.

the nonlinear evolution of a kinetic magne-
tosonic wave (19).

We conclude that there is presently no
clearly dominant mechanism that makes
Deimos such an effective obstacle to the
solar wind, although the idea of a charged
ion cloud around Deimos is favored. Future
international space missions to Mars (Mars-
96, Mars-Observer, Planet-B) will certainly
improve our knowledge about the plasma-
dust environment of the martian moons.
Three-dimensional simulations of the dy-
namical response of a magnetoplasma to
small celestial bodies are also necessary.
This modeling could be used as a tool for
remote sensing of physical properties of the
martian moons and asteroids.
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Photodeposition of Micrometer-Scale Polymer
Patterns on Optical Imaging Fibers

Brian G. Healey, Stacy E. Foran, David R. Walt*

Microstructures were fabricated on optical imaging fibers with a photopolymerization
technique. Monodisperse polymeric microarrays were produced containing spots of 2.5
micrometers in diameter spaced 4.5 micrometers apart. Polymer microarrays were also
deposited on other substrates by using imaging fibers for light delivery. The technique
allows micrometer-scale photopatterning with masks larger than the desired dimensions.

There has been considerable interest in
preparing micrometer- and nanometer-scale
structures such as nanotubes (1), nanowires
(2), quantum dots (3), microspheres (4), and
nanometet-size light-emitting diodes (5).
Complex, well-defined microstructures have
been produced by techniques including la-
ser-assisted chemical vapor deposition (6)
and the creation of hydrophobic templates
from photoresists for the deposition of self-
assembled monolayers on gold (7). Photoac-
tivation techniques have also been used to
fabricate well-defined microstructures; for
example, photolithography has been used for
information storage in photoconductive ma-
terials (8), photoassembly of combinatorial
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libraries (9), and site-selective covalent at-
tachment of biomolecules (10). Here we re-
port a simple technique for the fabrication of
patterned microstructures. Specifically, we
use the discrete light pathways in an optical
imaging fiber to photopolymerize an array of
individual polymer spots in a variety of sizes
and patterns.

Optical imaging fibers are hexagonally
packed bundles of individual fibers melted
and drawn together so as to maintain the
same relative position for each fiber in the
bundle throughout its length (I11). Such
bundles can carry coherent images from one
end of the bundle to the other and have
been used extensively for medical imaging.
The present technique is based on chemistry
developed in our laboratory for preparing
fiber-optic sensors (12). The distal end of an
imaging fiber is first functionalized by treat-
ment with 3-trimethoxysilylpropylmethac-
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rylate to attach a photopolymerizable acry-
late group to the glass surface which facili-
tates the adhesion of the polymer to the glass
surface. The fiber is then placed on the
photodeposition system (Fig. 1A). Collimat-
ed light from a mercury-xenon arc lamp is
passed through a neutral density filter slide
and then through an excitation bandpass
filter to isolate the appropriate initiation
light. The initiation light passes through a
mask and is imaged onto the proximal end of
the fiber (Fig. 1B). The distal end of the fiber
is then coated with a thin film of prepolymer
by dipping it in a small volume of solution
containing photoinitiator, solvent, and a
monomer or oligomer that can be pho-
tocrosslinked (13). The fiber is then illumi-
nated for a fixed time by an electronic shut-
ter (14), and the excess polymerization solu-
tion is removed by rinsing with ethanol.

First we produced microstructures by us-
ing a pinhole mask and placing a focusing
lens between the excitation filter and the
pinhole (Fig. 2, A and B). A 25-pm-diam-
eter spot was imaged onto the fiber. Poly-
mer formed only on the individual fiber
cores because the glass claddings between
the fibers of the bundle do not propagate
light. In Fig. 2A, the hexagonal packing of
the 2- to 3-pwm-diameter polymer spots is
seen clearly with a spacing between spots
(center to center) of 4 to 5 wm. This pat-
tern corresponds identically to the individ-
ual pixels of the imaging fiber. The side
view of the pattern shows that the polymer
spots are approximately 2 to 3 wm in height
and appear as hemispheres on the fiber
surface (Fig. 2B). The polydispersity of the
polymer microspots is due to the gaussian
distribution of light exiting the pinhole and
the type of imaging fiber used. Polymer
spots on the edges are smaller as a result of
decreased light intensity, and the noncircu-
lar polymer spots (Fig. 2A, top view) are a
result of nonuniform fibers in the bundle.
Monodisperse polymeric microstructures
were fabricated with a defect-free imaging
fiber (Fig. 2C) and had polymer spots 2.5
wm in diameter, spaced 4.5 wm apart, and
1.2 wm high (15).

On careful examination of a scanning
electron micrograph (SEM) from a different
polymer array preparation, we observed that
triangular wells with 1-wm edges could be
produced by controlling the polymerization
reaction composition and time carefully
(Fig. 2D). The wells were fabricated by in-
creasing the concentration of photocross-
linkable oligomer and increasing the illumi-
nation time. During polymerization, the
polymer first deposits on the fiber cores and
then continues to deposit between the fibers
where the cores have their closest approach.
The polymer wall between the wells is less
than 0.5 wm wide and 1.0 wm high. The

triangular wells have a volume of 460 al (1 al
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Fig. 2. (A) Scanning electron micrograph (SEM) of
a photodeposited polydimethylsiloxane micro-
structure, fabricated with a pinhole mask, show-
ing the hexagonal packing produced when optical
imaging fibers are used as the microstructure sub-
strate. (B) Side view SEM of the microstructure in
(A) showing the polymer spot heights. (C) SEM of
a monodisperse polymer array deposited on a
defect-free imaging fiber. (D) SEM of a polymer
microstructure with triangular-shaped wells be-
tween the polymer spots.

= 107!8 liters) and could potentially be used
as miniature reaction vessels.

Polymer arrays were also produced with
a standard air force resolution target
(chrome on glass, Fig. 3A) as the pho-
topatterning mask (Fig. 3B). It is impor-
tant to note that the masks have dimen-
sions 15 times as large as those of the
desired microstructures, thereby facilitat-
ing the fabrication of complex microme-
ter-scale structures by relaxing the need to
produce microscale masks.

We also deposited polymer arrays on
substrates other than imaging fibers using a
modification of the procedure described
above. For example, a glass substrate was
first functionalized with 3-trimethoxysilyl-
propylmethacrylate to facilitate polymer
adhesion, and then 50 pl of polymeriza-
tion solution (13) was pipetted onto the
substrate. A nonfunctionalized imaging fi-
ber was brought into contact with the
substrate and positioned close to the glass
surface, thus trapping a thin layer of poly-
merization solution. The solution was ir-
radiated through the fiber for a fixed time

Fig. 3. (A) Light micrograph of a partial air force
resolution target. The image was taken through a
10X objective, so only the middle two groups
could be observed. (B) SEM of a polymer micro-
structure produced with (A) as the mask. The
groups of lines from top to bottom were produced
from lines that were 176.7, 157.7, and 140.4 pm
wide, respectively.

(14), and the fiber was then backed off
and the substrate rinsed. Polymer deposi-
tion occurs on the substrate in a pattern
corresponding to that of the optical fibers
of the bundle. The SEM in Fig. 4 shows an
array produced on a glass substrate. The
monodisperse polymer spots have a diam-
eter of 2.0 wm, a height of 0.3 wm, and are
spaced 4.0 wm apart (15).

We have demonstrated the ability to
fabricate micrometer-size polymer struc-
tures. These structures can be fabricated
directly on optical imaging fibers as well as
on other glass substrates, and the mi-
crometer-size photopatterns are deposited
with large, easily produced masks. The
arrays of polymer spots can be monodis-
perse and highly ordered. The approach is
general for any photopolymerizable mono-
mer or oligomer; we have fabricated both
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Fig. 4. SEM of a polymer microstructure depos-
ited on a glass substrate.

hydrophilic and hydrophobic arrays with
N-vinyl pyrrolidone and a photopolymer-
izable polydimethylsiloxane, respectively.
By decreasing the monomer or oligomer
concentration, the polymerization time, or
both, polymer spots smaller than 2.5 pum,
but with the same center-to-center spac-
ing, can be produced. Polymer arrays with
decreased polymer spacings could also be
produced by using imaging fibers with
smaller core diameters. Such arrays could
have many uses because of their ease of
fabrication, the diversity of polymer func-
tionality, and their three-dimensional
character. This last feature allows for high
loadings of immobilized molecules, which
we acheived by immobilizing fluorescent
indicators in the polymer array for use as
optical sensors (16). This polymeric mi-
crostructure array has the advantage that
each polymer spot is not in contact with
any other spots. Furthermore, each poly-
mer spot of the array is connected to its
own optical channel, allowing individual
spots to be addressed with little or no
crosstalk between adjacent spots.
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Self-Condensing Vinyl Polymerization:
An Approach to Dendritic Materials

Jean M. J. Fréchet,* Masahiro Henmi, lvan Gitsov,
Sadahito Aoshima, Marc R. Leduc, R. Bernard Grubbs

Self-condensing vinyl polymerization was used to produce dendritic polymers with both
highly branched structures and numerous reactive groups. A vinyl monomer will undergo
self-polymerization if it contains a pendant group that can be transformed into an initiating
moiety by the action of an external stimulus. The self-polymerization combines features
of a classical vinyl polymerization process with those of a polycondensation because
growth is accomplished by the coupling of reactive oligomers. Highly branched, irregular
dendritic structures with a multiplicity of reactive functionalities are obtained by poly-
merization of 3-(1-chloroethyl)-ethenylbenzene.

The polymerization of vinyl monomers re-
mains one of the most heavily used organic
processes, and millions of tons of polymers
are produced by this route every year. De-
spite increased sophistication in the design
of catalysts, and the ability to better regu-
late growth processes, sequences of mono-
mers, or the chain ends of polymers, “lin-
ear” propagation is the usual method of
producing a relatively limited array of poly-
mer architectures. The development of new
polymer architectures is an important target
because it is soon followed by findings of
new properties and applications (1). For
example, the globular shape of three-di-
mensional polymers such as dendrimers
makes them attractive in applications rang-
ing from catalysis to drug delivery systems.
However, regular dendrimers are accessible
only through multistep syntheses that limit
their availability (I, 2). Less regular, hyper-
branched polymers are more accessible, but
their preparation has been restricted to the
polycondensation of AB, monomers (3-5).

We now report a versatile approach to
the production of highly branched polymer
architectures in which a type of vinyl poly-
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merization is encountered that proceeds
with features normally associated with poly-
condensation reactions. The fundamental
premise of our approach, in which an AB
vinyl monomer is used to prepare a highly
branched polymer, is contrasted with that
in which an AB, monomer such as 1 is used
to produce a hyperbranched polyether
(Schemes 1 and 2). Williamson etherifica-
tion of the benzylic bromide group A of 1
with one of the phenolic groups B of an-
other monomer unit yields the dimer 2
(Scheme 1). The overall growth process
involves two monomers containing a total

A OH
OH BIrCHy OH
Base
2 BrCHy —
Dimer °;°“2
s
1 OH /l OH
Bond formed 2
B
1" HaCCH — |—cuz-?u“
] p)
R A R
3 /

Bond formed
Scheme 1. (A) Typical polycondensation pro-
cess. Addition does not create any new reactive
centers. (B) Typical vinyl polymerization process.
Addition creates a new reactive center.
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of six potential reactive centers (2ZA + 4B)
and gives rise to a dimer with only four
remaining reactive centers (1A + 3B).
Therefore, bond formation consumes two
reactive centers (one A and one B), where-
as the newly formed ether bond is incapable
of participation in any further growth pro-
cess. In the case of the AB vinyl monomer
3, in which A is a vinyl group and B is a
pendant group (for example, the aromatic
ring of styrene), the polymerization is start-
ed by an activated initiating moiety, I*.
Depending on the type of polymerization,
I* could be a “living” free radical, an elec-
trophilic cationic moiety, or a carbanion. In
addition, reaction of I* with one carbon
atom of the double bond (DB) results in the
consumption of two reactive centers with
concurtent formation of a bond that is usu-
ally incapable of further reaction. However,
the process also creates a new active site on
the second carbon atom of the DB (Scheme
1) that is capable of reacting with yet an-
other DB in the process of propagation.
Because the DB behaves as an effective
difunctional moiety, the foundation may be
laid for growth of highly branched struc-
tures through appropriate manipulations of
the pendant group B.

Scheme 2 outlines the basic concept of
self-condensing vinyl polymerization. The
AB vinyl monomer 3 is now selected with a

A e
Hy y External H,C v cH One vinyl group
activation L * One initiating
- center
B
Hy IH Hzc"=IH 4
—_— *
A —H,C—CH-._
i * / -~ B*
One vinyl group |
One initiating /
Self-condensation and one ’
propagating
Hyperbranched polymer with ~ center
many reactive chain ends
Scheme 2.





