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The observation of the morphology of the fibrous molecular assem-
blages and the Ni-P microtubes was carried out using a Hitachi S-
3000N scanning electron microscope and a Hitachi S-800 field-emis-
sion scanning electron microscope. Sample characterizations were
performed with a Phillips PW-3050 energy-dispersion X-ray analyzer,
a Shimadzu ICP-8100 inductively coupled plasma atomic emission
spectrometer, a Shimadzu ESCA 3400 X-ray photoelectron spectrom-
eter, a Bio-Rad FTS6000 Fourier-transform IR spectrometer, and a
Rigaku RINT2000 powder X-ray diffractometer.
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Wax-Protected Catalyst Microspheres
for Efficient Self-Healing Materials**

By Joseph D. Rule, Eric N. Brown, Nancy R. Sottos,
Scott R. White, and Jeffrey S. Moore*

We have reported a polymeric material that is capable of
autonomic crack repair and recovery of structural integ-
rity.[l‘S] This self-healing material (Fig. 1a) is a common epoxy
which contains solid particles of Grubbs’ catalyst and
poly(urea-formaldehyde) microcapsules containing liquid di-
cyclopentadiene (DCPD). When a crack propagates through
the epoxy, it also ruptures the microcapsules and releases
DCPD into the crack plane. The DCPD then mixes with the
Grubbs’ catalyst, undergoes ring opening metathesis polymer-
ization (ROMP), and cures to provide structural continuity
across the crack plane.

This system performs well with a relatively large (2.5 wt.-%)
loading of catalyst, but multiple factors have made lower
catalyst loadings ineffective. Firstly, the catalyst does not dis-
perse well in the epoxy, so only a few relatively large
(~500 um) catalyst particles are exposed on the crack plane
when low catalyst loadings are used. This poor dispersion of
catalyst leads to regions on the crack plane where no catalyst
is available to cure the DCPD, and healing is incomplete. Sec-
ondly, the epoxy’s curing agent, diethylenetriamine (DETA),
destructively attacks Grubbs’ catalyst as the epoxy initially
cures, and this destruction reduces the amount of catalyst that
is available for the promotion of healing.”
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Figure 1. a) Self-healing material using unprotected Grubbs’ catalyst.
b) Self-healing material with Grubbs’ catalyst embedded in wax micro-
spheres.

Taber and Frankowski have shown that Grubbs’ catalyst
can be incorporated into paraffin wax to protect the catalyst
from air.! If wax could similarly protect the catalyst from
DETA by creating an insoluble barrier between the catalyst
and the amine, more efficient use of the catalyst could be
achieved. However, for healing to occur when DCPD is re-
leased into the crack plane, it must dissolve the wax, release
the catalyst, and polymerize to heal the crack.

The wax-protected Grubbs’ catalyst was originally report-
ed only as a single monolithic sample,[é] whereas the self-
healing application requires small particles that are suitable
for distribution in the epoxy. To address this problem, we
generated wax microspheres containing Grubbs’ catalyst
through a hydrophobic congealable disperse phase encapsu-
lation procedure that has been used in similar pharmaceuti-
cal applications.m These microspheres were synthesized by
pouring a mixture of molten wax and bis(tricyclohexylphos-
phine)benzylidene ruthenium(1v) dichloride (first generation
Grubbs’ catalyst) into a hot, rapidly stirred, aqueous solution
of poly(ethylene-co-maleic anhydride).”®! The resulting sus-
pension of molten wax droplets was then rapidly cooled with
the addition of cold water to solidify the wax. The wax micro-
spheres were filtered, dried, and sifted to yield a coarse pow-
der. Optical microscopy shows that catalyst particles are sus-
pended in the colorless wax giving the microspheres a
speckled appearance, but this heterogeneity is not apparent
to the unaided eye.

A model system of wax without Grubbs’ catalyst confirmed
that the average size of the microspheres can be easily con-
trolled by the rate of stirring. For example, with stirring rates
of 450, 900, and 1500 rpm, the average diameters of collected
wax microspheres were 150, 90, and 50 wm, respectively. The
size distributions are large, but through the use of sieves, nar-
rower size ranges can be isolated. The ethylene-maleic anhy-
dride copolymer is included as a surfactant to facilitate the
formation of a suspension. In the absence of copolymer, the
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average particle size is increased by more than a factor of
three, and excessive non-spherical wax debris is formed.

The reactivity of the wax-embedded catalyst was quantified
by using in-situ "H-NMR to measure the ROMP kinetics of
endo-DCPD in the presence of the microspheres.[g] The rate
constant measured for a sample prepared with the wax micro-
spheres was 2.7x 10 s™\. An analogous control sample pre-
pared with unprotected Grubbs’ catalyst had a rate constant
of 3.0x10™ s™', which shows that the process of embedding
the catalyst in wax microspheres only reduces the reactivity
by 9 %. This small reduction in rate confirms that the cata-
lyst’s brief exposure to heat and air only mildly affects its re-
activity. Furthermore, when the wax-protected catalyst is
melted and cast into new microspheres, the measured rate
constant does not change measurably from that of the original
microspheres. Because this recycling process can be per-
formed without loss of reactivity, microspheres that fall out-
side of the desired size range can be reformed with useful di-
ameters, thus avoiding the costly waste of catalyst.

The wax greatly increases the catalyst’s resistance to ethyl-
enediamine (EDA). As a control, a sample of unprotected
Grubbs’ catalyst was exposed to neat EDA and immediately
placed under vacuum. Within 10 min, the EDA had complete-
ly evaporated. The same procedure was performed with wax-
protected catalyst microspheres. NMR samples were prepared
using the non-volatile catalyst and wax residues, and the
kinetics for ROMP of DCPD were measured for each
sample. The wax preserved 69 % of the catalyst’s reactivity
(k=19x10"*s") when the wax microspheres were used,
while the unprotected catalyst showed no reactivity. DETA’s
low volatility prevented it from being used in an analogous ex-
periment, but qualitative tests confirm that it has a similar, mi-
nor effect on the catalyst in the microspheres. Therefore,
DETA appears to destroy much less catalyst during sample
preparation when wax microspheres are used.

The microspheres are also useful for dispersing Grubbs’ cat-
alyst uniformly throughout the epoxy matrix. Figure 2a shows
a sample of epoxy containing unprotected catalyst (2.5 wt.-%)
where typical particles are relatively large and widely spaced.
Figure 2b shows a similar sample with microspheres of wax-
embedded catalyst (5 wt.-%). Because the wax microspheres
contain only 5 wt.-% Grubbs’ catalyst, the overall loading of
catalyst in the epoxy sample is only 0.25 wt.-% —an order of
magnitude lower than the sample in Figure 2a. However, the
wax microspheres are well distributed throughout the sample
giving a much better dispersion of catalyst particles even with
a much lower overall catalyst loading. Thus, the catalyst will
be more evenly distributed across the crack plane of a frac-
tured sample. We believe that this more uniform dispersion
facilitates healing by providing catalyst to the DCPD on the
entire crack plane rather than only to localized areas near iso-
lated catalyst particles.

Using the techniques reported previously,** fracture sam-
ples were prepared and tested with 10 wt.-% DCPD micro-
capsules and various concentrations of catalyst microspheres.
Representative virgin and healed load-displacement curves
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for a specimen with wax microspheres are shown in Figure 3a.
Unlike the behavior reported for self-healing samples pre-
pared with unprotected catalyst (Fig. 3b),>*! the self-healing
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Figure 2. Sections of epoxy samples cut to ~300 um thick containing

a) 2.5 wt.-% unprotected Grubbs’ catalyst or b) 5 wt.-% wax micro-
spheres (0.25 wt.-% overall catalyst loading).
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Figure 3. Representative virgin and healed load-displacement curves for
samples with a) 5 wt.-% microspheres containing 5 wt.-% Grubbs’ cata-
lyst and b) 2.5 wt.-% unprotected Grubbs’ catalyst. Both samples con-
tain 10 wt.-% DCPD microcapsules with an average diameter of 180 um.
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induced with catalyst microspheres exhibits nonlinear elastic
behavior. The nonlinearity appears to result from the
polyDCPD being plasticized by the wax that is dissolved in
the DCPD prior to curing. Separate tensile fracture tests of
samples made of polyDCPD with dissolved wax support this
explanation (results not shown).

Due to the nonlinear response of the healed load displace-
ment curve, the critical fracture toughness (Kjc) protocol re-
ported for our previous system cannot be employed.[1‘2‘4‘5]
Moreover, while the large-scale initiation of damage and plas-
ticity in the healed interface followed by slow, stable crack
growth provides excellent structural recovery and resistance
to post-healing failure, a rigorous analysis of fracture proper-
ties after healing is beyond the scope of this paper. Thus, the
healing efficiency is defined for the current report as the inter-
nal work (or strain energy) for the healed sample divided by
the internal work for the virgin sample, each normalized by
the new surface area generated upon fracture (Eq. 1, see Ex-
perimental).

To study the effect that wax has on self-healing, tests were
performed with variable amounts of catalyst in the micro-
spheres (Fig. 4a). The loading of microspheres in the epoxy is
held constant at 5 wt.-% but the loading of catalyst in the mi-
crospheres is varied from 0 % to 25 %. Therefore, the overall
amount of catalyst in these epoxy samples ranges from 0 % to
1.25 % (i.e., 5 wt.-% microspheres in epoxy and 25 wt.-% cat-
alyst in microspheres). Not surprisingly, the average healing
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Figure 4. a) Effect of catalyst concentration on healing efficiency for
samples with 5 wt.-% wax microspheres and 10 wt.-% DCPD microcap-
sules or with unprotected catalyst and manually injected DCPD [2].
b) Healing efficiencies achieved with a constant overall catalyst loading
of 0.25 wt.-% obtained by simultaneously varying both the amount of cat-
alyst in the wax and the amount of wax in the epoxy. 10 wt.-% DCPD
microcapsules were used. The error bars show the total range of results
for three trials, and the data points represent the average values.
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efficiency initially increases as catalyst loading increases.
However, as the catalyst loading is increased from 0.75 wt.-%
to 1.25 wt.-%, the healing efficiency appears to level off, and
this may suggest that the maximum average healing efficiency
(93 %) can be achieved with just 0.75 wt.-% catalyst loading,
a value far below that reported previously for the unprotected
catalyst.[1’2‘4] When samples with unprotected catalyst were
tested using manually injected DCPD to maximize the healing
ability, the average healing efficiencies (when recalculated in
terms of strain energy release rate) were invariably lower than
those achieved with the wax microspheres (Fig. 4a).”! More-
over, the superior healing efficiencies achieved with the mi-
crospheres were possible with catalyst loadings that were
about an order of magnitude lower than previously required.

The data in Figure 4a show that a catalyst loading of
0.25 wt.-% is sufficient for very good healing efficiencies. To
further investigate this catalyst concentration, a separate se-
ries of tests was performed in which the loading of catalyst in
the wax was varied inversely with the loading of microspheres
in the epoxy in order to maintain a constant overall catalyst
level of 0.25 wt.-% (Fig. 4b). Similar healing efficiencies were
achieved regardless of the amount of wax in the samples, so
healing in this system appears to depend primarily on the
overall catalyst loading.

We have shown that Grubbs’ catalyst can be embedded into
wax microspheres. The samples self-healed with these wax mi-
crospheres showed nonlinear elastic fracture behavior with
large-scale initiation of damage and plasticity followed by
slow, stable crack growth. Even with dramatically reduced cat-
alyst concentrations, the use of microspheres produces healing
efficiencies that are superior to those previously achieved. In-
creased healing efficiency results from more uniform disper-
sion of the wax-protected catalyst in the epoxy matrix along
with the ability of the wax to protect the catalyst from detri-
mental interaction with DETA. Additional applications of
wax-protected catalysts in related self-healing systems are cur-
rently being explored.

Experimental

Synthesis of Wax Microspheres Containing Grubbs’ Catalyst: In an
N,-filled glovebox, paraffin wax (Aldrich, 10.0 g, mp=58-62°C) and
Grubbs’ Catalyst (Strem, 525 mg) were sealed in a vial. The vial was
removed from the glovebox. A solution of water (225 mL), poly(eth-
ylene-co-maleic anhydride) (0.63 g, 0.28 wt.-%) and octanol (1 drop)
was placed in a 1000 mL beaker in an 82 °C water bath and stirred
with a mechanical stirrer at 900 rpm. The vial containing the wax and
the catalyst was submerged in the same 82°C water bath. After
10 min, the wax had melted and the aqueous solution had reached
65-70 °C. The vial with the molten wax was shaken to disperse the cat-
alyst. The vial was then opened (in air), and the wax was poured into
the aqueous solution. After 2 min, cold water (600 mL, 0°C) was
quickly added, and the stirring was stopped. The microspheres were
collected by filtration and dried under vacuum.

ROMP Kinetics Measurements: In an N,-filled glovebox, a stock so-
lution of PCy; (4.1 mM) in dg-toluene was prepared. This stock solu-
tion was then added to an NMR tube with wax microspheres
(140 mg) containing 5 wt.-% Grubbs’ catalyst (0.0085 mmol). A con-
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trol sample with unprotected Grubbs’ catalyst (7.0 mg, 0.0085 mmol)
and wax microspheres without included catalyst (133 mg) was pre-
pared using the same stock solution of PCy; in dg-toluene. Each
solution weighed 0.70 g. The samples were capped with septa and re-
moved from the glovebox. Mesitylene (10 uL) was added via syringe
as an internal standard. The ROMP kinetics with endo-DCPD were
obtained by in-situ "H-NMR as described previously [9].

Fracture Tests: Fracture samples with a tapered double-cantilever
beam (TDCB) geometry were cast from EPON 828 epoxy resin cured
with 12 pph DETA containing 10 wt.-% of 180 um diameter DCPD-
filled microcapsules (prepared by in-situ emulsion polymerization)
and a prescribed content of wax microspheres [2,4,10]. Samples were
cured for 24 h at room temperature followed by 24 h at 30°C. The
samples were pin loaded and tested under displacement control, at
5 ums™ displacement rate. Samples were tested to failure, the load
was then removed, and the crack faces were allowed to come in con-
tact and heal at room temperature. Samples were retested after 24 h.

The protocol established by Brown et al. [1,2,4], to measure crack
healing efficiency was modified to account for nonlinearity in the
loading trace. Here we define the healing efficiency, #’, as the ability
to recover internal work (or strain energy) normalized by the new sur-
face area created by fracture:

Uhealed/bn (W — 4 ) Ahcalcd/bn (W —a, )
/ healed / __ healed (1)

N = =
Uvirgin/bn (W —ay ) Avirgin/bn (W —a,

where U is the internal work (or strain energy) in the sample given by
the total area under the load-displacement curve A = f(ff“““‘ P(6)dd, b,
is the width of the crack surface created (b, =2.5 mm), W is the dis-
tance from the loading line to the end of the specimen (W=79.3 mm),
and qy is the initial crack length as determined from initial compliance
data. The values for b,, and W are unchanged between the virgin and
healed loadings. The initial crack lengths for the virgin tests range
from 23-33 mm and depend on the amount of advancement during
pre-cracking. The initial crack lengths for the healed samples range
from 20-25 mm.

virgin virgin
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