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fluid) with different electrical conductivi-
ties (0.14, 0.05, and 0.01 S m™!). The
horizontal axis represents the ratio 0 /0.,
where 0, is the water flow rate and Q_, is
the oil flow rate. The diameter is calculated
from the measured current, flow rates, and
electrical mobility. Filled symbols repre-
sent situations in which the flow rate of
water is kept constant while the flow rate of
olive oil is varied. Open symbols represent
situations where both flow rates have been
varied. The smallest capsule diameter at-
tained during these exploratory experi-
ments is about 0.150 wm, corresponding to
a sphere of water of about 100 nm in
diameter covered by a layer of oil whose
thickness is about 25 nm. The dispersion of
sizes, for each experiment, remains below
7%, except in the case of the smallest cap-
sules (0.150 pwm), because of limitations to
properly controlling the flow rate of oil in
this extreme case.

We have presented a technique to generate
coaxial electrified liquid jets in the micrometer
and submicrometer ranges by EHD. This meth-
od allows for a precise tailoring of both the
outer and the outer-to-inner radius ratio by con-
trolling the flow rates of both liquids and the
applied voltage. A direct application to the pro-
duction of monodisperse capsules in the micro-
meter range has been included. Although in this
particular example, the outer fluid consists of a
photopolymer, which is solidified under ultra-
violet light, the use of different polymerization
schemes is also applicable with this technique.
Also, monodisperse compound droplets of wa-
ter coated by olive oil, with sizes well in the
submicrometer range, have been obtained. Both
the amount of water and thickness of the coat-
ing oil layer can be well controlled.
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A Thermally Re-mendable
Cross-Linked Polymeric Material

Xiangxu Chen,' Matheus A. Dam, Kanji Ono,? Ajit Mal,?
Hongbin Shen,* Steven R. Nutt,* Kevin Sheran," Fred Wudl™"

We have developed a transparent organic polymeric material that can repeatedly
mend or “re-mend” itself under mild conditions. The material is a tough solid at
room temperature and below with mechanical properties equaling those of com-
mercial epoxy resins. At temperatures above 120°C, approximately 30% (as de-
termined by solid-state nuclear magnetic resonance spectroscopy) of “intermono-
mer” linkages disconnect but then reconnect upon cooling, This process is fully
reversible and can be used to restore a fractured part of the polymer multiple times,
and it does not require additional ingredients such as a catalyst, additional mono-
mer, or special surface treatment of the fractured interface.

In past decades, highly cross-linked polymers
have been studied widely as matrices for
composites, foamed structures, structural ad-
hesives, insulators for electronic packaging,
etc. (I, 2). The densely cross-linked struc-
tures are the basis of superior mechanical

properties such as high modulus, high fracture
strength, and solvent resistance. However, these
materials are irreversibly damaged by high
stresses (3, 4) due to the formation and prop-
agation of cracks. The latter lead to danger-
ous loss in the load-carrying capacity of poly-
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meric structural engineering materials (5, 6).

The exploration of re-mending and self-
healing of polymeric materials has become
increasingly more exciting in the recent past,
culminating in a genuinely self-healing ma-
terial (4). The hot plate welding and crack
healing of thermoplastics, where intermolec-
ular noncovalent interactions (chain entangle-
ments) at the interface are responsible for
mending, have been well established (7-9).
Small molecules—induced crack healing has
also been studied for thermoplastics (0, 11),
and a composite of a linear polymer with a
thermoset that has crack-healing ability was
reported (/2). The concept of self-repair was
introduced to heal cracks by embedding hol-
low fibers that can release repair chemicals
when a crack propagates (7, 13, 14). The
most recent report of crack self-healing (au-
tonomic healing) of an epoxy resin consists
of a clever use of catalytic network formation
of an encapsulated add-monomer, which is
held within a capsule embedded in the epoxy
matrix (4). But questions remain concerning
the long-term stability of the catalyst and the
ability of the material to self-heal multiple
times. We describe a truly “re-mending” ma-
terial consisting of a highly cross-linked,
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Table 1. Mechanical properties of polymer 3 compared with epoxy resins [data taken from p. 250 of (7)]
and unsaturated polyesters (Unsat. poly.) [data taken from p. 250 of (7)]. Methods follow the guidelines
of the American Society for Testing and Materials (ASTM). Dashes indicate data not reliable by method

used.
Properties Polymer 3 Epoxy resins Unsat. poly. Methods
Tensile D638
Strength (MPa) 68" 27 to 88 4to 88 Type V
Modulus (GPa) — 24 2to 44
Elongation (%) 1.6 to 4.7 3to6 <26
Compression D695
Strength (MPa) 121 102 to 170 88 to 204
Modulus (GPa) 3.1 3.4%
Flexural D790
Strength (MPa) 143 88 to 143 58 to 156
Modulus (GPa) — 3.4 to 4.2%

*Strength at yield.

transparent polymer that exhibits multiple cy-
cles of autonomic crack mending with sim-
ple, uncatalyzed thermal treatment and forms
covalent bonds at the interface of the mended
parts. In contrast, in hot plate welding and
crack healing of thermoplastics, only inter-
molecular, noncovalent interactions (chain
entanglements, hydrogen bonding, etc.) are
responsible for the mend and no new covalent
bonds are formed between the mended parts.

Thermally reversible reactions, particularly
the Diels-Alder (DA) reaction, for cross-linking
linear polymers have been pioneered and stud-
ied by Kennedy and Wagener during the past
two decades (1/5-21). To the best of our knowl-
edge, as shown in all the reports of thermor-
eversible polymers, cross-linkable and revers-
ible groups were attached to linear polymer
backbones, but the connections of the cross-
linkers to the polymer backbones were not re-
versible (/5-21). In contrast, we report a mac-
romolecular network formed in its entirety by
reversible cross-linking covalent bonds.

A thermally reversible DA cycloaddition
of a multi-diene (multi-furan, F) and multi-
dienophile (multi-maleimide, M) was used to
prepare a polymeric material (Scheme 1).
Monomer 1 (4F) contains four furan moieties
on each molecule, and monomer 2 (3M) in-
cludes three maleimide moieties on each mol-
ecule (22). A highly cross-linked network
(polymer 3, 3M4F) can be formed via the DA
reaction of furan and maleimide moieties,
and thermal reversibility can be accom-
plished by the retro-DA reaction (23).

A dichloromethane solution of monomers 1
and 2 (with stoichiometric F:M ratio) was
poured into a glass mold or cast on a quartz
plate. Vacuum evaporation of the solvent at
room temperature followed by heating pro-
duced the macromolecular solid. Polymeriza-
tion at different temperatures was studied by
ultraviolet (UV) spectroscopy. Monoliths of
polymeric material were obtained by breaking
the glass mold, whereas thin films were pro-
duced when cast on quartz substrates. Because
the polymerization process involves the forma-

tCycloaliphatic casting; value taken from p. 91 (32).

1Rigid; data taken from p. 464 (32).

tion of DA adducts, the efficiency of the DA
reaction can be used to study the degree of
polymerization. According to the literature
(19), the extent of the DA reaction for a similar
system could be followed quantitatively by UV
spectroscopy, and the degree of cross-linking as
a function of reaction temperature is shown in
Fig. 1. At 24°C, polymerization of up to 60 to
70% required S5 days. The polymerization—
cross-linking process is much faster at higher
temperatures, reaching “completion” (95% =+
5%) in just 3 hours at 75°C.

Differential scanning calorimetry (DSC)
showed that the polymerization process is
exothermic by 23 kcal/mol (per DA adduct)
(24). Assuming the principle of microscopic
reversibility applies, this result implies that
upon heating the retro-DA reaction is an ac-
cessible reaction pathway that is preferred
over (nonreversible) bond-breaking degrada-
tion reactions (25) in the polymer network.

The bulk polymeric material is hard and
fully transparent, with a density of 1.37 g/cm>
and an index of refraction of 1.56 at 24°C. On
the basis of a nondestructive ultrasonics tech-
nique (26), the Young’s modulus and Poisson
ratio were determined to be 4.72 GPa and
0.349, respectively. From the results shown
in Table 1, it is clear that the mechanical
properties of this polymer are in the range of
commercial, state-of-the-art, cross-linked ep-
oxy resins and unsaturated polyesters (/, 32).

Solid state reversibility (27), was tested
via a series of heating cycles that consisted of
heating fully polymerized films to different
temperatures on quartz substrates and then
quenching in liquid nitrogen. After the heat-
quench procedure, the samples were heated at
80°C, causing repolymerization and/or cross-
linking of the films. The results of five such
cycles are shown in Fig. 2. About 25% of the
DA adducts disconnected after thermal treat-
ment at 150°C, but only ~12% did so after
treatment at 130°C (first half cycle, left side
of Fig. 2). Under these conditions, the sample
was observed to be irreversible below 120°C.
Prolonged storage of the films at 80°C afford-
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Fig. 3. Modulated DSC data of polymer 3 (scan-
ning rate, 5°C/min). (A) Sample was cooled
from 145° to 24°C in 24 hours. (B) Sample was
heated to 145°C for 25 min and then quenched
in liquid nitrogen. “1” marks total heat flow;
“2,” reversing heat flow; “3,” nonreversing heat
flow.

ed full reconnection of the DA partners.
Clearly, the simplest interpretation of these
five continuous cycles demands that the DA
and retro-DA reactions are reversible in this
extended solid.

As shown in Fig. 3, samples with dif-
ferent thermal history were studied by tem-
perature-modulated DSC (TMDSC). This
type of thermal analysis is used to deter-
mine and distinguish between (i) fully re-
versible heat effects that are related to the
heat capacity change and (ii) time-depen-
dent irreversible heat effects that are relat-
ed to kinetics (28, 29). In Fig. 3A, a fully
polymerized sample, which was cooled
from 145° to 25°C in 24 hours, showed
only an endothermic peak at 124°C. The
shape is typical for physical aging effects
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(30). A sample that was kept at 145°C for
25 min and quenched in liquid nitrogen
showed an exothermic peak from 60° to
120°C on the nonreversing heat flow curve
(Fig. 3B). These results indicate that the
quenched sample contains disconnected fu-
ran and maleimide moieties, and, as the
molecular chains gain enough mobility at
increased temperature, they reconnect effi-
ciently. At temperatures above 120°C, en-
dothermic peaks in both nonreversing heat
flows (due to the retro-DA reaction in the
network) were observed.

Solid state '3C-NMR spectroscopy was also
used to study the thermally reversible DA re-
action of the macromolecular solid. Solution
3C-NMR spectroscopy of the 4F monomer
revealed resonances for positions 2, 3, 4, and 5
of the furan moieties at 149.5, 110.6, 110.6, and
143.2 parts per million (ppm), respectively.
Upon cycloaddition, the C-3 and C-4 positions
shift to around 138 ppm, and the C-2 and C-5
resonances shift up-field (82.4 and 90.7 ppm).
To confirm our assignments, the DA adduct of
furfuryl acetate with maleic anhydride was used
as a model system (see structures with Fig. 4).
Solid state '*C-NMR spectra of polymer 3 as a
function of thermal cycling are shown in Fig. 4.
Figure 4A is a spectrum of the fully polymer-
ized extended solid with a clear absence of
peaks at 110 and 150 ppm. Heating the polymer
to 145°C for 25 min and then quenching in
liquid nitrogen produced material with the solid
state '>*C-NMR spectrum shown in Fig. 4B.
The ~ 110 and ~150 ppm resonances are

¥
0 ppm

visible, indicating the presence of unreacted
furan moieties. The same sample was heated to
120°C and cooled down to 70°C in 24 hours to
repolymerize. Its solid state '*C-NMR spec-
trum is shown in Fig. 4C. Because the latter is
essentially identical to the spectrum in Fig. 4A
and no peaks due to furan moieties were ob-
served, the simplest interpretation demands
that, within the experimental error of solid state
NMR spectroscopy, all the disconnected link-
ages had reconnected.

Because the bond strength between diene
and dienophile of the DA adduct is much
lower than all the other covalent bonds, the
retro-DA reaction should be the major reason
for crack propagation. In principle, when the
sample is reheated, the furan and maleimide
moieties should reconnect and the cracks, or
fractures, should mend.

To determine the fracture-mending effi-
ciency of this polymer, tests were per-
formed with the use of compact tension test
specimens (4, /2, 31) (Fig. 5). A sharp
pre-crack was created in the tapered sam-
ples by gently tapping a fresh razor blade
into a machined starter notch. Application
of a load in the direction perpendicular to
the pre-crack, led to a fracture of the spec-
imen because it was not possible to stop the
crack propagation. After structural failure,
the two pieces were matched as closely as
possible and were held together with a
clamp, treated at 120° to 150°C under ni-
trogen for about 2 hours, and cooled to
room temperature. Photographs of the

1 MARCH 2002 VOL 295 SCIENCE www.sciencemag.org
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(D) SEM image of the -
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sample: the left side is
the as-healed surface
and the right side is
the scraped surface.
_ (E) Enlarged image of
the boxed area in (D).

mending effect of a typical specimen are
shown in Fig. 5, B and C. Before mending,
the interface of the crack was highly reflec-
tant (Fig. 5B). After thermal treatment,
only a slight interface mismatch was ob-
servable (Fig. 5C), indicating mending
(healing) of the interface.

Scanning electron microscope (SEM) imag-
es of a healed sample are also shown in Fig. 5,
D and E. Before the images were taken, Cr (3
nm) and Au (30 nm) were deposited onto the
surface via electron-beam evaporation. Shown
on the left side of Fig. 5D is the scar of the
mended interface; the right side is where the
surface was scraped with a fresh razor blade.
Because the two pieces that were mended
could not be matched perfectly when- held

together, the scar on the healed surface is

clearly visible as a white line. However, the
surface scraped with the razor blade reveals
that the fracture healed almost completely to
produce a homogeneous material with a few
. minor defects, suggesting remarkable mend-
ing efficiency. Figure 5E is an’enlarged im-
age of Fig. 5D. The latter shows the interface
between the scarred section and the scraped
section, and it gives a clearer, more dramatic
view of the mending effect.

Fracture tests were also carried out in an
effort to quantify the healing efficiency (4).
Representative load-displacement curves for
a polymer specimen are plotted in Fig. 5A,
showing recovery of about 57% of the orig-
inal fracture load. Not surprisingly, the accu-
rate replacing of the two halves and thermal
treatment temperatures affected the mending
efficiencies. At 150°C, an average mending
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efficiency of about 50% was achieved,

whereas at 120°C the average value was .

41%. Considering that the specimens were
split into two separate pieces and kept under
the same atmospheric pressure sometimes as
long as 24 hours, the mending efficiencies are
impressive when compared with crack heal-
ing of thermoplastic elastomers (12), but they
are not as high as those reported for White’s
composite (4). Another factor, which should
affect healing efficiency, is the uniformity
and amount of applied pressure. Our prelim-
inary results indicate that the effect of pres-
sure appears to be minimal. The fracture and
mending processes of each independently
prepared specimen were carried out at least
two times. Within experimental error, the
critical load at fracture of the third cracking
was about 80% of the second, strongly sug-
gesting that this material can be healed effi-
ciently multiple times. The second and third
crack usually propagated along the original
crack plane. However, it was not uncommon

to observe cracking in a region adjacent to a

scar from a previous crack. This is probably
due to the fact that the healed region has
different mechanical properties than the orig-
inal material and is a result of the unique
covalent interfacial bonding. .
To test oxidative degradation of the polymer
we performed some accelerated tests by heating
specimens in air (at standard pressure) to 120°
or 130°C and then performing compression
testing. Within the experimental error of the
test, the mechanical properties showed only
minor changes. Though polymeric material 3
has the desirable and unusual properties de-

scribed above, it has shortcomings as follows
that are being improved for next generations: (i)
the maleimide monomer melts at too high a
temperature, is colored (yellow), and is insolu-
ble in monomer 4F. (ii) Though polymer 3 can
be cured in less than an hour at 130°C, a full
curing of it takes hours to complete. (iii) The
service temperature of polymer 3 is 80° to
120°C, which may be too low for many appli-
cations but close to ideal for others, such as
self-mending electronic packaging, where
cracking occurs due to differences in thermal
index of expansion.
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Protein Nanoarrays Generated
By Dip-Pen Nanolithography
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Dip-pen nanolithography was used to construct arrays of proteins with 100- to
350-nanometer features. These nanoarrays exhibit almost no detectable non-
specific binding of proteins to their passivated portions even in complex mix-
tures of proteins, and therefore provide the opportunity to study a variety of
surface-mediated biological recognition processes. For example, reactions in-
volving the protein features and antigens in complex solutions can be screened
easily by atomic force microscopy. As further proof-of-concept, these arrays
were used to study cellular adhesion at the submicrometer scale.

Arrays of microscopic features comprising
different proteins are extremely important for
proteomics and cell research, pharmaceutical
screening processes (/—4), and panel immu-
noassays (5, 6). Many conventional pattern-
ing techniques, including photolithography
(6, 7), microcontact printing (2, 8), and spot
arraying (), have been used for fabricating
such arrays. Submicrometer spot arrays of
proteins have been generated by finely fo-
cused ion beam lithography (FFIB) (9), and
individual micrometer and submicrometer
features have been prepared by atomic force
microscopy (AFM) techniques with varying
degrees of success (/0—14). One of the ad-
vantages of miniaturization is that when a
feature composed of receptors is miniaturized
to the scale of the biological analytes, new
methods for screening reactions involving
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such receptors and analytes become avail-
able, because almost every physical property
of the receptor feature is changed upon reac-
tion with the analyte, including the height,
hydrophobicity, roughness, and shape of each
feature, which are all variables easily probed
with a conventional AFM. One disadvantage
of receptor feature miniaturization in such an
array is that nonspecific binding of the pro-
tein array can become a major problem lead-
ing to large background signals. For example,
it could be difficult to differentiate inactive
areas of the substrate that experience such
binding from the active receptor features,
thereby complicating the analysis of the
nanoscale libraries. Indeed, others who have
attempted to study reactions involving anti-
bodies and antigens on a surface with an
AFM have noted the importance of eliminat-
ing nonspecific binding when studying indi-
vidual nano- and micrometer-scale protein
features (/0-13). Here, we describe how a
high-resolution patterning technique, dip-pen
nanolithography (DPN), can be used to con-
struct nanoarrays of proteins. Moreover, we
demonstrate that these arrays can be fabricat-
ed with almost no detectable nonspecific
binding of proteins to the passivated portions

geometry and materials property, which can be
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of the array, even in solutions containing
multiple proteins, and that reactions involv-
ing the protein features and antigens can be
screened by AFM. Finally, we show how
such nanoarrays can be implemented in the
study of cellular interactions with nanopat-
terned surfaces.

A typical protein array was fabricated by
initially patterning 16-mercaptohexadecanoic
acid (MHA) on a gold thin-film substrate in
the form of dots or grids. The features studied
thus far, both lines and dots, have been as
large as 350 nm (line width and dot diameter,
respectively) and as small as 100 nm (Fig. 1).
The areas surrounding these features were
passivated with 11-mercaptoundecyl-tri(eth-
ylene glycol) by placing a droplet of a 10 mM
ethanolic solution of the surfactant on the
patterned area for 45 min followed by copi-
ous rinsing with ethanol and, then, NANO-
pure water (NANOpure, Bamstead/Ther-
molyne Corp.). As proof-of-concept experi-
ments, the proteins were absorbed on the
preformed MHA patterns (Fig. 2) by immers-
ing the substrate in a solution containing the
desired protein (10 wg/ml) for 1 hour. The
substrate was then removed and rinsed with
10 mM Tris buffer [Tris-(hydroxymethly)
aminomethane], Tween-20 solution (0.05%)
and, finally, NANOpure water. Such proteins
have a high affinity for carboxylic acid—ter-
minated monolayers at pH 7 (/0-/3) and a
relatively weak affinity for surfaces coated
with 11-mercaptoundecyl-tri(ethylene glycol)
(15, 16). The protein arrays were then char-
acterized by AFM. In the case of arrays com-
posed of immunoglobulin G (IgG) patterns,
the reaction of the array with rabbit antibody
to mixtures of proteins was studied by AFM.

Lysozyme, an ellipsoidal shaped protein
(4.5 nm by 3.0 nm by 3.0 nm), (/7) cleanly
assembled on the MHA nanopatterns, as ev-
idenced by contact and tapping mode AFM
(Fig. 1, B to D), respectively (/8). Note that
there is almost no evidence of nonspecific
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