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ABSTRACT The present paper introduces an intelligent antic-
orrosion coating, based on the mechanized hollow mesoporous silica
nanoparticles (HMSs) as smart nanocontainers implanted into the
self-assembled nanophase particles (SNAP) coating. As the key
component, smart nanocontainers assembled by installing supra-
molecular nanovalves in the form of the bistable pseudorotaxanes
on the external surface of HMSs realize pH-responsive controlled
release for corrosion inhibitor, caffeine molecules. The smart

smart
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nanocontainers encapsulate caffeine molecules at neutral pH, and release the molecules either under acidic or alkaline conditions, which make them
spontaneously experience the pH excursions arisen from corrosion process and respond quickly. The intelligent anticorrosion coating was deposited on the
surface of aluminum alloy AA2024 and investigated by electrochemical impedance spectroscopy and scanning vibrating electrode technique (SVET).
Compared with the pure SNAP coating, the well-dispersed smart nanocontainers not only delay the penetration rate of corrosive species but also repair
damaged aluminum oxide layer to maintain the long term anticorrosion behavior. From the experimental results of SVET, the smart nanocontainers with
the acid and alkaline dual stimuli-responsive characteristics can simultaneously suppress corrosion activities on microanodic and microcathodic regions,
demonstrating an excellent self-healing functionality.

KEYWORDS: mechanized hollow mesoporous silica nanoparticles - dual stimuli-responsive controlled release -
smart nanocontainers - supramolecular nanovalves - intelligent anticorrosion coating

luminum alloy AA2024 is widely used

in the aerospace industry because of

its proverbial advantages. However,
it is susceptible to the localized corrosion.'?
Therefore, it is usually coated pretreat-
ment, primer and top coatings in sequence
to enhance corrosion resistance. As a rep-
resentative of commercial pretreatment
coatings, chromate conversion coating,
directly deposited on aluminum alloy sur-
face, not only has the excellent paint per-
formance but, more importantly, as the
last line of defense, also improves the over-
all anticorrosion performance on account
of its self-healing characteristics.> Unfortu-
nately, hexavalent chromium released dur-
ing the wastewater discharge and waste
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disposal is extremely toxic, carcinogenic,
and environmentally harmful; popularized
application of this technology is contrary to
the goal of sustainable development.

In the process of finding the qualified
alternative for chromate conversion coat-
ing, the new design viewpoint of “passive”
host-"active” guest coating structures has
been proposed and the self-healing prop-
erty regarded as the core element is taken
into account.*™” In the cases, the nanocon-
tainers loaded with corrosion inhibitors as
coating repair factors have been incorpo-
rated into classic passive coatings, and the
integrated systems, in which the nanocon-
tainers can sense surrounding environ-
mental changes (e.g., pH,8'9 temperature,10
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light,""'? aggressive ionic concentration'®), immedi-

ately release corrosion inhibitors to compensate coat-
ing defects, providing both the excellent physical
barrier effect and self-healing functionality. From
the perspective of working mechanism, it is highly
desirable to fabricate ideal nanocontainers, which
should have two primary features. First, the high
loading capacity is required because, once formed,
intelligent anticorrosion coatings can hardly receive
any supply of coating repair factors.'* Second, nano-
containers should be endowed with the unique char-
acteristic of “slight stimuli, great response”. They
should maintain the state of “zero release” under
normal condition, while rapidly release corrosion
inhibitors after perception of corrosion onset.'>'®
Polyelectrolyte layer-by-layer assembly technique
has been adopted to build pH-sensitive shells of
nanocontainers to control the release of encapsulated
corrosion inhibitors and achieve a significant progress
in feedback active anticorrosion coatings.'”” ~2° How-
ever, the operation complexity and premature re-
lease weaknesses promote researchers to develop
innovations to construct intelligent shells of nano-
containers,'821723

Since the conception of supramolecular nanovalves
was first presented by Stoddart in 2004,%° a new class
of stimuli-responsive controlled release systems, also
named mechanized silica nanoparticles, which consist
of mesoporous silica scaffolds, cargo molecules,
and interlocked molecules as supramolecular nano-
valves and are able to respond to all sorts of ex-
ternal stimuli, such as pH,%” 2° redox,?° 32 light,*>**
and enzyme,*>3% have sprung up in the past decade.
Mesoporous silica nanoparticles functionalized with
nanovalves in the form of rotaxanes or pseudorotax-
anes to obtain mechanized silica nanoparticles, and
the state transition from “close” to “open” of nano-
valves depend on the movement of macrocycles non-
covalently linked to the axle molecules upon a specific
stimulus. With the development of the rotaxane mo-
lecular switch assembled by the water-soluble macro-
cycles, such as cyclodextrin and cucurbit[n]uril (CB[n]),
the use of supramolecular nanovalves extends from
organic solvent to water solution, which advances a
great breakthrough in targeted delivery of anticancer
drugs in biological systems,*”® as well as opens the
door for application in the field of intelligent antic-
orrosion coatings. Because the local acidification and
local alkalization sites appear continually during corro-
sion propagation,?® our research group has success-
fully introduced the pH-responsive mechanized silica
nanoparticles as the active components for intelligent
anticorrosion coatings.3**° However, the separate fab-
rication of acid-responsive or alkaline-responsive me-
chanized silica nanoparticles is time-consuming, labo-
rious and prone to cause virtual waste of coating repair
factors due to the uncontrollable distribution of the
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different functional mechanized silica nanoparticles on
appropriate corrosion microregions.

To address this issue and try to get the most out of
the mechanized silica nanoparticles, the acid and alka-
line dual stimuli-responsive mechanized hollow meso-
porous silica nanoparticles have been designed,*'
using hollow mesoporous silica nanoparticles (HMSs)
as solid supports and the bistable CB[7]/hexylammo-
nium unit-ferrocenecarboxylic acid unit pseudorotax-
anes as supramolecular nanovalves. The selection of
HMSs is to multiply the accommodation capacity of
corrosion inhibitors. Moreover, the well-designed su-
pramolecular nanovalves can completely encapsulate
corrosion inhibitors at neutral pH, and rapidly release
molecules either under acidic or alkaline conditions. All
these features perfectly match the requirement of the
smart nanocontainers for intelligent anticorrosion
coatings. In view of this, the mechanized HMSs as
smart nanocontainers were uniformly dispersed in
the self-assembled nanophase particles (SNAP) coating
and subsequently deposited on aluminum alloy
AA2024. We focus on the long-term anticorrosion
performance of the intelligent anticorrosion coating
and the role of the smart nanocontainers in the self-
healing process.

RESULTS AND DISCUSSION

Preparation and Characterization of HMSs. The starting
HMSs were synthesized in weakly basic ethanol/water
solution using relatively concentrated polystyrene la-
tex hard template. Considering the problems of com-
patibility between the mechanized HMSs and the
SNAP coating and the permeability of the mesoporous
shell, both the average particle size and the shell
thickness are highly regulated. As illustrated in Figure 1A,
the scanning electron microscopy (SEM) image
shows that the HMSs have a mean diameter of about
100 nm and the spheres are smooth and uniform. The
transmission electron microscopy (TEM) image pre-
sented in Figure 1B further confirms the hierarchical
hollow mesoporous structure with a hollow cavity
diameter of 70 nm and a mesoporous shell thickness
of 15 nm. Small-angle XRD pattern of HMSs shows
one diffraction peakin the 26 rang 2—3°, demonstrat-
ing the mesoscopic ordering in the shell (shown in
Figure 1C). The N, adsorption—desorption isotherm
of HMSs shows a typical type IV curve with a clear
hysteresis loop, indicating the existence of well-
defined mesopores (Figure 1D). The BET surface area
is1141.2m? g ' and the pore volumeis 1.07 cm®g .
The pore size distribution (PSD) is narrow and cen-
tered at 2.69 nm. The hollow core/thin mesoporous
shell structures ensures high loading capacity, and
also facilitates corrosion inhibitors easily pass in and
out of the HMSs.

Assembling for Mechanized HMSs. The mechanized
HMSs are designed herein as smart nanocontainers;
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Figure 1. (A) SEM image, (B) TEM image, (C) N, adsorption/desorption isotherm and the corresponding pore size distribution,

(D) small-angle XRD analysis of HMSs.

their operations mainly depend on the supramolecular
nanovalves installed on the external surface of HMSs,
which have two vital functions: to prevent any undesir-
able release under neutral environment and to release
inhibitor molecules upon the acid or alkaline stimulus.
Typically, the supramolecular nanovalves consist of
two constituents, the linear stalks containing the hex-
ylammonium units and the ferrocenecarboxylic acid
units linked by amide bonds, and the movable gates,
CBI[7] macrocycles, which are employed to encircle the
stalks to regulate the flow of corrosion inhibitors out of
HMSs by moving to the other recogonition sites far
away from the pore entrance or leave away from the
linear stalks.

Scheme S1 of the Supporting Information shows
the schematic illustration of the procedure for assem-
bling the mechanized HMSs. The installation of the
linear stalks on the mesopores surface was performed
by a three-step surface functionalization process. The
bare HMSs were first functionalized with chloromethyl-
trimethoxysilane (CMTES, HMSs-M1 prepared), subse-
quently reacted with the excess 1,6-hexanediamine
(HAD, HMSs-M2 prepared) in toluene solution, and
eventually coupled with ferrocene dicarboxylic acid
(FCDCA, HMSs-M3 prepared) to fulfill the whole func-
tionalization process. The assembly of the mechanized
HMSs was finalized after loading corrosion inhibitors
and capping with CB[7] macrocycles.

The incorporation of the organic stalks inside the
framework of HMSs was confirmed by high angle
annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) imaging and EDX spectro-
metry analysis (see Figure 2). It can be easily seen
that the HMSs have good mechanical robustness and
are still able to keep morphology mostly unchanged
after functionalization. The corresponding elemental
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mapping images substantiate the existence of well-
dispersed Fe and N elements, undoubtedly stemming
from the intact stalks. The solid-state NMR experimen-
tal results also prove the three-step functionalization
process. As can be seen in 2°Si SSNMR spectrum of the
HMSs-M3 (Figure 3A), the resonance peaks at —109.9,
—101.1, and —92.3 ppm can be attributed to Q* Q°,
and Q2 [Q" = Si(OSi),(OH)4_p, n = 2—4] silica species.
The T signals at —72.1 and —62.8 ppm are assigned to
the organosilica T? and T' species, originating from
silicon atoms covalently bonding with the organic
substituents (see Figure 3B). The '3C SSNMR spectrum
of the HMSs-M3 (Figure 3C) shows the three resonance
signals in the aliphatic region from the carbon atoms of
hexyl group and methylene group directly bonded to
the Si atom. The signals resonating around 68—80 ppm
are attributed to the characteristic peaks of cyclopen-
tadienyl. Furthermore, the resonance at 176 ppm is
attributed to the carbon atoms of the carboxyl group
and the amide group.

Every step of product for assembling the mechan-
ized HMSs was characterized by Fourier Transform
Infrared (FTIR). In the FTIR spectra (see Figure S2 of
Supporting Information), the pure HMSs show only
the surface silanol groups and low-frequency silica
vibrations. For HMSs-M1, HMSs-M2 and HMSs-M3,
the weak absorption bands at 2956 and 2850 cm™'
are observed and assigned to the C—H stretch-
ing vibration. The appearance of characteristic N—H
bending vibration band at 1485 cm ™' and C—N vibra-
tion band at 1385 cm ™' in HMSs-M2 confirms the
connection of HAD.

Moreover, the two new absorption bands at 1680
and 3110 cm™' corresponding to C=0 stretching
vibration and N—H of amide linkage stretching vibra-
tion, respectively, are observed in HMSs-M3, which
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Figure 3. (A) 2°Si SSNMR spectrum of HMS-M3, (B) illustration of T region of T' and T2, and (C) 3C SSNMR spectrum of

HMSs-M3.

provide clear evidence of grafting the FCDCA groups
onto the surface of HMSs. The infrared band at
1730 cm ™' in the mechanized HMSs results from the
stretching vibration of the carbonyl group of CB[7]. The
amount of functional grafted groups can roughly be
estimated by thermogravimetric analysis (TGA) and are
shown in Figure S3 of Supporting Information. When
HMSs are functionalized in sequence with CPTES, HAD,
and FCDCA, the relevant total weight loss is about
6.5 wt % (equivalent to 1.3 mmol CPTES g~ ' HMSs),
8.1 wt % (equivalent to 0.96 mmol HAD g~ ' HMSs), and
10.1 wt % (equivalent to 0.79 mmol FCDCA g~ ' HMSs),
respectively. It is worthwhile to note that after functio-
nalization, the special surface area, total pore volume
and pore diameter somewhat decrease as compared
with HMSs (Figure S4 and Table S5 of Supporting
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Information), but this does not affect the adsorption
efficiency. By analyzing the TGA data acquired, the
loading capacity of the HMSs-M3 for caffeine mol-
ecules is about 20.2 wt %.

Acid and Alkaline Dual Stimuli-Responsive Release Behavior
of Mechanized HMSs. According to our initial conception,
the working mechanism of the supramolecular nano-
valves based on bistable pseudorotaxanes is illustrated
in Figure 4A. At near neutral pH environment, CB[7]
macrocycles thread onto the hexylammonium recog-
nition site by ion-dipole interaction, acting as gate-
keepers and blocking the pore orifices.**** Under this
environment, the distal carboxyl groups of ferrocene-
carboxylic acid are in the ionization state basically; the
strong electrostatic repulsion between the carboxylate
anion and the negatively charged carbonyl oxygen
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Figure 4. (A) Schematic illustration of the working mecha

nism for the mechanized HMSs; release profiles of caffeine

molecules from the mechanized HMSs under acidic conditions (B) and alkaline conditions (C).

atoms on the portals of CB[7] makes the CB[7] macro-
cycles unable to reside on the ferrocenecarboxylic acid
recognition sites.>® Upon lowing pH, as the terminal
ferrocenecarboxylate anion groups are protonated to
some extent, CB[7] macrocycles gradually shuttle to-
ward the ferrocenecarboxylic acid recognition sites
because the association constant for the complex
between CB[7] and ferrocenecarboxylic acid is much
greater than that for CB[7] with hexylammonium.** The
directional movement of CB[7] macrocycles between
the two recogonition sites opens the supramolecular
nanovalves and provides pathways for diffusion of
corrosion inhibitors. If the pH is elevated, CB[7] macro-
cycles cannot form stable inclusion complexes either
with the deprotonated hexylammonium groups or
with ferrocenecarboxylate anion groups, which means
the disruption of the structure of the pseudorotaxanes
and CB[7] macrocycles will dethread from the stalks,
thus leading to the release of corrosion inhibitors from
the mesopores.*’

To verify the design idea and investigate the
pH-triggered release of mechanized HMSs, caffeine
was employed as cargo. Caffeine is a natural, nontoxic,
and environmentally friendly substance and has been
used as corrosion inhibitor for a series of metals and
alloys owning to its special structure of multiadsorp-
tion centers. The Tafel polarization studies in Figure S6
of Supporting Information show that caffeine is a
mixed type inhibitor for AA2024 in NaCl solution; both
of the anodic and cathodic reactions are obviously

FU ET AL.

suppressed. Figure 4B depicts the release profile of the
mechanized HMSs at pH 2, 3,4, 5, and 6.5 as a function
of time. When the pH is 6.5, the UV/vis absorption is
negligible and remains more or less unchanged after
6 h, which indicates that caffeine molecules are effec-
tively entrapped in the inner space of the mechanized
HMSs by the supramolecular nanovalves. There is
already evidence that HMSs with large voids can store
more cargoes than those of conventional mesoporous
silica nanoparticles;***® however, when HMSs are used
as solid supports for controlled release applications, all
of the mesopores connected to the hollow interior
must be installed nanovalves.*” Otherwise, an omis-
sion in any one of the pores will cause the slow leakage
of cargoes. Judging from the experimental data, the
supramolecular nanovalves have covered almost all
the pore channels of HMSs and achieved “zero pre-
mature release” effects. Upon decrease of the pH, a
released amount of caffeine molecules considerably
increases and the release profiles show two distinct
regions: initial burst release region and subsequent
sustained release region, indicating that the supramo-
lecular nanovalves are open to the cargoes. The max-
imum adsorption amount of caffeine molecules in the
mechanized HMSs estimated by UV/vis absorption
measurement of the supernatant of the sample under
pH = 2 after 6 h sonication is about 19.4 wt %, which is
slightly less than that determined by TGA measure-
ment due to the partial desorption of caffeine mol-
ecules during the capping process. Interestingly, with
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Figure 5. SEM images of (A) the surface, (B) the cross section, (C) AFM image of the smart nanocontainers doped SNAP
coating; and (D) three-dimensional spatial distribution of the smart nanocontainers in the SNAP coating obtained by the FIB

technique.

decreasing pH value, the release rate is noticeably
accelerated. The release amount of caffeine under
pH = 2 after immersion for 2 h is 5 times higher than
that under pH = 5. It is not difficult to understand that
according to the operation mechanism of the supra-
molecular nanovalves and diffusion regularity, the
release rate of inhibitor molecules is dependent on
the numbers of the opening nanovalves. The stronger
the acidity is, the higher that is the degree of the
protonation, the more recognition sites far away from
mesopores orifices that are provided, and the more
nanovalves that are opened.

The release study was also carried out under
alkaline conditions and the release profiles shown in
Figure 4C are similar to those in Figure 4B. The phe-
nomenon of pH-dependent release rate under alkaline
conditions is also observed. The stronger the alkalinity
is, the higher the degree of the deprotonation of
hexylammonium units is, the more numbers of CB[7]
macrocycles dethread from the stalks there are, and
the more supramolecular nanovalves that are opened.
When the pH is adjusted to 10, the time required for
releasing 70% of the total amount of caffeine mol-
ecules is only 80 min.

Overall, all the sorts of release characteristics of the
synthesized mechanized HMSs, such as high loading
capacity, acid and alkaline dual stimuli-responsive
controlled release, zero release under neutral solution
and initial burst release behavior, meet the require-
ment of the intelligent anticorrosion coatings for smart
nanocontainers. In addition, the pH-dependent release
rates ensure that if the mechanized HMSs as the smart
nanocontainers are located in the severely corrosion
microregions, in which pH values often deviate heavily
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from the neutral value, they can give a response of
burst release of corrosion inhibitors and promptly
reduce the corrosion rate.

Construction and Characterization of the Intelligent Antic-
orrosion Coating. A new sol—gel technology of the SNAP
coating process, which includes two crucial steps of
forming nanosized silica nanoparticles in suit and
cross-linking the nanoparticles to produce a dense,
protective thin film, has been put forward by the U.S.
Air Force Research Laboratory and regarded as the
environmentally friendly alternative to the chromate-
based surface pretreatment on aircraft aluminum
alloys.*”® Current SNAP coatings have been shown to
generally offer an excellent physical barrier to corro-
sion for aluminum alloys; however, due to the lack of
active components, such pretreatment coatings do not
provide a self-healing ability when the coating suffers
partial damage. In the present study, the mechanized
HMSs as smart nanocontainers were incorporated into
the SNAP coating in order to impart active anticorro-
sion ability. Figure 5A,B shows the top view and the
cross-section SEM images of the smart nanocontainers
doped SNAP coating. The thickness of the doped SNAP
coating deposited on the AA2024 specimen is about
4.5 um. We also notice that many microholes appear on
the surface of all the two SNAP coatings (also see
Figure S7A of Supporting Information), which is attributed
to the rapid evaporation of cross-linking agents. The
pretreatment surface structure is conductive to the
subsequent adhesion of primer coatings. The smart
nanocontainers doped SNAP coating is uniform, crack-
free and the addition of the smart nanocontainers does
not profoundly change the thickness of the coating as
compared with the pure SNAP coating (Figure S7B of
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Figure 6. (A) Bode plots obtained on AA2024 coated with the pure SNAP coatings (red) and the smart nanocontainers doped
SNAP coating (green) afterimmersion for 1, 3,7,9, 11, 13, 15 days in 0.5 M NaCl. (B) The equivalent circuits used for Bode plots
fitting. (C) Evolution of Rsyap, CPEsnap and R, obtained by fitting of bode plots using the appropriate equivalent circuits. (D)
Optical observation of the pure SNAP coating and the smart nanocontainers doped SNAP coating after 9 days and 15 days of

immersion in 0.5 M NacCl.

Supporting Information). AFM micrograph shown in
Figure 5C manifests that the smart nanocontainers are
distributed homogeneously over the surface of the
SNAP coating, which leads to the result that the
average surface roughness increases from 3.3 nm for
the pure SNAP coating (Figure S7C of Supporting
Information) to about 22.4 nm. To further clarify the
spatial distribution of the smart nanocontainers within
the SNAP coating, a defect with a 10 um x 8 um area
was formed by the use of a focused ion beam, at 30 kV
and 100 pA. In contrast to the flat open defect area of
the pure SNAP coating (see Figure S7D of Supporting
Information), some visibly uneven columns are formed
by the difference of etching rate between the organo-
silicon components and the smart nanocontainers,
which verifies the three-dimensional distribution of
the smart nanocontainers.

Electrochemical Impedance Spectroscopy Evaluations. To
quantitatively compare anticorrosion behaviors of
the two different SNAP coatings and numerically inter-
pret electrochemical phenomena on AA2024 surface, a
nondestructive technique, electrochemical impedance
spectroscopy (EIS) was adopted to provide the valu-
able information. Given the thickness of the coat-
ings, EIS measurements were carried out in the high
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concentration of NaCl solution (0.5 M) in order to easily
monitor the each stage of ongoing corrosion.

The evolutions of Bode plots with immersion time
for the pure SNAP coating and the smart nanocontai-
ners doped SNAP coating are shown in Figure 6A. At
the beginning of immersion, the differences of the
Bode plots between the two coatings are slight. Two
well-defined time constants can be identified in the
phase angle spectra. The high-frequency time constant
is related to the capacitance of the passive SNAP
coating, while the other time constant at low frequen-
cies is attributed to the response of the aluminum
oxide layer. An equivalent circuit (Figure 6B), consisting
of two embedded RC circuits representing the SNAP
coating/electrolyte (Rsnyap, pore resistance of the SNAP
coating; CPEsyap, cONstant phase element of the SNAP
coating) and aluminum oxide layer/SNAP coating (Ro,,
resistance of the aluminum oxide layer; CPE,,, constant
phase element of oxide layer), is applied in this condi-
tion to extract the impedance data for analysis.

The resistance plateau between the two capacitive
slopes represents the barrier property of passive
coatings. With increased immersion time, the aggres-
sive electrolyte species gradually penetrate pores of
the SNAP coatings, resulting in the decrease of the
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impedance modulus of SNAP coating and meaning the
continued weakening of physical barrier effect. This
trend is also proved by the decrease of Rsyap and the
increase of CPEgyap (see Figure 6C). Notably, the pore
resistance of the smart nanocontainers doped SNAP
coating is always half an order of magnitude higher
than that of the pure SNAP coating during the early
stage of immersion. Taking into account the almost
identical thickness of the two coating samples, it can
be concluded that the smart nanocontainers have
good compatibility with the SNAP coating, and the
uniformly distributed smart nanocontainers signifi-
cantly reduce the porosity of the SNAP coating and
prolong the physical barrier efficacy. However,
the impedance modulus at the lowest frequency,
|Z]0.01 1z Which is also used to estimate the extent of
corrosion activity,**° remains generally stable for
both two coatings, suggesting the aggressive species
have not reached the alloy surface at this moment.

For immersion time up to ninth day, there are some
substantial differences between the two coatings at
low frequencies on the Bode plots. The pure capacitive
behavior at low frequencies of the pure SNAP coating
changes into the capacitive/resistive mixed behavior,
accompanied by the appearance of the third time
constant, which relates to the active corrosion pro-
cesses.® The third time constant is attributed to
the capacitance CPEy (constant phase element of
double layer) and the resistance R (charge transfer
resistance), characterizing the onset of corrosion
(Figure 6B). Conversely, for the smart nanocontainers
doped SNAP coating, three important characteristics at
low frequencies, including steady |Z]o 01 1, Value, pure
capacitive character, and no emergence of the third
time constant, confirm that the aluminum oxide layer
still keeps intact. The conclusion can be further veri-
fied by the optical microscopical observations (see
Figure 6D). After 9 days of immersion, a few corrosion
pits begin to appear on the pure SNAP coating; some-
what differently, the fresh and smooth surface is
already clearly visible when the intelligent anticorro-
sion coating is deposited.

Aluminum oxide layer is a natural line of defense
against corrosion; once broken, the metallic substrate
will be directly exposed to the attack of the corrosive
species. Therefore, R,y as a key indicator is often used
to estimate the long-term anticorrosion performance
of coatings and preliminary judge active anticorrosion
properties.>? Figure 6C also demonstrates the evolu-
tion of the R, for the two coatings during the whole
immersion test. The R,, for the pure SNAP coating
remains relatively stable within the first few days,
but after immersion for 4 days, it decreases rapidly,
and at the end of the immersion, the R, falls to 9.27 x
10° Q cm?, which is 2 orders of mangnitude lower
than the initial value. For comparison, the R,, for the
smart nanocontainers doped SNAP coating experiences

FU ET AL.

slight fluctuation and then tends toward stability until
the end of the immersion. There is no doubt that the
incorporated smart nanocontainers stabilize the R,. As
discussed above, the incorporation of the smart nano-
containers is not enough to stop the invasion of the
corrosive species for a long time. When electrolyte
species reach the alloy surface and corrosion occurs,
the intelligent anticorrosion coating fully displays the
self-healing ability and compensates the damaged
oxide layer by coating repair factors. Furthermore,
the smart nanocontainers, with the characteristics of
high loading capacity and zero premature release
under neutral solution, offer coating repair factors to
full extent, and at the same time prevent their un-
controllable leaching, effectively extending the dura-
tion of the self-healing property, which is key for the
intelligent anticorrosion coating to maintain no ob-
vious pits and corrosion products after 15 days of
immersion (see Figure 6D).

Scanning Vibrating Electrode Technique Measurements. To
further validate the positive role of the smart nano-
containers in the self-healing process, the scanning
vibrating electrode technique (SVET) was employed to
monitor the changing trends of local current density
surrounding artificial defects on the coatings at a
microscopic level. The coatings were cross-scratched
(3 mm long, 45 um width) as shown in Figure 7A,B to
easily detect the corrosion current during immersion in
0.1 M NaCl solution.

The evolutions of the 3D current density maps are
depicted in Figure 7C—H for the two coatings after 1, 4,
and 16 h of immersion. Both anodic current density
corresponding to the local dissolution of the alloy
matrix and cathodic corrosion activity relating to the
reduction of dissolved oxygen in the defects on
AA2024 coated with the pure SNAP coating are ob-
served after only 1 h of immersion. With increasing
immersion time, the anodic current density continues
to grow. The cathodic current density is relatively low
and remains this level for long-time immersion. These
observations reveal the initiation and propagation of
corrosion in the defects. In the case of the smart
nanocontainers doped SNAP coating, a different type
of evolution situation takes place. No corrosion signal
appears after 1 h immersion. However, corrosion is
detected after 4 h, which is observed as anodic peak of
about 1.9 uA cm ™2 at the center of the defect area and
some weak cathodic corrosion activity on the edge.
Delightedly, since then the spreading of corrosion has
been gradually controlled, and the measured current
density demonstrates a significant decrease, even to a
noisy level. After 16 h immersion, as can be seen from
Figure 7H, the surface presents no remarkable electro-
chemical activity, which is in sharp contrast to the pure
SNAP coating (Figure 7E), suggesting that all the
corrosion activities are suppressed by self-healing
functionality.
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Figure 7. Optical images after 16 h of immersion in 0.1 M NaCl of AA2024 coated with (A) the pure SNAP coating and (B) the
smart nanocontainers doped SNAP coating; (C—H) SVET current density maps after 1 h (C, F), 4 h (D, G) and 16 h (E, H) of
immersion in 0.1 M NaCl for the pure SNAP coatings (middle) and the smart nanocontainers doped SNAP coating (bottom).

When AA2024 substrate undergoes corrosion in
electrolyte solution, a number of microanodic and
microcathodic regions will be emerged on the metallic
surface. In the microanodic regions, the dissolution of
aluminum and subsequent hydrolysis of aluminum ion
lead to the decrease of pH and cause local acidification
sites, while in the microcathodic regions, the oxygen
reduction and possible proton reduction processes
result in the pH elevation and local alkalization sites
formation.>2 It can be inferred that the dispersed or
the embedded smart nanocontainers congregated
either in microanodic or in microcathodic regions are
able to autonomously feel the abrupt change of pH
and quickly give a response to release the caffeine
molecules due to their acid and alkaline dual stimuli-
responsive release characteristics. The released caf-
feine molecules protect the alloy surface from corro-
sion by forming molecular film on the damaged alloy
surface, preventing the diffusion of aggressive species
and oxygen to the scratched area. As caffeine is a
coating repair factor, the efficient operation of caffeine
molecules is also an important reason for the absence
of corrosion activities after long-time immersion. When
the smart nanocontainers without loading any inhibi-
tor molecules are implanted into SNAP coating for
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comparison (see Figure S8), the evolutional tendency
is very similar to that of the pure SNAP coating, and the
phenomenon of self-healing is not observed during
the investigated process.

CONCLUSIONS

In this work, the intelligent anticorrosion coating,
constructed with the key component of the supramo-
lecular self-assembly mechanized HMSs as smart nano-
containers and the basic framework of SNAP coating,
is introduced. Experimental results prove that the
smart nanocontainers are crucial to the intelligent
anticorrosion effects. The advantages of the smart
nanocontainers are centered on the following three
points. (i) The smart nanocontainers have good com-
patibility with the SNAP coating, which is the basic
requirement to implement anticorrosion task. (ii) Using
HMSs as nanocarriers greatly increases the adsorption
capacity of the coating repair factors, corrosion inhibi-
tors, which provide the guarantee to the intelligent
anticorrosion coating for durable self-healing capabil-
ity. (iii) The CB[7]-based bistable pseudorotaxanes as
supramolecular nanovalves achieve the acid and alka-
line dual stimuli-responsive controlled release for
corrosion inhibitors. The smart nanocontainers are
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stimulated to activate the corrosion inhibiting action
only when corrosion occurs. In summary, the delicate
design of the intelligent anticorrosion coating integrates

EXPERIMENTAL SECTION

Materials. Coupons of aluminum alloy AA2024 in the form of
1 cm x 4 cm x 0.04 cm were provided by XuSheng Co.,
(Nanjing, China). Tetraethylorthosilicate (TEOS), chloromethyl-
trimethoxysilane (CMTES), 1,6-hexanediamine (HDA), [2-(acry-
loyloxy)ethyl] trimethylammonium chloride (AETAC, 80 wt % in
water), cetyltrimethylammonium bromide (CTAB), 2'2-azobis-
(2-methylpropionamidine) dihydrochloride (V-50), 4-dimethy-
laminopyridine (DMAP), triethylene tetramine (TETA), cucurbit-
[7]uril (CB[7]), caffeine, and (3-glycidyloxypropyl) trimetho-
xysilane (GPTMS) were purchased from Sigma-Aldrich.
Ferrocene dicarboxylic acid (FCDCA) was obtained from J&K
Scientific Co., Ltd. (Shanghai, China). All other reagents were of
analytical grade and used as received. All the solutions were
prepared using the deionized (DI) water (18.2 MQ cm) origi-
nated from the Millipore Milli-Q water purification system.

Preparation and Functionalization of Hollow Mesoporous Silica Nano-
partides. Hollow mesoporous silica nanoparticles (HMSs) were
prepared according to the reported method with minor mod-
ification. Briefly, the monodispersed polystyrene latex (PS)
templates were synthesized first.>®> Ten milliliters of a 9 wt %
PS aqueous solution was introduced dropwise to the mixture
solution of CTAB (0.8 g), H,O (29 mL), ethanol (15 mL) and
ammonia solution (1 mL) under vigorous stirring at room
temperature, followed by sonication for 15 min. Then, TEOS
(1.34 mL) was added using an autosampler system within 5 min.
After reaction for 48 h, the PS@CTAB/SiO, was collected by
centrifugation and washed with ethanol. Finally, the obtained
nanoparticles were calcined at 550 °C for 8 h. To completely
remove the template and provide hydroxyl groups, the powder
was reacted in ethanol/HCl mixture (5 mL HCI (37 wt %)/80 mL
ethanol) at 50 °C for 5 h. The resulting HMSs were collected by
centrifugation, washed thoroughly with MeOH, and then dried
under vacuum.

The functionalization of HMSs included three steps. First,
HMSs (200 mg) were dispersed in dry toluene (10 mL) under a
nitrogen atmosphere. CMTES (60 mL, 0.28 mmol) was slowly
added into the solution under magnetic stirring. After a reflux-
ing step overnight, the CMTES-modified HMSs (HMSs-M1) were
collected, washed with toluene and methanol, and then dried.
Second, HMSs-M1 (100 mg) were dispersed ultrasonically in
10 mL of toluene containing excess amount of HAD. The
mixture solution was refluxed overnight under nitrogen. After-
ward, CMTES/HAD-modified HMSs (HMSs-M2) were recovered
by centrifugation, washed with methanol, and dried. Finally,
HMSs-M2 (100 mg) were dispersed in 10 mL of DMF, in which
was dissolved FCDCA (100 umol, 27 mg), followed by the
addition of DCC (100 umol, 27 mg) and DMAP (150 umol,
20 mg). After they were stirred for 24 h under nitrogen, the
resulting functionalized HMSs (HMSs-M3) were separated via
centrifugation. To maximize the adsorption capacity, HMSs-M3
were sonicated in 5 mL of water for 5 h to remove DMF and
unreacted FCDCA remained in mesopores, and then dried
under vacuum in preparation for the next step.

Corrosion Inhibitor Loading, Capping, and Releasing Experiment.
HMSs-M3 (50 mg) were added to 5 mL of PBS (pH = 7.4)
containing caffeine (200 mg) and sonicated to dispersion. The
suspended solution was stirred for 24 h under vacuum, after
which it was in equilibrium at atmosphere for 4 h. To allow as
many caffeine molecules as possible to diffuse into the hollow
cavities of the HMSs, the above procedure was repeated three
times. During the whole process, the temperature was main-
tained at 50 °C. The caffeine-loaded HMSs-M3 were obtained by
centrifugation and dried under vacuum overnight. To entrap
the caffeine, the CB[7] (50 mg), NaCl (5 mg) and caffeine (10 mg)
were dissolved in 5 mL of PBS solution (pH =7.4), and then
caffeine-loaded HMSs-M3 (50 mg) were added under stirring.
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the excellent physical barrier property with the self-
healing functionality, extends the lifetime of underlying
alloy, and has a bright prospective in the future.

The mixture solution was stirred for 3 days at room temperature
to obtain the caffeine-loaded, CB[7]-capped HMSs-M3 (the
mechanized HMSs). The mechanized HMSs were isolated by
centrifugation, washed adequately with PBS solution (pH =7.4),
and dried under vacuum for further analysis and release
experiment.

To investigate the amount of caffeine releasing from the
mechanized HMSs at different pH values, the mechanized HMSs
(1 mg) were placed in the dialysis bag at the top of the sealed
quartz cuvette to avoid interference, and the desired pH solu-
tion (acidic, adjustment by HCl solution; neutral, PBS 6.5; alka-
line, adjustment by NaOH solution) was carefully added into the
cuvette to ensure the mechanized HMSs were completely
immersed into the solution. The UV/vis absorbance of the
dissolved caffeine was recorded at 1 s interval over the entire
period of release experiments.

Construction and Anticorrosion Evaluations of the Intelligent Antic-
orrosion Coating. Coupons of AA2024 were abraded with emery
paper to 1500 grit, degreased in acetone, sonicated in deionized
water (40 kHz, 200 W, 15 min), etched in HNOs solution (20%,
10 min, 40 °C), rinsed with deionized water, and dried in the
atmosphere.

Self-assembled nanophase particle (SNAP) sol was synthe-
sized by hydrolyzing GPTMS and TEOS in a dilute solution
of acetic acid solution (0.05 mol/L) controlling a molar ratio
GPTMS/TEOS/water of 3:1:15. After the solution was aged in a
sealed vial for 3 days, the SNAP sol with the addition of the
appropriate amount of mechanized HMSs (2 mg/mL) was
prepared for the intelligent anticorrosion coating. A SNAP sol
without mechanized HMSs was also prepared as reference (the
pure SANP coating). After ultrasonic dispersion for 30 s, TETA
(n(GPTMS)/n(TETA) = 7.8:1) was added into the mechanized
HMSs incorporated SNAP sol under stirring at room tempera-
ture within 1 min. The intelligent anticorrosion coating on the
surface of AA2024 substrates was fabricated by a dip-coating
procedure. The pretreated AA2024 coupon was immersed into
the resulting sol for 120 s followed by withdrawal at a speed of
2 mm-s~".Finally, the samples were air-dried at 100 °C for 30 min.

Electrochemical impedance (EIS) measurements and poten-
tiodynamic polarization studies were carried out using a PAR-
STAT 2273 potentiostat/galvanostat. A conventional three
electrode cell in a Faraday cage was used, composed of a
saturated calomel reference electrode (SCE), a platinum foil as
the counter electrode, and the coated AA2024 substrates as the
working electrodes (exposed area: 0.5 cm?). Potentiodynamic
polarization studies were swept from —250 to +250 mV
with respect to the open circuit potential at a scan rate of
0.166 mV s~ . EIS measurements were performed with applied
10 mV sinusoidal perturbations in the frequency range from
100 kHz to 10 mHz, with 10 points per decade. The impedance
plots were fitted with the ZSimpWin software.

The SVET measurements were performed in 0.1 M NaCl
solution using a M370 device (Princeton Applied Research).
Prior to measurement, the artificial scratches were carefully
created with a sharp needle to avoid damage the metal surface.
The Pt-blackened electrode tip with a diameter of 20 um and
was situated 100 um above the surface of the coatings. The
electrode vibrated with a frequency of 75 Hz and the peak-to-
peak amplitude was 30 um. The defected areas of 3 mm x 3 mm
were scanned with a step width of 200 #m which results in a
16 x 16-matrix. Experimental results are presented in the form
of 3D maps of ionic currents. All the tests were conducted at the
open-circuit potential.

Characterization. Fourier transform infrared spectra (FT-IR)
were recorded on a Bruker Tensor 27 FTIR spectrometer. Scan-
ning electron microscopy (SEM, S-4800, Hitachi) and transmis-
sion electron microscopy (TEM, JEM-2100, JEOL) were used to
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examine the morphologies of the HMSs. HADDF STEM image
and STEM EDX mapping were recorded from FEI-Tecnai F20
transmission electron microscope operated at 200 kV. Small-
angle powder X-ray diffraction (XRD) patterns were recorded
on a Bruker D8 Advanced diffractometer using Cu Ka radiation
(A = 1.5406 A). The N, adsorption—desorption isotherms were
obtained at 77 K on a Quanta chrome Nova 1000 Micrometric
apparatus. The specific surface area was calculated by the
Brunauer—Emmett—Teller (BET) method. The pore size and
pore volume were calculated by the Barrett—Joyner—Halenda
(BJH) method according to the adsorption branch of the
isotherm. The solid state '>C and 2°Si CPMAS NMR spectra were
collected on a Bruker DSX400 NMR spectrometer, operating at
Larmor frequencies of 100.6 and 79.5 MHz and equipped with a
7 mm probe. UV/vis measurements were performed using a
Shimadzu UV-1800 spectrometer.
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