looping brush midblocks and under what conditions curvature
is allowed by the densely grafted polymer architecture. In
linear BCPs, the ratio of looping and bridging blocks
significantly impacts the mechanical performance and other
physical properties.54 Further studies will explore how the
midblock configuration influences the properties of bottlebrush
BCPs. We also note that bottlebrushes intrinsically resist
interfacial curvature, and as a result, typically only lamellar
morphologies are observed for bottlebrush BCPs with
symmetric side chains. The ability of the backbone to curve
presents the potential to use low-χ design to drive the assembly
of high-curvature phases. Improving understanding of these
phenomena will enable bottlebrush polymers to be better
tailored for their many diverse applications.
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