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the formation of prenucleation clusters with dimen-
sions of 0.6 to 1.1 nm (step 0). In analogy to the
chemistry of calcium phosphate (31), we consider
them to be the smallest stable agglomerates of
CaCO3 present from the beginning of the reaction.
Aggregation of these clusters in solution leads to the
nucleation of ACC nanoparticles with a size distri-
bution centered around 30 nm (step 1). Association
of these particles with the template surface initiates
the growth of ACC (step 2), using the nanoparticles
in their neighborhood as feedstock. Next, randomly
oriented nanocrystalline domains are formed inside
the otherwise amorphous particles (steps 3 and 4).
On the basis of the model of Zhang et al. (23), we
expect these domains to be unstable and in equi-
libriumwith the amorphous phase. In the last steps,
the orientation that is stabilized through the inter-
action with the monolayer becomes dominant (step
5) and develops into a single crystal (step 6). This
single crystal probably grows by the further addition
and incorporation of ions and clusters from solution.

The initial experiments ofMann and co-workers
showed that the present system could produce cal-
cite (11.0) or vaterite (00.1) depending on the pre-
cise conditions (16, 32). Later, it was demonstrated
that rapid CO2 evaporation favors the kinetic product,
vaterite (21, 22), whereas lower evaporation rates
lead to the calcitic form (21). These results are
confirmed by our finding of (00.1) oriented vaterite
in the present work (i.e., in a fast-outgassing thin
film) and the formation of (11.0) oriented calcite
in crystallization dishes (fig. S7) (15) from which
CO2 outgassing is slower. Moreover, the observation
of randomly oriented vaterite crystals also puts in
perspective the synchrotron x-ray scattering exper-
iments that showed the formation of randomly
oriented crystals from the same system (22).

The nanoscopic prenucleation clusters that we
visualized are the smallest stable form of CaCO3

and are likely the building blocks of the amorphous
precursor particles observed in biomineralization;
such particles are also observed in many synthetic
systems and are not restricted to calcium carbonate
(13,31).As a consequenceof their aggregation,ACC
nucleates in solution and subsequently assembles at
the template. There, it is present as a temporarily
stabilized but transient phase thatmediates the trans-
fer of information from the template to themineral
phase. This occurs through the selective stabiliza-
tion of only one of the orientations present, leading
to the development of a single crystal.
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Self-Repairing Oxetane-Substituted
Chitosan Polyurethane Networks
Biswajit Ghosh and Marek W. Urban*

Polyurethanes have many properties that qualify them as high-performance polymeric materials,
but they still suffer from mechanical damage. We report the development of polyurethane networks
that exhibit self-repairing characteristics upon exposure to ultraviolet light. The network consists
of an oxetane-substituted chitosan precursor incorporated into a two-component polyurethane.
Upon mechanical damage of the network, four-member oxetane rings open to create two reactive
ends. When exposed to ultraviolet light, chitosan chain scission occurs, which forms crosslinks with
the reactive oxetane ends, thus repairing the network. These materials are capable of repairing
themselves in less than an hour and can be used in many coatings applications, ranging from
transportation to packaging or fashion and biomedical industries.

When a hard or sharp object hits a ve-
hicle, it is likely that it will leave a
scratch, and for this reason the auto-

motive industry looks for coatings with high
scratch resistance. Because of their hardness and
elasticity, polyurethanes exhibit good scratch re-
sistance but can still suffer from mechanical dam-
age. An ideal automotive coating would mend
itself while a vehicle is driven. To heal mechan-

ical damage in plants, suberin, tannins, phenols,
or nitric oxide are activated to prevent further
lesions (1–3), whereas in a human skin, the outer
flow of blood cells is arrested by the crosslink
network of fibrin, giving rise to wound-healing
(4, 5). Concentration gradients or stratification in
living organisms inspired the development of spa-
tially heterogeneous remendable polymers (6, 7),
composites containing micro-encapsulated spheres

(8–11), encapsulated fibers (12–14), reversible
cross-linking (15, 16), andmicrovascular networks
(17). One example is epoxymatrices containing a
glass hollow fiber filled with a monomer and an
initiator with the “bleeding” ability to heal poly-
mer networks during crack formation (12). A sim-
ilar phenomenon was used in another approach,
in which amicro-encapsulated dicyclopentadiene
monomer was introduced in a catalyst-embedded
polymer matrix, which healed the crack near the
ring opening of the monomer (8–11). Reversibil-
ity of Diels-Alder reactions resulted in another
approach to thermally repair damaged areas, and
approach using malemide-furan adducts (15, 16).
Mimicking ofmicrovascular structures (17), water-
responsive expandable gels (7), and formation of
supramolecular assemblies (18) are other ave-
nues of remendability.

This study departs from previous approaches
and reports the development of heterogeneous
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polyurethane (PUR) networks based on oxetane-
substituted derivative of chitosan (OXE-CHI),
which upon reaction with hexamethylene diiso-
cyante (HDI) and polyethylene glycol (PEG)
(19) form heterogeneous OXE-CHI-PUR net-
works. The choice of these components was
driven by their ability to serve specific functions;
PUR networks provide desirable heterogeneity
through polyurethane and polyurea components,
and OXE-CHI provides the cleavage of a con-

strained four-membered ring (OXE) and ultra-
violet (UV) sensitivity through CHI, the latter
being a product of deacetylation of chitin, which
is the structural element of exoskeletons of crus-
taceans (e.g., crabs and shrimp) occurring in abun-
dance in nature. Figure 1 illustrates a two-step
reaction sequence leading to the OXE-CHI-PUR
formation (20). The first step in this investigation
was the synthesis of OXE-CHI, in which the pri-
mary alcohol of CHI was reacted with chloro-

methyl of OXE (21). AnOXE ringwas reacted to
the C6 position of the chitosanmolecule, which is
confirmed by infrared (IR), Raman, and 13C-NMR
(nuclear magnetic resonance) spectroscopy (20)
(figs. S1, S2, and S3, respectively). The second
step illustrates the reactions leading to the in-
corporation of OXE-CHI into trifunctional HDI in
the presence of PEG (1:1.4 and 1:1.33 molar
ratios), confirmed by IR and 13C-NMR spectros-
copy (20) (figs. S4 and S5, respectively).

Networks were allowed to crosslink under
ambient conditions to form solid films and then
were mechanically damaged by creating a scratch.
Figure 2A1 illustrates a mechanical damage of
OXE-CHI-PUR films. When the damaged area
is exposed to a 120 W fluorescent UV lamp at
302 nmwavelength of light for 15 (Fig. 2A2) and
30 (Fig. 2A3) min, the damaged area vanishes.
The upper portion of Fig. 2 illustrates IR images
of the damaged area, whereas the lower part il-
lustrates optical images. Also, IR images of the
damaged area exhibit chemical changes resulting
from the repair and are shown in figs. S8 and S9.
A series of controlled experiments were conducted
on specimens prepared by varyingmolar ratios of
OXE-CHI with respect to the PUR content (table
S1). Optical images shown in Fig. 3, A to D,
illustrate the results of the experiments conducted
under the same UV exposure conditions (0, 15,
and 30 min) conducted on the specimens listed in
table S1.

These experiments illustrate that the presence
of OXE-CHI precursor is the key factor respon-
sible for remendability of the network (Figs. 2
and 3). Neither PUR nor CHI-PUR alone (table
S1, specimens A and B) is able to repair the
mechanical damage, whereas the presence of co-
valently bonded OXE-CHI (table S1, specimens
C andD) entities facilitates the self-healing process.

Fig. 1. Synthetic steps involved in the formation of OXE-CHI. 1, Reactions of OXE with CHI, leading
to the formation of OXE-CHI precursor; 2, Reactions of OXE-CHI with HDI and PEG, leading to
formations of remendable OXE-CHI-PUR network.

Fig. 2. IR (upper) and optical (lower) images of OXE-CHI-PUR networks recorded as a UV exposure time. A1, 0 min; A2, 15 min; A3, 30 min. (SOM
provides details regarding spectroscopic changes detected by IR imaging.)
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Table S1 also shows the damage width as a
function of UV exposure evaluations conducted
on the specimens shown in Fig. 3. The rate of repair
for networks containing half the OXE-CHI pre-
cursor concentration is also reduced.

Although a cut is a local event at micrometer
or smaller scales, the actual cleavage is amolecular-
level event. To determine the mechanism of repair
and to followmolecular events in the damaged area,
we used localized micro-attenuated total reflectance
(ATR) Fourier transform IR (FTIR) spectroscopy
(22) and internal reflection IR imaging (IRIRI) (23).
As shown in figs. S6 and S7, the loss of urea and
ether linkages of CHI (circled in Fig. 1) containing
OXE rings results from the UV light exposure of
damaged surface areas responsible for repairing. In
these experiments, the repair process uses UV light

to recombine free radicals to form crosslinks. In the
280 to 400 nm range, a fluorescent UV lamp gen-
erates approximately 0.3W/m2 per nm power den-
sity, whereas the Sun gives off about 0.25 W/m2

per nm (24). Thus, the time frames for repair of
the Sun exposure are very similar, although the ener-
gy density changes as a function of the wavelength
of radiation for both sources vary somewhat. As a
result of stronger Sun radiation during the summer
months in the southern United States, the repair
process will be about 3 to 4 times as fast compared
with the equivalent exposure in the northern United
States, but for the winter months this difference will
be negligible (25).Because crosslinking reactions are
not moisture sensitive, dry or humid climate con-
ditions will not affect the repair process. The above
networks exhibit the ability to self-repair upon expo-

sure to UV light, but if exactly the same previously
repaired spot is damaged again, the ability for further
repairmay be limited by the thermosetting character-
istics of these networks.

We developed a new generation of thermoset-
ting polymers that are of considerable technical
and commercial importance. The use of the UV
portion of the electromagnetic radiation for re-
pairing mechanical damages in coatings offers an
ambient temperature approach to self-healing—
critical in a number of applications and tech-
nologies that do not require the placement of
other, often elaborate, network components—
that is controlled by the chemistries andmorphol-
ogies of polymer networks.
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Fig. 3. Optical images of mechanically damaged films: PUR (A1, A2, and A3 are images after
exposure for 0, 15, and 30 min to UV radiation; HDI/PEG/CHI = 1:1.5:0); CHI-PUR (B1, B2, and B3
are images after exposure for 0, 15, and 30 min to UV radiation; HDI/PEG/CHI = 1:1.4:0.57 × 10−4);
OXE-CHI-PUR (C1, C2, and C3 are images after exposure for 0, 15, and 30 min to UV radiation;
HDI/PEG/OXE-CHI = 1:1.4:0.57 × 10−4); OXE-CHI-PUR (D1, D2, and D3 are images after exposure
for 0, 15, and 30 min to UV radiation; HDI/PEG/OXE-CHI = 1:1.33:1.17 × 10−4).
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