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Dynamic, responsive microcapsules present innovative solutions for
mitigating corrosion and environmental challenges associated with
CO, capture, utilization, and storage. For their prospective integra-
tion into practical applications, these microcapsules must possess
structures that optimally balance responsiveness and structural
integrity under harsh acidic environments. Here, we report robust
pH-responsive microcapsules (RRMCs) that are synthesized using a
dynamic complexation—diffusion assembly approach, incorporating
polyelectrolytes of varying molecular weights. The RRMCs feature
high encapsulation efficiency (~86%), enhanced stability and sus-
tained controlled release capabilities (up to 14 days). The use of the
RRMCs for the controlled release of small molecules, such as
benzotriazole (BTA, a widely employed corrosion inhibitor), is
demonstrated. The programmed and controlled pH-dependent
release behaviour of BTA provides effective protection of metal
substrates in an acidic environment. Furthermore, theoretical cal-
culations elucidate the relationship between controlled release and
the adsorption mechanism. This strategy offers substantial advance-
ments in the development of responsive microcapsule systems for
applications in CO,-related corrosion control and material durability
in harsh environments.
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Environmentally responsive semi-interpenetrating
network microcapsules with enhanced stability for
corrosion protectionf

< Alexander S. Novikov,©
*€ and

New concepts

Corrosion is a critical challenge in CO, capture, utilization, and storage
(CCUS) applications, where acidic and supercritical CO, environments accel-
erate material degradation, compromising infrastructure integrity and
increasing operational costs. As industries transition to sustainable energy
solutions, mitigating corrosion is essential for ensuring long-term reliability.
However, conventional corrosion inhibitors suffer from issues such as
substantial quantity, low efficiency, and environmental toxicity. Our research
reveals robust pH-responsive microcapsules (RRMCs) as a novel solution for
corrosion protection in harsh environments. These microcapsules enable
precise, stimuli-responsive release of protective agents, enhancing material
durability while minimizing chemical waste and environmental impact. By
integrating polyelectrolytes of varying molecular weights through a complexa-
tion-diffusion assembly strategy, these microcapsules achieve both structural
stability and responsive adaptability. This innovation not only advances
corrosion control in sustainable energy applications, but also paves the way
for broader applications in material durability and environmental protection.
By reducing the environmental footprint of corrosion inhibitors and improv-
ing energy infrastructure longevity, our approach supports global energy
sustainability initiatives. The findings of this study contribute to the broader
goal of developing adaptive materials that align with global sustainability
efforts in energy science and technology.

Introduction

Corrosion poses a significant challenge in CO, capture, utiliza-
tion, and storage (CCUS) systems, as acidic and supercritical
CO, environments accelerate material degradation, threatening
infrastructure integrity and increasing operational risks."” The
conventional corrosion control methods, such as corrosion
inhibitors, are effective but suffer from environmental concerns
such as toxicity, bioaccumulation, and uncontrolled release,
resulting in inefficiencies and ecological risks.>* To address
these limitations, responsive microcapsules have emerged as a
promising solution, enabling the controlled and stimuli-
responsive release of inhibitors, thereby enhancing protection
while reducing chemical consumption and environmental
impacts.>® These smart microcapsules adapt to environmental
stimuli (e.g., light, temperature, pH, ion strengths), dynamically
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adjusting their physical properties in an adaptive manner for
improved performance.”'® However, existing capsule technologies
face challenges related to stability, durability, and precise release
regulation under extreme CCUS conditions, all of which hinder
their scalability and efficiency in practical applications.">'> Hence,
advancing microcapsule design to achieve both high sensitivity
and structural robustness is crucial for developing sustainable
corrosion mitigation strategies that ensure long-term infrastruc-
ture reliability while minimizing environmental impact.

Interfacial complexation techniques, such as layer-by-layer
(LBL) assembly, have emerged as flexible methods for creating
coatings on various substrates, involving charged components
like polyelectrolytes, colloidal particles, and surfactants."*™*>
Multi-layered polyelectrolyte networks, driven by electrostatic,
covalent, or supramolecular interactions, have proven effective
for coating diverse surfaces.'®™® These LBL layers offer a range of
functionalities, including responsive behaviours and gas absorp-
tion, owing to the variety of polyelectrolytes and nanostructured
architectures involved. By exploiting the interfacial assembly of
complementary polyelectrolytes on spherical surfaces, responsive
microcapsules can be engineered for diverse applications, includ-
ing drug delivery,"® self-healing materials,”® and biosensors.”*
While the rapid electrostatic complexation facilitates the simple
and cost-effective deposition of coatings, this swift formation
presents challenges in controlling structural parameters such as
shell thickness, permeability, and stability, which may limit the
efficacy of controlled release systems.
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The introduction of interpenetrating structures in the assem-
bly process may provide a promising approach to enhance the
structural stability and functionality of polyelectrolyte-based
microcapsules.>>** By interpenetrating two or more polymer
networks, these systems offer improved mechanical strength
and structural integrity, which are critical for applications
requiring long-term performance in complex environments.
Polyelectrolytes, with their diverse functional groups, provide
abundant sites for interaction, enabling the formation of inter-
penetrating bonds through electrostatic, hydrogen bonding, or
covalent crosslinking.>**> While increased crosslinking or net-
work entanglement improves the mechanical stability of micro-
capsules, it concurrently diminishes their responsiveness to
external stimuli.’*® Balancing stability and responsiveness
remain a major challenge, especially in controlled-release appli-
cations where microcapsules need to preserve their structure
while enabling reliable release.

Herein, we demonstrate the fabrication of RRMCs to achieve
high stability and sustainable controlled release capabilities
(Fig. 1). A strategy combining interfacial complexation and diffu-
sion crosslinking is employed to deposit responsive interpenetrat-
ing polyelectrolyte networks on hollow mesoporous silica (HMS)
skeletons. The polyelectrolyte shells consist of low-molecular-
weight polycations, branched poly(ethylenimine) (bPEI), and
high-molecular-weight polyanions, poly(acrylic acid) (PAA). The
microcapsules exhibit reversible pH responsiveness owing to the
dynamic protonation, allowing the shell to swell in acidic pH (<4)
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Fig. 1 Assembly of polyelectrolyte semi-interpenetrating microcapsules. (a) Schematic illustration of the synthesis of RRMCs via interfacial electrostatic
complexation assembly and crosslinking. (b) Schematic depiction of electrostatic complexation between low-molecular-weight bPEI and high-
molecular-weight PAA. (c) The formation of interpenetrating networks initiated from reaction diffusion and covalent crosslinking process.
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and contract at higher pH levels (Fig. 1b). Further reaction-
diffusion processes and crosslinking with glutaraldehyde
induce the formation of interpenetrating networks that
enhance both stability and mechanical strength. Compared to
previous studies employing conventional polyelectrolyte pairs
such as PAH, PAA, and PSS, our approach introduces a new
assembly strategy based on polyelectrolytes with different
molecular weights.?**° The integrated interfacial complexation
and diffusion crosslinking methods enable improved control
over capsule architecture and performance. The controlled
release behaviours were monitored and analysed by using
BTA as a model small molecule. The controlled release and
adsorption mechanisms were explored through density func-
tional theory (DFT) calculations. This study provides a new
framework for designing robust, responsive microcapsules for
controlled release applications, such as corrosion inhibition.
The proposed microcapsules hold considerable potential for
enhancing the efficiency and sustainability of corrosion inhi-
bitors in large-scale carbon utilization and storage, contribut-
ing to improved environmental practices.
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Results and discussion
Fabrication and structure of RRMCs

The robust responsive microcapsules were constructed using
an interfacial complexation strategy applied to HMS skeletons.
HMSs were prepared via a sol-gel/emulsion synthesis route,
employing TEOS as the silica source to simultaneously generate
the internal cavity and provide mechanical integrity to the shell
structure.®' The HMSs exhibit a uniform spherical morphology
with well-defined hollow cavities (Fig. 2a). Nitrogen adsorption-
desorption analysis reveals a typical type IV isotherm with a
hysteresis loop, indicating the BET surface area of approxi-
mately 840 m> g™, the pore size of 3.91 nm, and the shell
thickness of around 44 nm (Fig. 2a and d). These results
confirm the mesoporous structure of the HMSs, which provide
ample internal space for encapsulation and channels for the
release of small molecules. Upon loading with BTA, oppositely
charged polyelectrolytes were sequentially deposited on the
HMSs through an interfacial complexation and reaction-diffu-
sion strategy,*” resulting in the formation of robust responsive
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Fig. 2 Fabrication and morphology characterization of RRMCs. (a) TEM images of the HMS with diameters of about 459 nm. (b) SEM and TEM images of
the RRMCs with diameters of about 728 nm. (c) STEM image of the RRMCs and the corresponding element distribution mapping. (d) N, adsorption—
desorption isotherms and the corresponding pore size distribution plots of HMS. (e) Hydrodynamic diameter distribution of HMS and RRMCs.
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microcapsules. The multi-layered polyelectrolyte coatings were
achieved by alternately depositing bPEI and PAA. When bPEI
comes into contact with PAA, a layered complex forms imme-
diately, driven by strong electrostatic interactions.** The bPEI
molecules then diffuse across the layered complex, with the
branched NH;" groups entangling with the long PAA chains,
thereby creating interpenetrating networks and increasing the
coating thickness (Fig. 1c). Zeta potential measurements show
that the HMSs exhibit stable negative values, ranging from —40
to —50 mV across the entire pH range, while the zeta potentials
of bPEI and PAA range from +58 to +10 mV and —20 to —40 mV,
respectively, within a pH range of 4 to 10 (Fig. S1, ESI}). The
desired number of layers in the responsive microcapsules was
controlled by adjusting the pH of the deposition solutions. The
variation in zeta potential of the polyelectrolytes as a function of
the number of layers confirms the successful formation of multi-
layer polyelectrolyte coatings. Upon reaching the desired number
of layers, bPEI continues to diffuse across the assembled layers,
interacting with PAA and contributing to the development of
increasingly entangled networks. These networks are subsequently
crosslinked with glutaraldehyde, resulting in the formation of
interpenetrating polyelectrolyte networks with significantly
enhanced stability. Thermogravimetric analysis of the RRMCs
indicates that a temperature of at least 200 °C is required to
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induce a substantial mass loss (Fig. S2, ESIf). The RRMCs
display a smooth, uniform spherical morphology with an aver-
age diameter of approximately 728 nm (Fig. 2b and e). Energy-
dispersive X-ray elemental mapping reveals a homogeneous
distribution of carbon (C), nitrogen (N), oxygen (O), and silicon
(Si) throughout the microcapsules, confirming the integrated
structure of the RRMCs (Fig. 2c). These results demonstrate the
successful fabrication of microcapsules with well-defined struc-
tural characteristics, making them potential candidates for
controlled release applications.

Stability and responsiveness of RRMCs

The pH-responsive behaviour of the RRMCs arises from the
dynamic protonation of functional groups within the interpe-
netrating polyelectrolyte coatings, enabling reversible swelling
and contraction of the polymer networks.** The typical FTIR
spectrum of the RRMCs reveals key chemical features (Fig. 3a).
A broad absorption peak between 3360 and 3500 cm ™' corre-
sponds to the stretching vibrations of hydroxyl (-OH) and
secondary amine (N-H) groups. The absorption band at 1655,
attributed to the C=N bond vibration, signifies the formation
of covalent bonds via the Schiff base reaction between glutar-
aldehyde (GA) and bPEI (Fig. S3, ESIt). Additional peaks at 1560
and 1403 cm ™" correspond to the stretching vibrations of C-N
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Fig. 3 Stability and responsiveness of RRMCs. (a) FT-IR spectra. (b) Zeta potential variety of different samples in DI water and NaCl solutions. (c) Heat
maps showing the mass changes of 3-bilayer polyelectrolyte coatings after incubation in different media over 14 days. (d) CLSM images of uncross-linked
MCs and RRMCs after 20 pH responsive swelling—deswelling cycles. (e) Cumulative release of BTA from RRMCs at different pH values at room
temperature. (f) Cumulative release of BTA from RRMCs prepared using different deposition cycles (one deposition cycle consists of two assembly steps,
forming a bilayer bPEI/PAA). (g) The release profile of BTA from RRMCs under periodic pH changes. (h) Schematic depiction of the pH responsive release

behaviour and reversible structure change of polyelectrolyte networks.
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groups and carboxyl (-COOH) groups, respectively. These spectral
features reveal the successful deposition and covalent crosslinking
of the polyelectrolyte networks. The encapsulation and loading
efficiencies of BTA within the microcapsules are provided in
Fig. S4 (ESIt). The loading efficiency increases with the BTA-to-
HMS weight ratio, although the encapsulation efficiency decreases
at the highest weight ratio (5:5). For consistency in subsequent
experiments, a BTA-to-HMS weight ratio of 4:5 was selected.

The zeta potential of the RRMCs remains relatively stable at
approximately —40 mV in both deionized water and NaCl
solutions (Fig. 3b). The stability of the polyelectrolyte networks
was evaluated by tracking mass changes in various environments,
including deionized water (at room temperature and 80 °C),
solutions of varying pH, and 3.5 wt% NaCl (Fig. 3c). The polyelec-
trolyte networks exhibit high stability during the first two hours in
all solutions, indicating the enhanced robustness of the interpene-
trating structures. Notably, the networks retain over 75% stability
in highly acidic (pH 2) and basic (pH 11) conditions for up to
12 hours, whereas uncrosslinked polyelectrolyte coatings dissolve
within one hour. The presence of NaCl increases ionic strength,
facilitating the rapid diffusion and reaction of both intrinsic and
extrinsic bonds, thereby further enhancing the entanglement
strength and stability of the polyelectrolyte networks.>® The rever-
sible cycling stability of the RRMCs was visualized by monitoring
morphological changes using CLSM (Fig. 3d). Following 20 cycles
of pH-induced swelling and shrinking, microcapsules without
crosslinked polyelectrolyte layers begin to break apart, and the
released polymers form large aggregates. In contrast, RRMCs
remain intact, highlighting the stabilizing effect of their cross-
linked and entangled polymer networks (Fig. 3h). The force-
deformation (F-0) curve of the RRMCs indicates mechanical
reinforcement of the hybrid shells, with a calculated reduced
modulus of 1345 MPa (Fig. S5, ESIT).

Responsive microcapsules have recently been explored for
controlled release applications.*®*” Here, the controlled release
of BTA from RRMCs was investigated. UV-vis absorption spectra
of BTA at varying pH values were analysed, and calibration
curves were established to quantify released BTA concentrations
(Fig. S5, ESIT). The release profile exhibits clear pH-responsive
behaviour, with up to 98.93% of BTA released in an acidic
environment (pH 4, Fig. 3e and Fig. S7, ESIY). This behaviour is
driven by the pH-dependent permeability of the polyelectrolyte
shells. At pH 4, the carboxyl group of PAA is largely protonated
with less charge. The structures undergo a swelling transition
with higher permeability due to the electrostatic repulsion upon
protonation of the highly charged amine groups from bPEL>*
Electrostatic repulsion between protonated amine groups of bPEI
further loosens the network, facilitating the release of encapsu-
lated small molecules (Fig. 3h). The release behaviour of RRMCs
can be modulated by varying the number of polyelectrolyte layers
through different deposition cycles (one deposition cycle consist-
ing of two assembly steps, forming a bilayer of bPEI/PAA), which
alters their permeability. RRMCs with four deposition cycles
exhibit more sustained release profiles compared to those with
two cycles (Fig. 3f). Increasing cycles lead to an increase in the
thickness of polyelectrolyte networks, resulting in a denser

This journal is © The Royal Society of Chemistry 2025
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interpenetrating structure and reduced permeability. The CLSM
images and fluorescence intensity profiles show that more
deposition cycles lead to larger microcapsules with higher
fluorescence intensity (Fig. S10, ESIt). The number of polyelec-
trolyte layers also affects the storage stability of the RRMCs
(Fig. S11, ESIt). Furthermore, the sustainable release of BTA can
be tuned by exploiting the pH responsiveness of the polyelectrolyte
networks (Fig. 3g). The controlled switching between “open” and
“closed” states is driven by reversible structural changes in the
network, enabling sustainable controlled release applications.

The RRMCs demonstrate promising material sustainability
due to their robust, reversible structural integrity and tunable
performance. The crosslinked and entangled polyelectrolyte
networks maintain morphological and mechanical stability over
repeated pH-triggered cycles, reducing degradation and mate-
rial loss. Additionally, the ability to modulate permeability and
release profiles through controlled layer deposition enhances
functional longevity. These features, combined with their rever-
sible responsiveness and sustained release capabilities, support
the development of durable, reusable systems for long-term
controlled release applications, aligning well with principles of
sustainable material design.

Application of RRMCs for controlled-release corrosion
inhibition

Stimuli-responsive microcapsules with self-regulated release
behaviours have found applications in various chemical engineer-
ing applications.*’™* For instance, acidic corrosion is a common
issue during CO, capture, transportation, and utilization.***®
Here, we explore the promising corrosion inhibition of RRMCs
for carbon steel, serving as an example of responsive microcapsule
applications. To evaluate the enhanced controlled release capabil-
ities of RRMCs, electrochemical testing was performed under
simulated pH conditions. Open-circuit potential (OCP) measure-
ments were conducted in three different electrolytes (with and
without RRMCs) in pH 4, 7, and 9 NaCl solutions, with OCP values
shifting towards the anode potentials (Fig. S12, ESIt). In the
presence of RRMCs, the variation in anode potential was more
pronounced at higher pH values (0.2 V vs. SHE at pH 9) compared
to the blank solution. Over time, the OCP values were stabilized
after 1800s of immersion, indicating the formation of a corrosion
barrier (i.e., organic or passive film), which reduces the active
surface area available for electrochemical reactions.””** In the
Nyquist plots for pH 4-RRMC samples, the semicircle radius
initially decreases and subsequently increases, indicating a con-
trolled release of BTA under acidic conditions (Fig. 4a). Notably,
the radius for pH 7-RRMC samples increases with time, while for
PH 9-RRMCs, it initially increases and then decreases (Fig. 4b
and c). This behaviour is attributed to the accumulation of
corrosion products and the passive behaviour on the substrate
under alkaline conditions. The carbon steel samples were exposed
to simulated industrial conditions with and without RRMCs in a
3.5 wt% NaCl solution for 20 days to assess the smart release and
long-term protective capabilities (Fig. 4d). The enlarged SEM
images clearly depict the swollen microcapsules and their exten-
sive coverage on the metal surface, alongside a notable reduction
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presence of RRMCs: (a) pH 4, (b) pH 7, (c) pH 9, (d) SEM images after immersion for 20 days in the presence of RRMCs (upper), the enlarge images (lower),

scale bar 50 um (upper), lower 5 pm (lower).

in corrosion products under acidic conditions. Optical images
clearly show higher number of pits and corrosion products on the
carbon steel surface of control samples in the blank solution. In
contrast, the samples in the presence of RRMCs exhibit a more
homogeneous surface with significantly reduced corrosion
(vellow stains in optical images, Fig. S13, ESIY), indicating that
RRMCs provide long-term protection by forming a stable corro-
sion barrier under extreme industrial conditions. To investigate
the anodic and cathodic corrosion kinetics, Tafel testing was
conducted (Fig. S14, ESIt). In the presence of RRMCs in pH 4
electrolyte, cathodic current densities were lower compared to the
blank solution (Table S1, ESI{). SEM images after Tafel testing
visually confirm the corrosion inhibition effect (Fig. S15, ESIt).
These results suggest that RRMCs function as anodic inhibitors
in the anode regions,” and their incorporation into more
aggressive industrial environments may alter corrosion kinetics,
thereby enhancing resistance to localized corrosion.
Comprehensive electrochemical impedance spectroscopy
(EIS) analysis was conducted to further confirm the smart
controlled-release and robust corrosion inhibition properties.
The EIS data for pH-control and pH-RRMC samples (Fig. 4)
show that the arc radius of capacitive reactance for the RRMC
group increases from 0.5 h to 5 h, indicating gradual formation
of a protective film on the carbon steel surface. Additionally,
the phase angle shifts toward higher frequencies, with the peak
of the phase angle increasing and then decreasing (Fig. S16,
ESIY), further demonstrating that RRMCs reduce the corrosion

9216 | Mater. Horiz., 2025, 12, 9211-9220

rate of carbon steel. The electron transfer resistance (R.), obtained
by fitting the EIS data to an equivalent circuit (Fig. S17, ESIt),
shows that variations in R, with immersion time reflect the smart
controlled-release process under more aggressive industrial con-
ditions (Table S2, ESIf). To further investigate the relationship
between the inhibition mechanism and corrosion behaviour of
RRMCs, EDS and XPS were used to analyse the surface chemistry
of the protective film on the carbon steel surface. EDS results
reveal the presence of Si and O elements on the pH 4-RRMCs-
treated surface, suggesting that released BTA interacts with Fe or
its oxide to form a protective film (Fig. S18, ESIt). Although no N
element was detected by EDS, XPS analysis identified N on the
carbon steel surface, particularly in flat regions (Fig. S19, ESIt).
This indicates that BTA interacts with Fe through its N atom,
forming a thin protective film at the flat regions and engaging with
Fe(u), Fe(u) or other metal impurities to form a monolayer or sub-
monolayer.”® The absence of such peaks on other specimens
provides strong evidence that RRMCs effectively reduce the Fe
corrosion rate through their pH-controlled release capacity.
Together, these results confirm that RRMCs can form a protective
barrier even under acidic environmental conditions.

Molecular release and absorption modeling

The theoretical simulations were employed to investigate the
continuous interconnected process of BTA release from RRMCs
and its adsorption onto the Fe surface. To elucidate the
molecular release mechanism, we utilized a simplified model

This journal is © The Royal Society of Chemistry 2025
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in which PAA and bPEI were represented as three-chain poly-
meric fragments. The association Gibbs free energies of these
model systems with BTA were then calculated (see Supplementary
Methods in the ESIt for details). Since association of Gibbs free
energies of PAA and bPEI with BTA can be strongly influenced by
conformational preferences, we performed a preliminary confor-
mational search and considered not only the most energetically
favourable conformer but also higher-energy conformers in our
calculations.” This conformational search was carried out for both
the model polymers (PAA, bPEI) and their supramolecular
complexes with BTA. For Gibbs free energy calculations, we
employed the r2SCAN-3c composite method, which was pre-
viously demonstrated to be reliable for supramolecular
systems.>® To further validate our results, we performed addi-
tional DFT computations using the range-separated hybrid
functional wB97X-D3B] in combination with the ma-def2-
TZVP basis sets, ensuring accurate treatment of dispersion
interactions.”*** The resulting association Gibbs free energies
of PAA and bPEI with BTA (AG,gs.) calculated using both
methods are shown in Fig. 5a. The association Gibbs free
energies obtained from both computational protocols are in
close agreement; they are positive and relatively small, indicat-
ing that there are no significant energetic barriers preventing
the potential release of BTA molecules.
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The HFLD analysis on the most stable conformers of the
PAA-BTA and bPEI-BTA supramolecular complexes was carried
out to further characterize the intermolecular interactions
involved in supramolecular association.’® The CBS-corrected
interaction energies (see Methods in the ESIt for the detailed
formula) were found to be +4.5 kcal mol~ " for PAA-BTA and
+3.1 keal mol " for bPEI-BTA, further supporting our hypothesis
that the overall release process is energetically favorable. The
noncovalent interaction (NCI) analysis for bPEI-BTA and PAA-bPEI
supramolecular complexes was performed based on the obtained
HFLD wavefunctions.>®>” The NCI isosurfaces (green to red
regions) revealed predominantly weak van der Waals contacts,
consistent with the lack of strong stabilizing interactions (Fig. 5b
and c). This outcome corroborates our previous findings and
underscores the feasibility of BTA release under these conditions.

To examine the role of pH on supramolecular complexes
stability, we evaluated the association Gibbs free energies of PAA
and bPEI (without BTA) under both neutral (pH = 7) and acidic
(pH < 7) conditions. The protonation states of PAA and bPEI
were adjusted accordingly, and multiple conformers were con-
sidered to ensure comprehensive sampling (Fig. 5d and e). We
also explored how the degree of bPEI protonation influences the
stability of the bPEI-BTA supramolecular complexes. Three
scenarios were assessed, corresponding to the protonation of

b

E* = 40 kJ/mol

E.4/ eV

Desorbed state |

Eges = E*+| Eqqs | = 239 kd/mol

Fe Enhanced O,4,and Fe,0,

Fig. 5 Molecular release and absorption modelling. (a) Association Gibbs free energies of PAA and bPEl with BTA (AG,ssoc) Obtained from both
computational protocols for the most favorable (best) and least favorable (worst) conformers in water solution. NCI surfaces for (b) bPEI-BTA and
(c) PAA-DPEI. (d) Association Gibbs free energies for PAA—bPEI supramolecular complexes formation across different conformers in neutral (pH = 7) and
acidic (pH < 7) environments. (e) Optimized model structure of one representative conformer. (f) Dependence of AG,ssoc ON the degree of bPEI
protonation, showing increasing destabilization of hypothetical bPEI-BTA supramolecular complexes at higher protonation levels. (g) The optimized
adsorption configurations and energy, with an adsorption energy (E,qs) of —2.06 eV. (h) The interrelated molecular release and absorption process.
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one, two or all three NH, groups in bPEI. As shown in Fig. 5f, the
association Gibbs free energy becomes progressively more posi-
tive as the protonation level increases, signaling a marked
destabilization of the supramolecular complex. Moreover, at
full protonation, the bPEI-BTA supramolecular complex failed
to form, as the model system collapsed during the geometry
optimization procedure and dissociated completely. Overall, the
observed trend from DFT calculations aligns well with experi-
mental findings, confirming that protonation plays a crucial
role in triggering BTA release under acidic conditions.

We further performed DFT calculations on Fe(001) to pro-
vide quantitative evidence that BTA molecules can adsorb
stably onto the Fe(001) surface (Fig. S20, ESIT). The optimized
adsorption configurations and energies are shown in Fig. 5g,
with an adsorption energy (E.qs) of —2.06 eV.>® Based on the
Arrhenius equation (see Methods in the ESIt for details), the
residence time of the adsorbed species is approximately 17 years,
indicating a stable adsorption of BTA on the Fe surface. As the
protonation of bPEI increases under acidic conditions, the poly-
electrolyte structure becomes destabilized and swollen, leading to
increased RRMC coverage on the Fe surface (Fig. S21, ESIT). The
resulting increased permeability accelerates BTA release, with
BTA initially protonated to BTA-H" upon exposure to the acidic
environment. When the coverage of BTA-H' on the Fe surface
exceeds 1/4, deprotonation is initiated® (Fig. 5h). The deproto-
nated BTA forms more stable adsorption states, enhancing the
persistence of chemisorbed species (e.g., O,4s and Fe,O,). Collec-
tively, protonated polyelectrolytes experience structural expan-
sion upon exposure to acidic stimuli, resulting in the rapid
swelling of microcapsules, accelerated BTA release and accumu-
lation, which subsequently induces the deprotonation of BTA
molecules. This process increases the adsorption and reaction
rates of the corrosion inhibitor on the metal substrate, ultimately
forming a more robust protective film for long-term corrosion
protection.

Conclusions

In this work, we demonstrate the fabrication of robust pH-
responsive microcapsules via an interfacial complexation-dif-
fusion assembly strategy. The use of low-molecular-weight bPEI
and high-molecular-weight PAA results in a dynamic, interpe-
netrating polyelectrolyte network. Owing to the use of cost-
effective, commercially available reagents and mild reaction
conditions, this approach is readily compatible with scale-up.
Furthermore, the sol-gel/emulsion synthesis coupled with LBL
deposition is both time-efficient and amenable to automation,
enhancing its viability for industrial-scale production.

The resulting RRMCs afforded enhanced stability (with a
reduced modulus of 1345 MPa) due to diffusion entanglement
and covalent crosslinking and demonstrated tuneable pH-
triggered changes in size and structure. These microcapsules
exhibited a uniform spherical morphology (~728 nm in dia-
meter) and substantial internal void, leading to a high encap-
sulation efficiency (~86%). The use of multiple deposition
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cycles allowed for precise control over shell thickness and
release profiles. Notably, the RRMCs exhibited reversible pH
responsiveness, swelling at pH < 4 and contracting at higher
pH levels, enabling the controlled release of BTA for metal
corrosion inhibition over 8 hours in acidic environments. This
reversible behaviour coupled with the microcapsules’ enhanced
stability, ensured periodic release and sustained functionality
for up to 14 days. The promising corrosion inhibition properties
of the RRMCs were demonstrated on metal substrates, forming
a stable protective barrier under acidic conditions. Furthermore,
DFT calculations revealed the interrelated process of BTA
release from the RRMCs and its adsorption on the Fe surface,
confirming that protonation was a key factor in triggering both
BTA release and adsorption under acidic conditions. The micro-
capsule fabrication strategy described here offered significant
potential for the development of dynamic responsive materials
in a wide range of energy and environmental applications.
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