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Self-Healing and Antifouling Multifunctional Coatings
Based on pH and Sulfide lon Sensitive Nanocontainers

Zhaoliang Zheng,* Xing Huang, Matthias Schenderlein, Dimitriya Borisova, Rong Cao,

Helmuth Méhwald, and Dmitry Shchukin

Application of mesoporous silica nanoparticles (MSNs) as delivery tools

for self-healing coatings is limited by spontaneous leakage and specifically
responsive release of small molecular inhibitors. In this work, a pH/sulfide
ion responsive release system based on MSNs using a Cu-BTA complex
forms at the openings of the mesopores into which BTA (corrosion inhibitor)
and benzalkonium chloride (biocide) are loaded. The spontaneous leakage
of active species is completely avoided and premature release of the loaded
composition was lowered to 0.02. The responsive release begins when the

application of MSNs in feedback coatings
is at a very early stage. The application
of MSNs as delivery tools in self-healing
coatings is limited by spontaneous leakage
of small molecular inhibitors from MSNs
during the procedure of forming nano-
valves and premature release when loaded
MSNs were transferred into the coating
matrix.?’! Biomedicine is also facing the
same probleml® and very few successful
examples can be found for encapsulation

pH is lower than 5 or [S?] is higher than 0.02 mM (about 0.6 ppm). The
hybrid coating containing the responsive release system exhibits feedback
self-healing property sensitive to lowering of pH and sulfide ion concentra-
tion and, at the same time, provides a high barrier level for a long time. Due
to incorporation of biocide in the release system, the coating is also provided

with antifouling properties.

1. Introduction

In the last decade, considerable progress has been made in
controlled delivery of active molecules, especially in molecu-
larly targeted therapy!!l and feedback anti-corrosion coatings!?
by utilizing nanocapsules like mesoporous silica nanoparticles
(MSNs) which have large area-to-volume ratio, tunable pore
size and regular porous structure.’l Compared with molecu-
larly targeted therapy in which the stimuli-responsive design
of functionalized MSNs has covered almost all kinds of com-
mands, such as temperature changes,”! pH changes,! redox
activation, %! light initiation,”] and other external stimuli,® the
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of small molecular weight drugs with size
lower than 1 nm.['% The other difficulty is
to realize stimulated release of inhibitors
responsive to certain triggers, especially to
pH changes and corrosive (e.g., sulfide)!!
ions. It is also impossible to “borrow
tools” from biomedicine (supramolecular
nanovalves, sensitive linkers and expen-
sive NPs)2 to mechanize MSNs for the
need of stimuli-triggered release for self-healing anti-corrosion
coatings. The supramolecular nanovalves and sensitive linkers
are obviously unsuited because of involvement of tedious and
intricate steps, vulnerability of sensitive linkers and unpredict-
able diverse influence of shedding organic compounds in the
coating matrix.3] Tt is also unacceptable to bind gold NPs!'#!
and CdS quantum dots!™ to block the release of corrosion
inhibitors due to the high cost of the resulting coatings. There-
fore, it is of top priority to find a novel, facile and green method
to minimize the spontaneous leakage and form a stimuli-trig-
gered release system for small molecules.

At the same time, steel has been increasingly suffered from
environment polluted by sulfide ions, because dissolution of
metal ions from a virgin metal surface is stimulated and accel-
erated by formation of stable sulfides and acidic microareas
induced by corrosion.'®l A similar corrosion mechanism is
attributed to the inner corrosion of oil pipelines. By now, an
effective method to inhibit the S?~-induced corrosion was lim-
ited by forming a passive film on the substrate; whereas the
protection will be no longer valid when the films are damaged
(e.g., by scratching). It was found that 1 H-benzotriazole (BTA)!!”)
can completely inhibit the corrosion of steel in salt water!'®l as
well as in acidic*! environment. Moreover, the reversibility of
the Cu-BTA complex in acidic condition was confirmed by Li
and co-workers,?% that is the insoluble structures can be re-
dissolved in acidic condition. On the other hand, sulfide ions
can easily extract the Cul™ ions from the Cu-BTA complex
because of the great difference between the stability constants
of Cu,S and the Cu-BTA complex (4 x 10* and 1.54 x 1072,
respectively).l'!l Using the insoluble Cu-BTA complex at the
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Scheme 1. Schematic representation of the procedure of forming a stim-
uli-triggered release system and of the stimulated release process: amino-
functionalization (1) and loading forming nanovalves (2) and stimulated
release.

opening of mesopores, Lvov’s group?!l was able to control the
release profile of BTA from halloysite nanotubes. Therefore, the
insoluble Cu-BTA complex is a promising candidate to serve
as pH and sulfide ion sensitive nanovalve for controlled pore
opening of BTA-loaded MSNs.

In the present work, we have developed a pH/sulfide ion
responsive multifunctional release system based on MSNs
using an insoluble Cu-BTA complex formed at the opening
of silica mesopores loaded with corrosion inhibitor (BTA) and
antibacterial agent (benzalkonium chloride or triclosan, BC or
TC respectively). These two active agents with different func-
tionality can be loaded step-by-step into silica channels, trapped
by the Cu-BTA complex and released in a controlled way upon
local changes of pH or interaction with external sulfide ions
(Scheme 1). To realize this, the outer surface or mesopore
opening of MSNs was first functionalized with N-(3-trimethoxys-
ilylpropyl) ethylenediamine (DiA) to form DiA-MSNis to stabilize
the nanovalves formed at the opening. Then, the functionalized
MSNs were loaded by BTA and biocides with different molar
ratio through a vacuum method.?2 The loaded nanocontainers
were recovered by centrifugation and washed (Figure S1 in the
Supporting Information) to remove the excess of absorbed BTA
and biocides. Finally, aqueous CuSO, solution was dropped on
the powder of the loaded nanocontainers to form an insoluble
complex with BTA at the opening of mesopores, obtaining Cu,-
(yTC or BC, BTA)@DiA-MSNs where x is the concentration of
CuSOy solution and y is the molar ratio of biocide to BTA in the
first loading cycle. The sample color changed dramatically from
pale yellow to pale green, blue green or blue with the increase
of the number of amino groups in one functionalizing agent
(Figure S2). The release of the inhibitor and antibacterial agent
was triggered when the pH was lower than 5 or [S?7] higher
than 0.02 mM (about 0.6 ppm). All experiments of preparation,
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characterization, loading and release were carried out at room
temperature.

2. Results and Discussion

2.1. Structural Characterization

The synthesis of the stimuli-triggered release system starts with
functionalizing surface or pore opening of MSNs with one of
the three aliphatic amines (aminopropyltriethoxysilane, N-(3-
trimethoxysilylpropyl)ethylenediamine and N-(3-trimethoxys-
ilylpropyl)diethylenetriamine), with the number (n) of amino
groups ranging from 1 to 3, named as SingleA-, DiA- and TriA-
MSNs, respectively. The amino-modification performed mainly
at the openings of the mesopores was realized by temporarily
leaving template material inside the porous structure during
functionalization. SEM, TEM (Figure S3) images and dynamic
light scattering (DLS) measurements of three types of function-
alized MSNs reveal negligible differences when compared with
bare ones. FTIR spectra (Figure S4), TGA analysis (Figure S5)
and zeta-potential measurements (Figure S6) were employed to
confirm the functionalization of MSNs with different amino-
agents: TriA-MSNs have the highest density of amino groups
on the surface, while DiA- and SingleA-MSNs have similar cov-
erage but higher than the bare ones.

In addition, SingleA-MSNs have the lowest specific surface
area (710 m?/g) and pore volume (1.0 cm3/g) in BET meas-
urements among three functionalized and one bare sample,
as shown in Table S1 and Figure S7. It is widely accepted that
the surface and pore volume are of top importance to provide
high loading amount of cargo molecules.'d Compared with
DiA and TriA agents, aminopropyltriethoxysilane has a smaller
molecular weight and, therefore, will easier replace the tem-
plate inside the structure thus partly modifying the interior
of the mesopores.l?)l DiA- and TriA-MSNs have relatively large
specific surface area (870 and 860 m?/g) and almost intact pore
volume (1.5 and 1.4 cm?/g) implying the amino-functionaliza-
tion mainly at the opening of the mesopores or the surface of
silica.

The sequence of four samples in TGA for the actual BTA
loading and release amount at equilibrium state determined
by UV analysis (Table S1) is consistent with the BET results,
that is bare MSNs, DiA-MSNs, TriA-MSNs and SingleA-MSNs.
But for short-time release (2 h), TriA-MSNs release the smallest
amount of inhibitor at pH = 6-7 due to the nucleophilicity of
the aliphatic amines?*! and shrinking of the pore diameter. The
release profiles (Figure S8) reveal that except TriA-MSNs, the
other two functionalized samples have similar release kinetics
as the bare silica, which indicates an immediate release when
the nanovalves are opened. Thus, among the three function-
alized MSNs, DiA-MSNs possess the highest loading capacity
and an ideal release profile of inhibitor for anti-corrosion self-
healing.

To prevent spontaneous leakage of active species during
formation of nanovalves, the insoluble Cu-BTA complex was
formed and fixed at the pore opening of loaded DiA-MSNs by
dropping a small volume of CuSO, aqueous solution onto pow-
ders of them. In Figure 1, the formation of a Cu-BTA complex
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Figure 1. HAADF-STEM and elemental mapping image Cugo-(0.1BC,
BTA) @ DiA-MSNs.

for Cugy-(0.1 BC, BTA)@DiA-MSNs was confirmed by high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) imaging and elemental mapping, in
which Cu is exclusively located on the loaded DiA-MSNs, indi-
cating the stabilization of nanovalves at the pore opening of
MSNs and prevention of spontaneous leakage of BTA. For com-
parison, the location of the insoluble complex after dropping
of CuSO, aqueous solution onto (0.1BC, BTA)@MSNs was also
examined. As revealed in Figure S9, copper cannot be fixed only
on MSNs, but also forms a considerable number of free NPs
with BTA. The above observation stresses the important role of
DiA functionalization in stabilizing nanovalves at the surface
of MSNs. On the other hand, we tried to form nanovalves with
conventional methods, for example, dispersing 16 mg of loaded
DiA-MSNs in 20 mL of CuSO,4 aqueous solution with different
concentrations. The spontaneous leakage of inhibitors was
determined by analyzing the supernatant with UV at 275 nm.
The leakage composition is 0.47, 0.29, 0.25, 0.18, and 0.05 of
the actual loading for 20, 40, 60, 80, and 160 mM (concentra-
tion of CuSO,) even not including BTA forming an insoluble
complex outside the mesopores.

2.2. Responsive Release Performance

As shown in Figure 2, the premature release of Cu,-(BTA)@
DiA-MSNs was examined at first. The complex itself without any
additive cannot completely prevent the premature release. The
release amount is decreased when the concentration of CuSO,
solution increases from 20 to 80 mM but rises as 160 mM is
employed. As we just dropped CuSO, solution onto pure BTA
crystals with the same weight as one loaded in DiA-MSNs, no
free BTA was detected in UV even at lowest CuSO,4 concentra-
tion (20 mM) used, which implies the formation of a supramo-
lecular network composed of cupric ions and BTA.?’l To clarify
the role of the Cu-BTA supramolecules in our system on for-
mation of nanovalves at the openings of the mesopores, the
cupric loading was measured by detecting the metal content in
Cu,-(BTA) @DiA-MSNs. ICP reveals that, except for the highest
concentration (160 mM) which yields 1.5 wt% cupric loading in
Cuy0-(BTA) @DiA-MSNs, only about 0.8 wt% can be obtained
from the other 4 diluted CuSO, solutions. The hydrophobicity
of Cu-BTA complex network formed at the openings prohibits
further flow-in of cupric ions. However, the concentration of 160
mM may not result in a network, which, to some extent, allows
free flow-in of cupric ions through the openings. Furthermore,
a lot of uniform NPs can be observed outside the MSNs in
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Figure 2. Premature release of BTA from a) Cu,-(yTC, BTA) @DiA-MSNs
and b) Cu,-(yBC, BTA) @ DiA-MSNs depending on the ratio of TC or BC to
BTA (x axis) and concentration of copper sulfate solution for formation of
nanovalves. The inset in (a) indicates the lowest premature release level
of five Cu,-(yTC, BTA) @DiA-MSNs samples (x = 20, 40, 60, 80, and 160)
with different TC/BTA ratios.

the TEM image of Cuy¢-(BTA)@DiA-MSNs (Figure S10). Our
results agree very well with the conclusion of Li and coworkers,
in which linkages among NPs provided by BTA are found to
be formed when the sample contains low cupric and high BTA
concentrations, but the particles appear to be to more discrete
if low concentration of BTA reacts with a high concentration of
cupric ions.l’!

In the next step of the formation of multifunctional nano-
containers, we introduced two kinds of biocide agents (benza-
lkonium chloride or triclosan, BC or TC respectively) into the
nanocontainers, which not only extended the application of
MSNs to antibacterial activity but also prevented premature
release of inhibitors. TC has low solubility in water but is sol-
uble in organic solvents, e.g., acetone. BC, on the contrary, is a
wide-range antibacterial agent and easily soluble in water. Thus,
insoluble TC in mesopores can serve as fixed barrier for flow-
out of BTA in water, while BC can freely move in the confined
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space and easily block the space between the complex net-
works or between network and wall of pores. Figure 2a shows
that TC can further decrease the premature release of BTA
to the lowest level of around 30% for Cuyy-(0.1TC, BTA) and
Cuyg0-(0.1TC,BTA) @DiA-MSNs. The lowest premature release
for all Cu,-(yTC, BTA)@DiA-MSNs is also closely related to
the concentration of CuSO, solution (Figure 2a, inset). For a
higher concentration (e.g., 80 or 160 mM), the lowest prema-
ture release is achieved for the sample with a higher content of
BTA (e.g., 0.025TC) and vice versa. On the contrary, the uncon-
trolled release of BTA can be well prevented when water sol-
uble BC is applied. In Figure 2b a similar release profile as for
TC samples can be seen but with a more dramatic decrease in
release of BTA. The premature release can be minimized to the
lowest level of 0.02 for Cugy-(0.1BC, BTA)@DiA-MSNs. As the
insoluble complex Cu-BTA has been formed at the openings of
the mesopores, the pore diameter shrinks to <1 nm as deter-
mined by BET measurement. BC has larger molecular weight
and volume than BTA, which clogs the opening of such a small
pore. As a result, the release of BTA is sharply decreased or
even prevented. This explanation is derived purely from geo-
metric kinetic constraints(?®! without consideration of the inter-
action between carrier and cargo. However, it is reasonable in
our system because BTA and silica have the same charge in a
wide pH range and BC is freely moving in the confined space.

We conducted stimuli-triggered release experiments using
Cug-(0.1BC, BTA)@DiA-MSNs. The release of BTA from the
samples was monitored by measuring the fluorescence inten-
sity of the released inhibitor as a function of time (Figure S11).
Comparing with the release profile without nanovalves, a flat
baseline (Figure 3a) shows that BTA molecules are entrapped
within the functionalized MSNs under neutral aqueous condi-
tions (pH = 6.5-8) without any premature release. The pH value
of the solution was then lowered down below 5 to stimulate the
release of BTA. As compared with the released amount from
DiA-MSNs without nanovalves in 24 h (equilibrium released
amount), 85% and 80% release of the loaded BTA were achieved
in 100 min when the pH value was 3 and 4, respectively. Even
the higher value (pH = 5) can also induce 50% release of BTA.

To confirm S%~-responsive release of inhibitor, the samples
were immersed in Na,S solutions with four different concen-
trations, during which the fluorescence intensity of the released
inhibitor as a function of time has been tracked. Figure 3b
shows that spontaneous release happened once the sample was
immersed in Na,S solution with a higher concentration (2 and
1 mM). More than half of the release can be observed even if
the solvent is diluted by 100 times (to 0.02 mM).

2.3. Anticorrosion and Antifouling Performance

To confirm the specific corrosion protection provided by the
stimulated release system, current density measurements were
carried out in 0.1 M NaCl aqueous solution employing the scan-
ning vibrating electrode technique (SVET). Steel substrates were
coated with a polyester layer incorporating BTA, (0.1BC, BTA)@
DiA-MSNs and Cug-(0.1BC, BTA) @ DiA-MSNs nanocontainers,
respectively. SVET measurements were conducted to detect
the current density around the scratched region.?”! Prior to

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Release profiles of BTA from Cugy-(0.1BC, BTA) @ DiA-MSNs at
a) different pH values and b) different concentration of sulfide ions.

measurement, scratches were deliberately made with a scalpel
without spoiling the metal surface. As shown in Figure S12, the
coating impregnated with (0.1BC, BTA)@DiA-MSNs and Cugo-
(0.1BC, BTA)@DiA-MSNs can effectively inhibit the corrosion
as compared with the one purely doped with BTA. When the
neutral 0.1 M NaCl solution was tuned to pH =5, a dramatic
difference between two samples with or without Cu-BTA com-
plex as nanovalves is revealed in Figure 4. The sample with
specifically responsive nanovalves exhibits an obvious feedback
protection offered by stimulated release of BTA. At the time of
70 min corrosion is detected in both samples with similar cur-
rent density around 2.5 uA/cm?. However, after 4 h, the cor-
rosion signal of the Cug-(0.1BC, BTA)@DiA-MSNs sample
decreased below 1 uA/cm?. On the contrary, the current density
of the (0.1BC, BTA)-DiA-MSNs sample (without nanovalves)
increases to 4 pA/cm?. In addition, the time-resolved change
of anodic and cathodic current within the measured region also
reveals the great contrast between the above two samples. In
another much more corrosive condition at the salt solution con-
taining sulfide ions with [S*7] = 0.02 mM, Cug-(0.1BC, BTA)@
DiA-MSNs exhibit an outstanding corrosion-resistant efficiency.
In Figure 5a, a very broad and high anodic peak (13 pA/cm?)

Adv. Funct. Mater. 2013, 23, 3307-3314
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Figure 4. SVET current density maps of steel coated with polyester coating containing a) (0.1BC, BTA)@DiA-MSNs and b) Cugo-(0.1BC, BTA) @ DiA-
MSNs in 0.1 M NaCl (pH = 5). Right: maximum and minimum current densities (j) versus time after submersion in 0.1 M NaCl (pH = 5) over the
scratched surface of the polyester coating with corresponding current density maps on the left.

can be seen in the current density map for the sample without
responsive nanovalves during submersion for 4 h. In the case
of the sample with nanovalves, there is a small positive peak
(Figure 5b), indicating that almost no metallic ions are pro-
duced by oxidation on the corrosion anode. From the optical
observation of the scratched area after corrosion tests (Figure 5,
right), one can deduce that with stimuli-triggered release of
BTA the Cug-(0.1BC, BTA)@DiA-MSNs sample can effectively
prevent the synergistic corrosion induced by sulfide ions and
sodium chloride.

To further assess the specific protection efficiency of the
feedback coatings, samples with BTA, (0.1BC, BTA)@DiA-

Figure 5. SVET current density maps of steel coated with polyester coating containing a) (0.1BC,
BTA) @DiA-MSNs and b) Cugo-(0.1BC, BTA)@DiA-MSNss in 0.1 M NaCl and [S2] = 0.02 mM).
Right: optical observation of scratches after 240 min of submersion.
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MSNs and Cug(-(0.1BC, BTA) @DiA-MSNs were first immersed
in 0.1 M NacCl solution for 1 day, then in 0.1M NaCl solution
with pH = 5 or [S?7] = 0.02 mM for another day. A defect on
the coating was made as explained before. After the 1st day,
the destructive corrosion effect can already be clearly observed
on the substrates protected by the coating directly doped with
BTA. After the second cycle in more corrosive condition,
(0.1BC, BTA)@DiA-MSNs sample showed some expansion in
the scratch as well as notable corrosion products (Figure 6)
while the scratch on the Cugy-(0.1BC, BTA)@DiA-MSNs sample
seems to be intact. This obvious difference between the sample
with nanovalves and the one without or just doped with BTA
confirms the highly specific and long-term
anticorrosion efficiency of such hybrid coat-
ings incorporating nanocontainers which
have the ability of stimuli-triggered release of
small molecular inhibitors.

Additionally, electrochemical impedance
spectroscopy (EIS) was employed to eval-
uate the barrier properties of the coating.
The corrosion tests for the intact coatings
on steel substrates were carried out in 1 M
NaCl aqueous solution. The results after one
and 21 days of submersion are presented in
Figure 7a. The (0.1BC, BTA)@DiA-MSNs
sample exhibits a notable sign of corrosion
after three-week submersion as it is seen
from the drop (107 to 10% of the absolute
impedance (|Z|) in Bode plots. On the other
hand, the Cug(0.1BC, BTA)@DiA-MSNs
sample exhibits an acceptable coating bar-
rier property due to its small decrease in
absolute impedance value (by only one order
of magnitude) in Figure 7b. Photographs of
the coated metal substrates after three-weeks
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Figure 6. Optical observation of a steel substrate coated with polyester
coating impregnated with a,b) (0.1BC, BTA)@DiA-MSNs and c,d) Cugo-
(0.1BC, BTA)@DiA-MSNs (nanocontainers with sensitive nanovalves)
after successive 1 day of submersion in 0.1 M NaCl and 1 day in 0.1 M
NaCl with (a, ¢) pH =5 and (b, d) [S?] = 0.02 mM.
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submersion in the salt solution also show the difference in bar-
rier properties (Figure 7a,b). In agreement with the EIS meas-
urements, the (0.1BC, BTA)@DiA-MSNs sample was severely
corroded with a large amount of corrosion product and bub-
bles in the coating. The sample with specifically responsive
nanovalves (Cu-BTA complex) almost keeps the integrity of the
coating with the appearance of a small amount of corrosion
product, which can be attributed to non-ideal dispersibility of
modified MSNs in hybrid coatings. As the premature release
of BTA cannot be prevented completely when (0.1BC, BTA)@
DiA-MSNs were incorporated in the coating matrix, the effec-
tive coverage of substrate using polyester coating is hindered by
the strong chemical bonding of the inhibitor with iron under
the coating, which induces insufficient passivation during the
corrosion process.[?8l

The second, antifouling, functionality of the coating was dem-
onstrated by the release of the biocide, benzalkonium chloride,
from Cug-(0.1BC, BTA)@DiA-MSNs confirming the multifunc-
tionality of the coating with anticorrosion and
antifouling/antibacteria effect. Figure 8 shows
the images of E.Coli colonies after treat-
ment with scratched coated steel substrates
containing  Cugo-(BTA)@DiA-MSNs  and
Cug-(0.1BC, BTA)@DiA-MSNs for 20 h. It
is obvious that the activity of E.Coli is sup-
pressed by BC which was released from the
nanocontainers resulting in much less colo-
nies when compared with coating without
antibacterial agent. Furthermore, the anti-
fouling effect of the multifunctional coating
is also visible in Figure 8c where a dense bio-
film adhered onto the coatings without BC-
loaded nanocontainers. On the contrary, there
is only a very thin biofilm seen on the multi-
functional coating containing Cugp-(0.1BC,
BTA)@DiA-MSNis.

Figure 7. a) Bode plot showing the influence of the frequency of the applied potential on the
absolute impedance, |z|, of the coated steel substrates after 1 and 21 days in aqueous 1 M NaCl.

Optical observation of a steel substrate coated with polyester coating impregnated with b) (0.1BC,

3. Conclusions

BTA) @DiA-MSNss and c) Cugo-(0.1BC, BTA) @ DiA-MSNss after 21 days of submersion.

Figure 8. Images of E.Coli colonies after treatment with scratched coated steel substrates
containing a) Cugy-(BTA)@DiA-MSNs and b) Cugy-(0.1BC, BTA)@DiA-MSNs for 20 h and
c) images of steel coated with polyester coating containing Cug-(BTA) @DiA-MSNs and Cugy-
(0.1BC, BTA) @DiA-MSNs after 20 h. The yellow coating on the steel plate is E.Coli’s biofilm.
The left plate with thick biofilm was not protected by antifouling agent released from the
nanocontainers; whereas the one on the right with antifouling protection was coated only
with a thin film.
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In conclusion, a pH/sulfide ion responsive
release system was demonstrated, which is
based on mesoporous silica nanoparticles
using an insoluble Cu-BTA complex as a
nanovalve formed at the openings of mes-
opores into which benzotriazole (corrosion
inhibitor) and benzalkonium chloride (bio-
cide) were loaded. The spontaneous leakage
and premature release of active species was
completely avoided during the procedure of
coating formation. The responsive release
system opens when the pH is lower than 5
or [S%7] is higher than 0.02 mM (about 0.6
ppm). Containing the responsive release
system, the hybrid coating exhibits anticor-
rosion self-healing property in response to
pH lowering and presence of sulfide ions
also maintaining a high level barrier level.
Due to incorporation of biocide in the release
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system, the coating is also provided with a second, antifouling
effect. This work opens a way for a multifunctional controlled
release system, which can be obtained just by adding another
active agent in the loading procedure for nanocontainers.

4. Experimental Section

Synthesis Method: Silica mesoporous nanoparticles (MSNs) with
cetyltrimethylammonium chloride (CTACI) template were fabricated
according to the method described in ref. [2a]. After vacuum
drying, 100 mg of MSNs with CTACl were mixed with 20 mL of
anhydro-ethanol under the protection of nitrogen. The mixture was
vigorously stirred for 30 min and then about 7 uL of amino-agent
(aminopropyltriethoxysilane, N-(3-trimethoxysilylpropyl)ethylenediamine
and N-(3-trimethoxysilylpropyl)diethylenetriamine), SingleA, DiA or TriA
with the same molar concentration) was injected. The mixture was left
stirring for another 20 h to fully functionalize the surface of MSNs. The
white powder was collected with centrifugation and washed with ethanol.
The following template extraction was conducted in ethanol/HCI mixture
(15 mL HCI (37%)/150 mL ethanol) under ultrasonic agitation (100 W,
35 kHz).

Loading and Preparation of Nanovalves: The loading of the silica
containers with BTA/BC was conducted under reduced pressure
(30 mbar). For the first loading cycle, 40 mg of as-synthesized
nanocontainers were dispersed in the solution with saturated amount
of aqueous BTA solution and desired concentration of BC. The mixture
was stirred in vacuum for 2 hrs. For another two loading cycles, only
saturated aqueous BTA solution was applied to locate BTA at the
openings of the mesopores. For BTA/TC loading, the solvent was
replaced by acetone. To obtain “clean” loaded nanocontainers without
absorbed BTA and BC, a quick washing method was developed to
prevent spontaneous leakage of the loaded active compounds to the
maximum extent. As shown in Figure S1, the home-made washing
machine was simply composed of a piece of filter paper with a
transparency of 0.05 um, a funnel and a pump. Before washing, a
thin layer of pristine solid was carefully deposited on the filter paper.
Then water was added on the solid droplet. The procedure was cycled
for several times till the released amount of BTA (determined by UV
analysis) remained constant.

Then, 0.8 mL of copper sulfate aqueous solution with different
concentrations (20, 40, 60, 80, and 160 mM) was dropped on the
“clean” nanocontainers (160 mg). The resulting powder was dried in a
desiccator overnight.

Coating Formation: The dispersion of loaded nanocontainers in
primer solvent (10 wt%) was added directly to the polyester mixed
primer solution to facilitate their dispersion. To prepare a coating
with Cugo-(0.1BC, BTA) @DiA-MSNs, 200 mg of powder was added to
the primer polyester solution (20 g). To prepare a BTA-doped coating,
a 1 wt% solution of BTA in solvent (2 g) was added to the polyester
primer (20 g). In all cases the samples were shaken thoroughly in order
to homogeneously disperse the nanocontainers or BTA. Samples were
coated on the steel substrates (scrubbed clean with EtOH, then ethyl
acetate) using a Bungard RDC 15 dip coater (immersion time 3 min)
and cured at 200 °C (6 min).

Characterization: IR spectroscopy (Bruker IFS 66 FT-IR spectrometer),
BET (Macromeritics TriStar 3000 system), DLS (Malvern Zetasizer 4),
SEM (Hitachi S-4800), optical microscopy and TEM (Zeiss EM912)
were used to characterize the structure of the samples. HADDF STEM
image and STEM EDX mapping were recorded from Cs—corrected Titan
80-300 microscopes operated at 300 kV. An Agilent 7500 CS ICP mass
spectrometer was employed to determine the copper content in solid
sample.

UV-vis spectroscopy (8453 UV-visible spectrophotometer, Agilent
technologies) and fluorescence spectroscopy were applied to determine
the release profile of BTA using the spectroscopic setup shown in
Figure S11. The 1.6 mg powder was placed in the bottom of a small bag
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which is made of a dialysis membrane. Then, distilled H,0 (at pH = 7;
4 mL) was added to the cuvette till the bottom of the bag was immersed
into water. A 5-mm stirring bar was added to the cuvette. The solution
in the cuvette was stirred vigorously to quickly balance the concentration
of the releasing BTA. The solution was monitored using a CCD detector,
which collected the emission spectra of the solution. A laser probe
beam directed into the solution at 2 cm above the bottom and around
1 c¢m below the top of the cuvette was used to excite the released BTA
molecules. The fluorescence spectra of the released anticorrosion
agent were collected at 1 s intervals during the whole duration of the
experiment. The fluorescence intensity at the emission maximum of BTA
was plotted as a function of time in order to generate a release profile.
The concentration of BTA was finally determined by UV spectroscopy.
Stimulated release of BTA from the silica was accomplished by adding
neutral solution into the one with lower pH value or into a solution with
different concentration of Na,S.

For the characterization and quantification of the corrosion process in
dip-coated steel substrates, the scanning vibrating electrode technique
(SVET, Applicable Electronics) and short-time impedance spectroscopy
(EIS, Ivium technologies) were employed. Detailed information can be
seen in previous papers of our group.

Supporting Information

Supporting Information is available from the Wiley Online Libray or from
the author.
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