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A B S T R A C T

This work presents a strategy to control the dispersion and stratification degree of functional organic molecules, 
such as organic corrosion inhibitors, in polymeric matrices and studies its effect on their water-controlled release. 
2,5-Dimercapto-1,3,4-thiadiazole (DMTD) was used as the model inhibitor and p (BMA-co-MMA) as the polymer 
matrix. By systematically varying solvent–inhibitor compatibility and inhibitor loading, films with distinct and 
previously unreported self-stratified architectures were obtained, exhibiting different degrees of inhibitor 
dispersion and aggregation. Poor DMTD solubility, as in toluene, produced stratified films, whereas better sol
vents such as tetrahydrofuran, methyl ethyl ketone, and methyl isobutyl ketone yielded dispersions governed by 
solubility and evaporation rate. Uniform dispersion, typically accompanied by larger Tg depression, generally 
correlated with faster initial release in salty water, though this effect could be offset by stronger inhibitor–matrix 
interactions. Aggregate- or layer-rich structures supported extended inhibitor release through gradual inhibitor 
dissolution in the DMTD-rich domains in the hydrophobic polymer matrix. Preliminary immersion tests on 
AA2024 demonstrate that DMTD released from the coatings remains corrosion-active, effectively suppressing 
localized corrosion following coating damage. Overall, the ability to tailor film structure through solvent se
lection and inhibitor concentration represents a powerful tool for embedding reactive molecules in polymer 
matrices for use in engineering coatings.

1. Introduction

Organic coatings with certain degree of hydrophobicity provide an 
effective means of protecting metallic substrates against corrosive en
vironments. However, the protection that the organic polymer matrix 
provides is largely passive and inevitably lost over time through natural 
water diffusion accelerated by ageing or mechanical damage, unless so- 
called intrinsic healing polymer coatings are used [1,2]. To overcome 
this limitation, coating systems incorporate functional additives such as 
corrosion inhibitors. When the coating is damaged, these inhibitors 
leach out from the coating, at the damage site, to interact with the 
exposed metallic substrate and suppress corrosion reactions [3,4]. This 
inhibition mechanism mitigates the effect of the coating damage and 
effectively extends the service life of metallic structures broadly used 
across construction, transportation, chemical processing, marine, and 
other industrial sectors, ultimately supporting safer operation, higher 
reliability, and reduced maintenance costs.

Implementing such active protection strategies ultimately depends 
on the use of effective corrosion inhibitors. For decades, hexavalent 
chromium compounds were regarded as the benchmark for achieving 
such functionality. However, their well-known carcinogenicity pushed 
the search for safer alternatives [5]. Among the most extensively studied 
replacements are phosphates [6,7], rare-earth salts [8–10], lithium 
compounds [11,12], and a diverse range of organic compounds [13–20]. 
The recent designation of rare-earth elements and lithium as critical raw 
materials [21] has nonetheless reinforced the focus on organic corrosion 
inhibitors, which not only offer a more sustainable supply but are also 
considered generally safer than their inorganic counterparts [22].

While organic corrosion inhibitors show great potential for providing 
active protection, their direct incorporation into organic coatings often 
presents practical challenges. Issues such as poor compatibility with the 
polymer matrix, uncontrolled leaching, and loss of inhibitor function
ality during film formation due to unwanted side reactions with the 
binder can significantly limit coating performance [16]. To address 
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these issues, recent approaches rely on the use of inhibitor carriers such 
as nanocontainers [3,23–25], layered double hydroxides [26,27], 
polymer microcapsules [28,29], and even naturally-occurring micro
particles [30,31] that act as reservoirs capable of controlled inhibitor 
release and reducing matrix-inhibitor interactions. Nevertheless, 
carrier-based systems add formulation complexity and may still 
compromise coating uniformity, adhesion, or mechanical integrity over 
time [32].

An alternative incorporation approach is to apply the concept of self- 
stratification, in which coating components spontaneously segregate 
into distinct regions during curing or solvent evaporation. Notably, 
while this approach eliminates the need for discrete carrier structures, it 
still faces similar challenges related to inhibitor incorporation in the 
organic coating matrix. To the best of our knowledge, there are no 
published reports describing the application of self-stratifying coating 
concepts for the direct incorporation of organic corrosion inhibitors. 
Most reported self-stratifying coating studies focus on achieving multi
functional properties, such as combining corrosion resistance with 
fouling release or decorative effects, by integrating multiple resins into a 
single coating rather than using multicoat systems [33,34]. The 
self-stratifying behavior in these coatings generally arises from delib
erate incompatibility between components [35,36]. Meanwhile, current 
studies on direct inhibitor incorporation into polymer matrices largely 
concern inorganic inhibitors (e.g., Li [11,37] and Ce [38] salts), with 
only a few exceptions such as the work of Galliano et al. [39] on the 
inclusion of an organic inhibitor in a waterborne coating. These studies 
indicate that, while self-stratification in multi-resin systems is relatively 
well understood, much less is known about how corrosion inhibitors 
phase-separate from the polymer matrices that contain them. Here, we 
address this gap by demonstrating, for the first time, that the 
self-stratification concept can be applied to incorporate a leachable 
organic inhibitor directly into a single-resin coating formulation. 
Beyond establishing feasibility for corrosion protection, this approach 
also highlights a broader materials-design pathway that may be adapted 
for systems that also involve the release of an active component from a 
polymer matrix, such as in drug-delivery [40], agricultural [41], anti
microbial, and antifouling systems [42].

In this work, we introduce the use of the self-stratification concept as 
a strategy for the direct incorporation of an organic corrosion inhibitor 
into a polymer matrix and study the so-far unexplored effect on the 
corrosion inhibitor release properties. DMTD was selected as the model 
inhibitor because of its well-established corrosion-inhibiting perfor
mance, particularly for aerospace aluminium alloys such as AA2024 [16,
19,43]. A butyl methyl methacrylate copolymer, further denoted as p 
(BMA-co-MMA), was used as the model matrix due to the relevance of 
methacrylate coatings, which are valued for their hydrophobicity, 
inherent stability, and versatility when combined with other coating 
chemistries [44–47]. In this system, the chemical identities of both the 
polymer and inhibitor were fixed. Hence, formulation control was ach
ieved primarily through adjustments in inhibitor loading and solvent 
selection. By systematically varying solvent–inhibitor compatibility as 
well as the inhibitor loading, we investigated how these parameters 
influence the resulting self-stratifying architecture and corresponding 
inhibitor release behavior of free-standing polymer films in salty water. 
These free-standing film experiments were designed to provide funda
mental mechanistic insight into the influence of solvent-controlled 
morphology on inhibitor release. To provide an initial 
proof-of-concept of the functionality of the developed films, preliminary 
corrosion inhibition results are also presented for the case of aluminium 
alloy AA2024-T3. The results demonstrate that the released inhibitor at 
damaged locations retains its expected protective effect, while a 
comprehensive evaluation of coating performance on metallic substrates 
is reserved for a follow-up study.

2. Experimental

2.1. Materials

Poly (butyl methacrylate-co-methyl methacrylate), (p (BMA-co- 
MMA, >99%, Sigma-Aldrich) was used as resin for the films. 2,5-dimer
capto-1,3,4-thiadiazole (DMTD, >99%, Sigma-Aldrich) was used as 
corrosion inhibitor. Methyl ethyl ketone (MEK, >99%), methyl isobutyl 
ketone (MIBK, >99%), tetrahydrofuran (THF, >99%), and toluene 
(>99%) from Sigma-Aldrich were used as solvents. All chemicals were 
used as received.

2.2. Solubility evaluation

Interactions between film components (DMTD, p (BMA-co-MMA)) 
and the four solvents (MEK, MIBK, THF, toluene) were first investigated 
to assess viability of the solvents for film fabrication. Each DMTD so
lution was prepared by dissolving 75 mg of DMTD in 10 mL of the 
respective solvent. Meanwhile, p (BMA-co-MMA) solutions were pre
pared by dissolving 150 mg of the polymer in 10 mL of the solvent. The 
interactions were evaluated by visually observing DMTD solubility and 
by acquiring the Raman spectra of the solutions with a Renishaw inVia 
with 32 mW laser source at 532 nm operated at 5% maximum power.

2.3. Film fabrication

Eight film formulations with varying solvents and DMTD amounts 
were prepared. The DMTD amount was either at 5 or 20 wt% of the total 
solids (i.e., resin + DMTD). The 5 wt% loading was selected as a 
representative formulation with relatively low inhibitor content, 
whereas the 20 wt% loading was intentionally included to accentuate 
the influence of solvent-controlled dispersion on film morphology and 
inhibitor release at maximum inhibitor concentrations used in other 
protective primers such as CrVI-rich epoxy primers. Film batches were 
prepared by dissolving 4 g of the solids, with appropriate resin-DMTD 
ratio, in 40 mL of the target solvent (MEK, MIBK, THF, or toluene). It 
is noted that, at 5 wt% loading, the DMTD-to-solvent ratio (5 mg mL− 1) 
is comparable to that used in the solubility evaluation, whereas at 20 wt 
% loading it is substantially higher (20 mg mL− 1). The mixtures were 
agitated for 15 h with a shaker plate rotating at 200 rpm. Afterwards, the 
dispersions were sonicated in an ultrasonic bath for 20 min before 
casting into a 60 mm (diameter) x 20 mm (depth) borosilicate petri dish 
(Duroplan). The casted solutions were dried at room temperature for 
24 h to facilitate film formation. The films were then removed and 
vacuum-dried at room temperature for 24 h, yielding dry free-standing 
films used for subsequent tests. Table 1 summarizes the film labels and 
their corresponding components.

2.4. Film characterization

To analyse the cross-section of the fabricated films, fragments were 
embedded in cold-curing epoxy (Epofix) and cured for 15 h. The 

Table 1 
Composition of free-standing film batches. Each batch contained 4 g of poly
mer–DMTD mixture (at the specified ratio) dissolved in 40 mL of the designated 
solvent.

Film Label p (BMA-co-MMA) wt% DMTD wt% Solvent

MEK-05 95 5 MEK
MIBK-05 MIBK
THF-05 THF
TOL-05 toluene
MEK-20 80 20 MEK
MIBK-20 MIBK
THF-20 THF
TOL-20 toluene
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embedded films were dry-polished (i.e., no solvent used) with SiC paper 
up to a grain of 5 μm. The morphology of the embed cross-sections was 
analysed with a confocal laser scanning microscope (Keyence VK- 
X1000). Chemical information corresponding to the film cross-sections 
was obtained through confocal Raman microscopy (Renishaw inVia; 
pixel resolution: 2.5 × 2.5 μm; 32 mW laser source at 532 nm). Raman 
maps were acquired at 5% of the maximum power and a Stream HTR 
scan mode (0.5 s exposure time; single accumulation). The spectral 
range measured was from 175.36 to 1925.1 (centre 1100) cm− 1.

The effect of the formulation variations on the thermal properties of 
films was studied using thermogravimetric analysis (TGA) and differ
ential scanning calorimetry (DSC). TGA experiments were performed 
with a Perkin Elmer TGA 4000 at a temperature range of 30 to 700 ◦C 
and a heating rate of 5 ◦C min− 1 under N2 flow. DSC experiments were 
performed in a TA Instruments Discovery DSC 250 with a temperature 
range of − 20 to 100 ◦C at a heating and cooling rate of 10 ◦C min− 1. 
Each DSC test involved 2 heat-cool cycles with a 5-min isothermal time 
after each heating or cooling step.

2.5. Inhibitor release tests

Immersion tests in 0.05M NaCl water solutions, following previously 
established release protocols [9,30,31], were performed to quantify the 
effect of the polymer-organic inhibitor architecture on inhibitor release. 
To this aim, ~50 mg of films were immersed in 200 mL of 0.05 M NaCl 
(Millipore Elix 3 UV treated) for 3 h. At set time intervals, 3.5 mL ali
quots of the immersion solution were withdrawn and analysed using a 
Perkin Elmer Lambda 35 UV-Vis spectrometer. After measurement, each 
aliquot was returned to the container to keep the bath volume constant. 
The absorbance values were compared against a DMTD calibration 
curve to quantify the inhibitor released by the films over time. The 
calibration data is provided in Supporting Information 1.

2.6. Preliminary assessment of corrosion inhibition

The corrosion protection provided by the polymer–organic inhibitor 
architectures was preliminarily evaluated using coated AA2024-T3 
substrates. Prior to coating application, AA2024-T3 panels were 
sequentially ground using 180 and 320 grit SiC abrasive papers, fol
lowed by surface conditioning with Scotch-Brite™ 3M Clean-N-Finish 
AVFN under running water. The specimens were subsequently rinsed 
with ethanol and distilled water, with drying by compressed air after 
each rinsing step. Prior to coating application, the substrates were 
immersed in 2 M NaOH solution for 10 s to generate a pseudoboehmite 
surface layer for higher adhesion, rinsed thoroughly with distilled water, 
dried with compressed air, and allowed to stabilize for 30 min before 
coating application.

Given the limited adhesion of the p (BMA-co-MMA) coatings to the 
metallic substrates, an approximately 6 μm thick epoxy primer layer was 
first applied by spin coating. To this aim, a solution consisting of Epikote 
2500 epoxy resin and Ancamine curing agent (mixing ratio 1:0.58) 
dissolved in xylene was used. Spin coating was performed at 2000 rpm 
for 60 s, followed by curing at 60 ◦C for 24 h.

The p (BMA-co-MMA)–inhibitor formulations were prepared by 
speed mixing at 2500 rpm for 10 min to obtain solutions containing 
20 wt% total solids (polymer and HDMTD) and 80 wt% solvent. Three 
coating formulations containing 0, 5, and 20 wt% HDMTD relative to the 
dry polymer mass were prepared using p (BMA-co-MMA) as the polymer 
matrix. The formulations were applied by pouring onto the epoxy- 
primed metals, producing coating morphologies representative of 
those obtained in the free-standing film study. The coatings were air 
dried at room temperature (~20 ◦C) for 24 h, followed by post-curing at 
85 ◦C for 15 h. The resulting dry coating thickness was approximately 
180 μm, depending on formulation, to closely match the thickness of the 
free-standing films used in the inhibitor release experiments and 
decrease the effect of film thickness on polymer morphology.

The coated specimens were subsequently subjected to a preliminary 
corrosion screening. Prior to exposure, a circular scribe approximately 
1 mm in diameter was introduced through the coating to expose the 
underlying AA2024 substrate. The specimens were then immersed in 
0.05 M NaCl solution for 15 h. A longer immersion time than that used 
for the inhibitor release experiments was selected to allow sufficient 
time for electrolyte ingress, initiation of localized corrosion at the 
exposed substrate, and development of a measurable number of corro
sion pits for comparison among the different coating formulations. 
Following exposure, the scribed region was examined using optical 
microscopy in a first preliminary analysis of the corrosion protection 
effect and the relation to the coating-inhibitor architecture.

3. Results and discussion

3.1. DMTD-solvent interactions

Fig. 1 shows solutions of DMTD and p (BMA-co-MMA) in the target 
solvents: toluene, THF, MEK, and MIBK. The DMTD solutions (Fig. 1a) 
show visible differences in turbidity, with the toluene system appearing 
completely cloudy and the THF, MEK, and MIBK systems appearing 
clear. The cloudiness of the toluene system indicates that, at a concen
tration of 7.5 mg mL− 1, DMTD is only partially soluble in the solvent. 
Meanwhile, the p (BMA-co-MMA) solutions (Fig. 1b) in the four solvents 
were all clear indicating that the solvents were all compatible and 
capable of completely dissolving the resin at a concentration of 
15 mg mL− 1. Since the films are formed from mixed solutions of DMTD 
and p (BMA-co-MMA), the different solubility behaviors of DMTD are 
expected to influence how it distributes within the polymer matrix 
during film formation. The effects should already be evident in the 5 wt 
% systems, which have a comparable DMTD-to-solvent ratio, and are 
expected to be further amplified in the 20 wt% systems, where the initial 
DMTD-to-solvent ratio is 2.6 times higher than that used in the solubility 
tests.

Fig. 1. Solutions of (a) DMTD in the target solvents show variations in turbidity 
indicative of differences in solubility behavior. Corresponding solutions of (b) p 
(BMA-co-MMA) in the same set of solvents show comparable clarity indicative 
of good solubility.
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The partial solubility of DMTD in toluene is further confirmed by 
Raman analysis of the solutions (Fig. 2a–d). Because hydrogen bonding 
of the solvents with the thiol groups of DMTD can affect electron dis
tribution throughout the molecule, it can reduce the electron density of 
the ring C-S bond. The resulting shift of the ring C-S vibration mode 
(originally at 658 cm− 1) to 650 cm− 1 was analysed to semi- 
quantitatively evaluate inhibitor solubility (Fig. 2e). It was found that 
the shift is minimal for the toluene system (Fig. 2a) but is more pro
nounced for the THF, MEK, and MIBK ones (Fig. 2b–d, red lines showing 
658 peak shift to lower wavenumber). The partial solubility of DMTD in 
toluene, compared to its high solubility in THF, MIBK, and MEK, can be 
explained by differences in solvent polarity. This is supported by the 
Hansen solubility parameters (HSPs) of the solvents and DMTD, sum
marized in Table 2. The HSP values for DMTD were estimated using the 
method of Stefanis and Panayiotou [48] and the calculations are pro
vided in Supporting Information 2. A key observation is that the polar 
component (δP) of toluene is much lower than both the corresponding 
values of the other solvents and that of DMTD itself. This difference in 
polarity reflects a solvent–inhibitor interaction that governs how DMTD 
is accommodated within the otherwise soluble p (BMA-co-MMA) matrix, 
and can be purposefully leveraged to tune solubility and thereby control 
the resulting film morphology. Notably, Hansen distance (Ra) calculated 
for DMTD and the solvents indicate the following solubility order: 

toluene < MIBK < MEK < THF.

3.2. Free-standing film cross-sectional morphology and DMTD 
distribution

Fig. 3 presents the resulting cross-sectional film morphology when 
DMTD is incorporated into the p (BMA-co-MMA) matrix using the target 
solvents. The A and S labels on the left side of each image indicate which 
surface of the film was exposed to air (A) and which surface was in 
contact with the borosilicate substrate (S). Overall comparison of the 
images show visible differences in the morphology both as a function of 
DMTD loading and of the solvent used.

The TOL-05 film was characterized by a thin, translucent yellowish 

Fig. 2. Raman spectra of the solution of DMTD in the selected solvents: (a) toluene, (b) THF, (c) MIBK, and (d) MEK. The spectra shown are those of the solvent 
(black curve), crystalline DMTD (blue curve), and the solution of the two components (red curve) with the dashed line denoting the C-S bond stretch characteristic to 
DMTD. The changes in the molecular bonds associated with the peak shifts are presented in (e).

Table 2 
Hansen solubility parameters of DMTD and the selected solvents [48,49]. The Ra 
reported for the solvents is with respect to DMTD.

δD (MPa0.5) δP (MPa0.5) δH (MPa0.5) Ra

DMTD 25.2 18.9 17.2 -
Toluene 18.0 1.4 2.0 27.29
THF 16.8 5.7 8.0 23.26
MIBK 15.3 6.1 4.1 26.97
MEK 16.0 9.0 5.1 24.14
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layer close to the S side of the film (see magenta arrow in Fig. 3a). The 
coloration of the layer is attributed to the presence of DMTD. Mean
while, the rest of the film remains essentially colourless, consistent with 
the appearance of the base polymer. In contrast, the TOL-20 film 
(Fig. 3b) exhibited a thicker and more defined translucent yellowish 
layer near the S side.

Both the THF-05 (Fig. 3c) and the THF-20 (Fig. 3d) films exhibit 
some form of core-shell separation (light color surrounding darker color 
in the film). The core-shell boundaries (see magenta arrows in Fig. 3c 
and d) are attributed to potential interactions of the film with the epoxy 
system used for embedding, as confirmed with Raman analysis in Fig. 4. 
Thus, only the core parts are considered relevant to the morphology 
analysis in this case. The THF-05 showed a more homogeneous cross- 
section than the TOL films. It is also slightly more translucent than the 
clear section of the TOL films, but DMTD-rich sites were difficult to 
ascertain visually. The THF-20 core was also found to be homogeneous, 
but visibly more translucent and with a more yellowish tint than that of 
the THF-05. This suggests good dispersion of DMTD across the film, 
which is consistent with the low Ra value calculated for THF (Table 2).

The MIBK-05 film (Fig. 3e) exhibited a more yellowish cross-section 
than all of the other 5 wt% systems. Notably, the yellow coloration is not 
evenly distributed leading to a mottled appearance. The yellowish tint is 
even more apparent for the MIBK-20 film (Fig. 3f). Similar to its low wt% 
counterpart, the yellowing is also uneven. As with the earlier films, the 
yellow coloration throughout the film is associated with the presence of 
DMTD in a dispersed state which is related to the use of a solvent with a 
relatively low Ra value.

Both the MEK-05 and MEK-20 films (Fig. 3g and h) showed core-shell 
morphologies similar to the THF films. Unlike the THF films though, the 

shells found in the MEK films were relatively thinner which suggests less 
extensive interaction with the epoxy system used for embedding. The 
MEK-05 core was also homogeneous with a yellowish tint (see magenta 
arrow in Fig. 3g). The addition of more DMTD in MEK-20 resulted in a 
cloudy yellow cross-section characterized by high-opacity regions (see 
magenta arrow in Fig. 3h) traversed by thin translucent paths (see black 
arrow in Fig. 3h).

Complementary Raman mapping (Fig. 4) shed more light on the 
DMTD distribution initially seen in the cross-section microscopy images 
(Fig. 3). Each set of maps in Fig. 4 is composed of an optical microscopy 
(OM) image of the embedded film cross-section accompanied by the 
Raman maps corresponding to the C-S stretching mode of DMTD at 
534 cm− 1 [50], the phenyl ring stretching mode of the epoxy embedding 
resin at 1609 cm− 1 [51], and the carbonyl stretching mode of p 
(BMA-co-MMA) at 1730 cm− 1 [52]. The C-S stretching mode of DMTD 
was selected for visualizing DMTD distribution since the location of the 
peak corresponding to this stretching mode is not expected to be 
significantly affected by interactions with the polymer matrix, unlike the 
650 cm− 1 vibration mode presented in Fig. 2. Meanwhile, the 1609 and 
1730 cm− 1 maps were used to establish the boundaries between the 
films and the epoxy matrix used for embedding.

Raman maps confirm that the TOL-05 films have a p (BMA-co-MMA) 
matrix largely devoid of DMTD (Fig. 4a). A few yellow spots appear in 
the midsection of the 534 cm− 1 map, likely due to DMTD particles 
redistributed during polishing. A distinct DMTD aggregate was observed 
near the bottom of the film (see white arrow in 534 cm− 1 map of Fig. 4a), 
compatible with the thin yellow layer seen in Fig. 3a. In contrast, the 
THF-05 Raman maps (Fig. 4b) reveal a uniform DMTD distribution 
throughout the film core, despite the minimal yellowing observed in 

Fig. 3. Microscopy images of the embedded films, showing the cross-sectional morphology of film formulations: (a) TOL-05, (b) TOL-20, (c) THF-05, (d) THF-20, (e) 
MIBK-05, (f) MIBK-20, (g) MEK-05, and (h) MEK-20. A and S respectively denote the air and substrate interface of the films during film formation. Scale bar 
is 100 μm.
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Fig. 3c. It is noted that the 1730 cm− 1 map did not show any signs of 
reduced intensity in the region containing DMTD which suggests that 
the inhibitor is well incorporated into the polymer matrix. The mottled 
appearance of MIBK-05 (Fig. 3e) can be attributed to DMTD aggregates 
identified in the corresponding Raman maps (Fig. 4c). These aggregates 
were present throughout the entire film thickness, with a slightly higher 
density near the bottom. The corresponding 1730 cm− 1 map showed 
diminished intensity, seen as black spots, wherever the DMTD aggre
gates are located. This indicates that there is minimal polymer presence 
at these aggregate locations, which points at a film morphology con
sisting of discrete DMTD particles in a p (BMA-co-MMA) matrix. Similar 
to THF-05, the MEK-05 Raman maps (Fig. 4d) also indicate a uniform 
DMTD distribution, even though its optical image (Fig. 3g) showed only 
limited yellowing. Uniform intensity of the 1730 cm− 1 map is also 
consistent with good degree of mixing of p (BMA-co-MMA) with DMTD.

In contrast to the 5 wt% formulations, the Raman maps of the films 
with 20 wt% DMTD showed distributions that more closely aligned with 
the yellowing observed in the optical images. TOL-20 Raman maps 
(Fig. 4e) showed that the majority of the DMTD present in the film was 
located at the bottom layer. There is reduced 1730 cm− 1 intensity in this 
layer which suggests that it has a similar nature to the aggregates seen in 

MIBK-05. As with the THF-05, the THF-20 maps (Fig. 4f) also showed a 
uniform DMTD distribution throughout the film thickness although a 
large DMTD aggregate were also observed (see white arrow in 534 cm− 1 

map of Fig. 4f). A higher density of DMTD aggregates was observed in 
MIBK-20 maps (Fig. 4g) combined with a more detectable DMTD pres
ence in the matrix. The MEK-20 maps also showed DMTD distribution 
throughout the film but with the presence of interconnected DMTD 
aggregates. Overall, the optical and Raman analyses confirm the 
different aggregation and dispersion states including complex morpho
logical distributions as a function of the DMTD content and solvent type.

Quantitative comparison of the DMTD distribution in the 534 cm− 1 

maps from Fig. 4 was based on two metrics: the variation within pixel 
rows (VWR) and the variation across pixel rows (VAR). VWR is calcu
lated as the average of the row-standard deviation of pixel intensities, 
whereas VAR is calculated as the standard deviation of the row-average 
of pixel intensities. Fig. 5a shows the scheme for calculating these pa
rameters. High VWR values indicate stronger intensity differences be
tween pixels in the same row, consistent with DMTD aggregation, where 
aggregated domains appear with high intensity and the surrounding 
polymer matrix with low intensity. Conversely, high VAR values mean 
that some rows contain more DMTD than others, which is consistent 

Fig. 4. Optical microscopy (OM) and Raman microscopy maps of cross-sectioned embedded films, showing the spatial distribution of components in film formu
lations: (a) TOL-05, (b) THF-05, (c) MIBK-05, (d) MEK-05, (e) TOL-20, (f) THF-20, (g) MIBK-20, and (h) MEK-20. Raman maps are color-coded by characteristic 
frequency shifts: 1730 cm− 1 (red) for p (BMA-co-MMA), 534 cm− 1 (yellow) for DMTD, and 1609 cm− 1 (blue) for the Epofix embedding resin. The symbols A and S 
indicate the air and substrate interfaces, respectively, during film formation.
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with stratification. Supporting Information 3 provides additional details 
of the calculation process for VWR and VAR.

VAR results (Fig. 5b) show the order of film stratification (i.e., across 
film thickness) as: TOL-05 < MIBK-05, MIBK-20 < MEK-05 < THF- 
05 < MEK-20 < THF-20 < TOL-20. Both toluene formulations occupy 
the extremes due to low DMTD solubility in the solvent which led to the 
formation of an inhibitor layer at the bottom of the film. At 5 wt% DMTD 
loading (TOL-05), this layer was thin and relatively heterogeneous, as 
seen in the distribution of yellow aggregates along the film length in 
Fig. 4a, leading to most pixel rows having comparable average intensity 
and low VAR. At 20 wt% DMTD loading (TOL-20), the layer was thicker 
and more uniform across the length of the film, producing more pro
nounced intensity differences between bottom and top rows. THF, MIBK, 
and MEK films occupied the middle range consistent with their greater 
ability to dissolve DMTD and incorporate it into the polymer matrix. 
Interestingly, the VAR values of the MIBK films were relatively insen
sitive to DMTD content, whereas THF and MEK films showed stronger 
apparent stratification at higher loadings. This is attributed to the ten
dency of the two to form bigger aggregates at higher DMTD loadings.

VWR analysis (Fig. 5b) ranked aggregation as follows: TOL- 
05 < THF-05 < TOL-20 < MEK-05 < THF-20 < MIBK-05 < MEK- 
20 < MIBK-20. Both toluene formulations are at the lower end of the 
hierarchy because their layers were generally uniform despite their 
stratification. Similar behavior was evident for the THF films and MEK- 
05. In contrast, MIBK films and MEK-20 displayed a higher degree of 
aggregation, consistent with their aggregates being visible in the Raman 
maps.

Correlation of the VWR and VAR values with DMTD solubility in the 
solvents (based on the Ra values in Table 2) shows that, for equally 
soluble polymer matrices, the solubility of the organic salt in the solvent 
is a key factor controlling film morphology. Poor solubility, as in 
toluene, favored film stratification. Among the better solvents, differ
ences in relative solubility appear to correlate with the extent of ag
gregation. Solvents with lower Ra values formed fewer aggregates, 
whereas those with higher Ra values showed more pronounced aggre
gation. Nonetheless, the solubility differences alone cannot account for 
the emergence of the discrete aggregates (i.e., MIBK films). In most self- 

stratifying coating studies, component incompatibility typically results 
in either uniform dispersion or preferential migration of a component 
toward the substrate side or air interface [36]. The formation of uni
formly distributed, discrete DMTD-rich domains (i.e., aggregates) within 
the polymer matrix is therefore a previously unreported outcome.

The aggregate-rich morphology is hypothesized to arise from the 
interplay between good DMTD solubility and differences in solvent 
evaporation rates. The corresponding solvent evaporation parameters 
are summarized in Table 3. THF and MEK, with their low boiling points 
and high evaporation rates, promote rapid solvent loss and limited phase 
development, whereas MIBK and toluene evaporate more slowly, 
allowing extended molecular mobility and segregation. In toluene, the 
combination of poor DMTD solubility and slow evaporation promotes 
stratification, as DMTD separates early from the toluene–p (BMA-co- 
MMA) system. In contrast, the high dissolving power of MIBK main
tains DMTD dispersion throughout most of the drying period. Only at 
later stages, as solvent content decreases and polymer-inhibitor in
compatibility becomes more dominant, does phase segregation occur, 
giving rise to the discrete DMTD-rich aggregates observed. Increasing 
the DMTD loading from 5 to 20 wt% enhances the polymer-inhibitor 
incompatibility across all solvent systems resulting in more prominent 
aggregation. Overall, these results demonstrate that organic inhibitor 
solubility and inhibitor concentration, together with solvent evapora
tion kinetics, jointly determine the extent and morphology of DMTD 
aggregation within the p (BMA-co-MMA) films.

Fig. 5. (a) Schematic representation of the calculation of variation across rows of pixels (VAR) and variation within rows of pixels (VWR). VAR is an indicator of the 
degree of stratification. VWR is an indicator of the degree of DMTD aggregation. (b) Comparison of the DMTD distribution morphologies resulting from the solvent 
used based on the variation across and within pixel rows of the 534 cm− 1 activity maps in Fig. 4.

Table 3 
Parameters describing evaporation behavior of pure solvents [53].

Solvent Boiling point (◦C) Evaporation Rate (vs. BuAc)

Toluene 110.6 2
THF 66 6.3
MIBK 116 1.4
MEK 80 4.6
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3.3. Chemical state of DMTD incorporated in p (BMA-co-MMA)

The Raman maps in Fig. 4 highlight the spatial distribution of DMTD 
in the polymer films. However, another aspect to consider when incor
porating organic inhibitors or other reactive molecules in polymeric 
matrices is the possibility of chemical interactions between the inhibitor 
and the polymer matrix. Such interactions may alter the molecular state 
of the incorporated inhibitor, potentially influencing inhibitor–polymer 
interactions, molecular release behavior in the presence of water, and 
other polymer properties. To examine the presence and relative extent of 
these interactions between the incorporated DMTD and the p (BMA-co- 
MMA) matrix, Raman spectra were collected at different locations across 
the film cross-sections and examined alongside the thermal behavior 
obtained from TGA and DSC.

Fig. 6 shows the Raman spectra (450 – 850 cm− 1) from points in the 
film cross-sections compared with the Raman signals of the solvents, 
pure p (BMA-co-MMA), and solute powder. To this end, locations in the 
films with a clear DMTD signal but with high or low peak intensity, as 
seen in the 534 cm− 1 map in Fig. 4, were selected. As discussed in 
Section 3.2, high-intensity points generally correspond to DMTD-rich 

domains (e.g., DMTD layer at the bottom of TOL-20, DMTD aggregates 
in MIBK-20). For the systems with less substantial phase separation (i.e., 
THF-05, MEK-05, THF-20), the high- and low-intensity locations, seen as 
red and blue curves in Fig. 6 respectively, were randomly selected points 
from the cross-section. Fig. 6a–d shows that, with the exception of TOL- 
05, films with 5 wt% DMTD exhibited a redshift of the 658 cm− 1 band. 
As with the DMTD in solution (Fig. 2), the shift is here attributed to the 
coordination of the inhibitor with the p (BMA-co-MMA) matrix. This 
shift is accompanied by a marked increase in the intensity of the bands 
between ~460 cm− 1 and ~540 cm− 1 (yellow region in the figure). The 
increase was low for TOL-05 but considerably higher for THF-05, MIBK- 
05, and MEK-05, to the point that they have comparable or even higher 
intensity than that seen for 658 cm− 1, which is the dominant signal in 
the DMTD powder (black curves). The observed change could be 
attributed to an increase in the number of bonds involving the thiolate S, 
such as the formation of disulfide bonds [19,54,55]. Apart from the 
formation of disulfide bonds, changes in the 1000 to 1100 cm− 1 region 
of the THF-05, MIBK-05, and MEK-05 spectra also point to a possible 
tautomeric shift away from the dithiol form. More specifically, Fig. 7b–d 
(yellow regions) show an intensity increase of the 1025 cm− 1 mode 

Fig. 6. Raman spectra from 450 cm− 1 to 850 cm− 1 collected from regions of high (red curve) and low (blue curve) DMTD signal intensity in the following for
mulations: (a) TOL-05, (b) THF-05, (c) MIBK-05, (d) MEK-05, (e) TOL-20, (f) THF-20, (g) MIBK-20, and (h) MEK-20. For THF-05, MEK-05, and THF-20, no distinct 
phase separation was observed; in these cases, the red and blue spectra correspond to two randomly selected points across the film cross-section.
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(coupled C─S stretch and N─H bend in dithione [15]) and the potential 
coalescence of the 1040 cm− 1 (N─N stretch [15]) and 1080 cm− 1 

(coupled N─N stretch and CSH bend [15]) modes resulting in a high 
intensity mode at 1060 cm− 1. The blueshift of the N─N stretching mode 
is associated with the protonation of a ring N. Meanwhile, the redshift of 
the coupled N─N stretch and CSH bend suggests potential weakening of 
the coupling, which could be due to the conversion of CSH to C═S or 
formation of disulfide bonds. The observed changes in the Raman 
spectra of the DMTD locations when incorporated at 5 wt% in the 
polymer matrix suggest some degree of deprotonation of the thiol groups 
into a higher content of disulfide and C═S bonds. Qualitative compari
son of the spectra indicates that the apparent degree of conversion fol
lows the order TOL-05 < MIBK-05 < MEK-05,THF-05, in good 
agreement with trends in inhibitor-solvent compatibility.

The high and low spectra of TOL-20, THF-20, and MIBK-20 
(Fig. 6e–g, Fig. 7e–g) closely resemble those in the corresponding 5 wt 
% DMTD films. Additionally, the curves corresponding to the locations 
with high amounts of DMTD show a ~603 cm− 1 mode (Fig. 6e–g) less 
prominent than those seen in the curves with low amounts of DMTD, 
consistent with a lower local polymer fraction. This is in agreement with 
the intensity distribution seen in the 1730 cm− 1 maps (Fig. 4) since both 

modes reflect the relative amounts of the polymer. As with the films with 
5 wt% DMTD loading, the changes in the spectra of TOL-20, THF-20, and 
MIBK-20 are here attributed to a combination of disulfide bond forma
tion and tautomeric shift. Nonetheless, the changes in the intensity of 
bands are less pronounced for the 20 wt% films, unlike their 5 wt% 
counterparts. These are particularly seen with the 658 cm− 1 band which 
is more pronounced for all 20 wt% films (Fig. 6e–g) as well as the bands 
from 1400 cm− 1 to 1500 cm− 1 (Fig. 7e–g) which appear sharper than in 
the 5 wt% films. These changes are likely due to increased aggregation 
which essentially led to higher amounts of DMTD aggregates with 
chemical states similar to powder DMTD. Interestingly, while the MEK- 
20 film exhibited this increased aggregation, it also showed a more 
intense 546 cm− 1 mode (NH out-of-plane bend [15]) compared to the 
other 20 wt% film formulations. The higher intensity of this mode is 
potentially due to a more substantial tautomeric shift in MEK-20 to the 
thiol-thione or dithione forms. Higher intensities of the 1043 cm− 1 (C═S 
stretch [50]), 1412 cm− 1 (coupled C═N stretch, N─N stretch, and NH 
bend [15]), and 1482 cm− 1 (N─H in-plane bend [50]) modes shown in 
Fig. 7h (see dashed lines) further support this tautomeric shift away 
from the dithiol form of DMTD. Altogether, the 20 wt% films are 
increasingly dominated by aggregation-related spectral features, which 

Fig. 7. Raman spectra from 850 cm− 1 to 1850 cm− 1 collected from regions of high (red curve) and low (blue curve) DMTD signal intensity in the following for
mulations: (a) TOL-05, (b) THF-05, (c) MIBK-05, (d) MEK-05, (e) TOL-20, (f) THF-20, (g) MIBK-20, and (h) MEK-20. The spectra are extensions of the ones shown 
in Fig. 6.
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attenuate but do not eliminate solvent-dependent effects. Qualitative 
comparison of the spectra suggests that the degree of conversion follows 
the order TOL-20 < MIBK-20, THF-20 < MEK-20, broadly mirroring the 
trend observed at 5 wt% DMTD loadings.

The TGA data was used to determine how the molecular changes of 
DMTD, observed through Raman spectroscopy, affect the thermal sta
bility of the different film formulations. This serves as an indicator of 
differences in interaction strength between DMTD and the polymer 
matrix. Fig. 8a shows the temperature-dependent weight changes of the 
5 wt% DMTD films. The thermal degradation curves of powder DMTD 
and p (BMA-co-MMA) are also provided for reference. These reference 
curves show that DMTD is expected to begin degradation at around 
193 ◦C while p (BMA-co-MMA) at around 278 ◦C. Nonetheless, the films 
exhibited degradation curves that are quite similar to each other and 
closer to that of pure p (BMA-co-MMA). The delayed DMTD degradation 
suggests strong interaction between the inhibitor and the polymer ma
trix and is likely a consequence of the molecular changes previously 
observed via Raman spectroscopy. Despite their similarities, comparison 
of the temperatures at which the 5 wt% DMTD films exhibited 5% loss 
(Fig. 8c) showed that MIBK-05 degraded much earlier than the others. A 
closer look at the initial stages of degradation (Fig. 8a inset) also shows 
that MIBK-05 exhibited faster degradation after 193 ◦C, with TOL-05 
closely following. Faster degradation of TOL-05 relative to THF-05 
and MEK-05 is expected as its Raman spectrum (Figs. 6a and. 7a) 
showed minimal deviations relative to powder DMTD. Meanwhile, 
although the Raman spectra of MIBK-05 (Figs. 6c and. 7c) exhibited 
visible changes, the changes are still arguably less extensive than those 

of THF-05 and MEK-05 especially if the bands from 1400 cm− 1 to 
1500 cm− 1 are considered (Fig. 7). The thermal degradation of the 5 wt 
% films shows that the order of DMTD-p (BMA-co-MMA) interaction is 
TOL-05, MIBK-05 < THF-05, MEK-05.

Fig. 8b shows that increasing the DMTD loading makes the thermal 
degradation curves of the films move closer to that of powder DMTD. 
Among the 20 wt% DMTD films, MIBK-20 again exhibited the lowest 
temperature at 5% loss, with TOL-20 and THF-20 following closely 
(Fig. 8a inset, Fig. 8c). The faster degradation of these three films is 
potentially due to the increase in their degree of aggregation which led 
to incorporated DMTD with a chemical state much closer to powder 
DMTD, as seen in the Raman spectra of the films (Figs. 6 and 7). Inter
estingly, MEK-20 appeared to be more thermally stable than the other 
films despite its own increase in aggregation. This stability may result 
either from stronger chemical interactions between DMTD and the 
polymer matrix or increased thermal stability of DMTD itself, potentially 
due to its tautomeric shift observed in Figs. 6h and 7h. Thiols have been 
reported to be highly active and easily oxidizable [56]. Thus, a shift from 
the thiol to the thione or thione-thiol tautomers can potentially improve 
the thermal stability of DMTD and, consequently, of the film. Altogether, 
the thermal degradation of the 20 wt% films shows that the order of 
DMTD-p (BMA-co-MMA) interaction is MIBK-20, TOL-20, 
THF-20 < MEK-20.

While the TGA data reflect the strength of DMTD interaction with the 
polymer matrix, the DSC thermograms probe how the polymer matrix is 
affected by the presence of DMTD, specifically in terms of changes in the 
midpoint glass transition temperature (Tg). Fig. 9a shows that all of the 

Fig. 8. Temperature-dependent degradation of the p (BMA-co-MMA)-DMTD films with (a) 5 wt% and (b) 20 wt% inhibitor loading. The insets show zoomed in views 
of the initial weight changes. Temperatures at which 5% weight loss is observed for each of the film compositions are reported in (c).
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5 wt% DMTD films exhibited a clear drop in Tg relative to pure p (BMA- 
co-MMA). This behavior is attributed to a plasticization effect associated 
with the incorporated DMTD, consistent with Tg depression reported in 
polymer systems containing fillers or plasticizers [57,58]. Notably, 
similar to the trend observed in the TGA data, MIBK-05 also exhibited 
the largest Tg depression (around 13 ◦C). This enhanced Tg reduction is 
likely due to the dual role of DMTD in this system. In addition to acting 
as plasticizing species when molecularly dispersed, the inhibitor is also 
present as aggregated, filler-like domains, which can introduce addi
tional interfacial voids within the polymer matrix that further reduce Tg 
beyond that expected from plasticization alone [59]. A similar, albeit 
less pronounced, effect may account for the slightly lower Tg of TOL-05 
compared to THF-05 and MEK-05. TOL-05 also has DMTD-rich domains 
close to the bottom of the film which may have introduced additional 
interfacial voids.

Fig. 9b shows that increasing the DMTD content from 5 wt% to 20 wt 
% resulted in solvent-dependent changes in Tg. Among the systems, 
THF-20 exhibited the largest additional Tg reduction (around 13 ◦C), 
relative to its 5 wt% counterpart, followed by MEK-20 (around 6 ◦C). In 
contrast, TOL-20 showed only a modest additional decrease (around 
6 ◦C), while MIBK-20 exhibited little to no additional change in Tg. The 
muted response of MIBK-20 is likely due to the higher DMTD loading 
promoting increased aggregation rather than increased dispersion 
within the polymer matrix. As a result, the additional Tg depression 
arising from interfacial voids associated with larger or more numerous 
aggregates appears less significant than the plasticization effect driven 
by molecular DMTD dispersion within the p (BMA-co-MMA) chains, 
which dominates in the less aggregated systems (e.g., THF-20 and MEK- 
20). A similar mechanism may account for the limited additional Tg 
reduction observed for TOL-20. As with MIBK-20, the increased DMTD 
content in TOL-20 does not appear to enhance dispersion, but instead 
leads primarily to the growth of DMTD aggregates, as evidenced by the 
thickening of the DMTD-rich bottom layer.

3.4. Inhibitor release upon exposure to salty water

Fig. 10 shows the DMTD fractional release curves of the 5 wt% DMTD 
films immersed in 0.05 M NaCl, a common test solution in corrosion 
studies. Fractional release was calculated by dividing the amount of 
inhibitor present in the solution, measured using UV-vis spectroscopy, 
by the amount of DMTD initially present in the sample (see Supporting 
Information 1 for calculation procedure). Comparison of the curves 
shows that TOL-05 had the fastest initial release as well as the highest 
fraction released after extended immersion (3 h). This is largely attrib
uted to the cross-section morphology of TOL-05. Figs. 3a and 4a show 
that the DMTD-rich domains of TOL-05 are concentrated close to the 
bottom of the free-standing film. As a result, water only needs to diffuse 
a short distance to reach these hydrophilic regions, and the dissolved 
inhibitor similarly has a short path to the film–solution interface, mak
ing it readily available for release. Furthermore, the Raman spectra 
showed that the DMTD-rich domains are in a chemical state similar to 
powder DMTD, this suggests a low degree of chemical interactions with 
the polymeric network that can potentially impede its dissolution and 
release. During extended immersion, dissolution of its DMTD-rich do
mains can potentially lead to the formation of pores that further improve 
water uptake and leaching of DMTD.

In contrast, the other 5 wt% films show DMTD distributed deeper 
within the film, such that water must penetrate further into the film 
before the inhibitor can dissolve and diffuse out, resulting in longer 
effective diffusion paths relative to TOL-05. Furthermore, the dissolu
tion and release of DMTD is considered to be also affected by their de
gree of interaction with the polymer matrix. As such, even if there is 
DMTD available close to the film-solution interface, the over release is 
sluggish relative to TOL-05. This interplay of contributing factors is re
flected in the hierarchy of fractional release of the films which follows 
the order MEK-05 < THF-05 < MIBK-05. The order is consistent with the 
hierarchy of temperature corresponding to 5% loss measured with TGA 
(i.e., TOL-05 < MIBK-05 < THF-05, MEK-05; Fig. 8c) which is used as an 

Fig. 9. DSC thermograms of the p (BMA-co-MMA) films loaded with (a) 5 wt% and (b) 20 wt% DMTD. The glass transition temperature indicated in the thermograms 
were calculated from the second heating cycle and is based on the midpoint of the onset temperatures. Supporting Information 3 provides additional details of the 
fitting process.
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indicator of the strength of the inhibitor-polymer interaction. The films 
with weaker interactions are more capable of releasing the inhibitor 
more easily. To a certain degree, the fractional release order is also 
consistent with the extent of Tg depression in the 5 wt% films (i.e. MEK- 
05, THF-05 < MIBK-05; Fig. 9a). Apart from the degree of plasticization, 
Tg depression is also linked to free volume, which in turn relates to water 
uptake [60,61]. As such, films with faster water uptake allow for higher 
DMTD dissolution and release at a given period of time compared to the 
films with slower uptake. Moreover, the aggregate-rich morphology of 
MIBK-05 likely contributed to faster release kinetics than those observed 
for MEK-05 and THF-05. Once diffusion paths are established between 

the solution and the aggregates, dissolving aggregates with weak in
teractions with the matrix can generate local sites of high DMTD con
centration, increasing the driving force for diffusion. Their dissolution 
can also leave behind voids, which further enable water ingress and 
DMTD leaching.

Fig. 11 shows the fractional release profile of the 20 wt% DMTD films 
in the same 0.05 M NaCl electrolyte. The early-stage fractional release (i. 
e., first 20 min) follows the order TOL-20 < MEK-20 < MIBK-20 < THF- 
20. The fast initial release of THF-20 is potentially due to the weaker 
interactions of some of the inhibitor with the polymer matrix (Fig. 8c), 
unlike its 5 wt% counterpart, as well as the faster water uptake based on 

Fig. 10. Release profile of the 5 wt% films with THF, MEK, MIBK and toluene in 200 mL of 0.05 M NaCl. The fractional release pertains to mass of DMTD released 
divided by the mass of DMTD present in the film. The schematic diagrams on the right show the proposed leaching mechanisms for the films during immersion in the 
NaCl solution.

Fig. 11. Release profile of the 20 wt% films with THF, MEK, MIBK and toluene in 200 mL of 0.05 M NaCl. The fractional release pertains to mass of DMTD released 
divided by the mass of DMTD present in the film. The schematic diagrams on the right show the proposed leaching mechanisms for the films during immersion in the 
NaCl solution.
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its low Tg (Fig. 9b). The amount released plateaus after some time likely 
because the weakly incorporated DMTD already dissolved and diffused 
out. Meanwhile, although initial diffusion through the MIBK-20 polymer 
matrix is relatively slow, the higher aggregate loading compared to 
MIBK-05 causes the release process to become increasingly dominated 
by aggregate-derived pathways once dissolution begins. The larger 
number and greater connectivity of these pathways in MIBK-20 pro
gressively increases water ingress and inhibitor release. Moreover, the 
DMTD in MIBK has weaker interactions with the matrix (Fig. 8c). As a 
result, MIBK-20 eventually overtakes THF-20 at longer immersion times, 
whereas THF-20 remains largely governed by the diffusion of the 
remaining strongly-incorporated DMTD. Notably, TOL-20 and MEK-20 
show the lowest release attributed to different phenomena. MEK-20 
has a slow initial release likely because of the increased interaction 
between DMTD and the polymer matrix (Fig. 8c). Increased water up
take with time does lead to increased dissolution of the strongly- 
incorporated DMTD resulting in the overall sluggish inhibitor release 
from MEK-20. TOL-20 had the slowest initial release likely because of its 
morphology (Fig. 3b). Its stratification meant that it effectively had its 
mass transfer area halved since the polymer-rich side is less penetrable 
to water. Unlike its 5 wt% DMTD counterpart, the DMTD layer of TOL- 
20 is substantially thicker which requires water ingress deeper into the 
film for substantial inhibitor dissolution and release. It is important to 
note that while the fractional release during the first 20 min is compa
rable for TOL-05 and TOL-20, the corresponding absolute amount of 
inhibitor released is higher for TOL-20, indicating a faster initial disso
lution of the outermost DMTD-rich layer in the 20 wt% film. Similar to 

MIBK-20, the dissolution of the layer leads to the generation of voids and 
channels which increase the amount of DMTD released with time. This 
leads to the continuously increasing fractional release of TOL-20 which 
eventually overtakes MEK-20 after the 140 min mark.

3.5. Corrosion inhibition performance of formulations applied to AA2024

Fig. 12 shows optical microscopy images of the scribed regions of 
AA2024 samples after exposure to NaCl solution, illustrating the extent 
of localized corrosion/inhibition for coatings prepared using different 
solvents and DMTD loadings. In AA2024, localized corrosion is char
acterized by dealloying and trenching at and around intermetallic par
ticles, which appear optically as dark spots distributed across the 
exposed metal surface. Qualitative comparison of the images indicates 
that samples coated with films containing 5 wt% DMTD (Fig. 12e–f) and 
20 wt% DMTD (Fig. 12i–l) generally exhibited fewer dark spots and less 
extensive darkening than the corresponding samples without DMTD 
(Fig. 12a–d). This is indicative of reduced local corrosion. The only 
apparent exception was MIBK-20 (Fig. 12k), which exhibited an extent 
of surface darkening comparable to its uninhibited counterpart. How
ever, this darkening is likely associated with deposits of released DMTD 
remaining on the exposed surface rather than extensive localized 
corrosion. This interpretation is supported by the side-by-side compar
ison in Fig. 12m, where area 1 (MIBK-00) exhibits extensive darkening 
of the intermetallic particle surfaces and pronounced trenching of the 
surrounding matrix, characteristic of active localized corrosion. In 
contrast, area 2 (MIBK-20) shows only limited darkening of the 

Fig. 12. Micrographs of the scribed regions on film-coated AA2024 substrates after 15 h immersion in 0.05 M NaCl for different film formulations. Exposed metal at 
scribe in the samples coated with inhibitor-free coatings (a–d) exhibit visible (local) darkening related to local and extended corrosion. Exposed metal at scribe in 
samples coated with 5 wt% DMTD-rich coatings (e–h) and 20 wt% DMTD (i-l) show none-to-very little darkening sites compatible with high levels of corrosion 
inhibition, especially at 5 wt% DMTD and MEK. Magnified regions 1 and 2 of MIBK-00 and MIBK-20 (m) show different local features compatible with a change in 
local attack in presence of large inhibitor amounts and suggest a trend change with inhibitor content using MIBK from inhibition at 5 wt% to inefficient inhibition at 
20 wt% likely due to excessive inhibitor release (c-g-k/m-2).
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intermetallic particles with minimal trenching of the adjacent matrix, 
features that are more consistent with inhibited corrosion [62], even 
though a negative effect of inhibitor excess or inhibitor chemical state 
cannot be discarded at this point. Overall, these observations are 
consistent with the inhibitor release behavior discussed in the preceding 
sections and provide direct evidence that DMTD released from the 
polymer coatings remained active, suppressing localized corrosion 
following coating damage.

Although all DMTD-containing coatings exhibited improved corro
sion resistance relative to their uninhibited counterparts, noticeable 
differences in the extent of localized corrosion were observed among 
formulations prepared with different solvents at both the 5 wt% and 
20 wt% DMTD loadings. These variations suggest that solvent-induced 
differences in coating architecture, which influence inhibitor release 
behavior, may also affect the resulting corrosion inhibition perfor
mance. However, establishing a direct quantitative relationship between 
coating morphology, inhibitor release kinetics, and corrosion protection 
requires a more comprehensive investigation. A detailed analysis of 
these relationships will therefore be the focus of a follow-up study.

3.6. Controlling inhibitor release behavior through solvent selection

The DMTD release curves (Figs. 10 and 11) highlight how the 
leaching of DMTD from the films is the result of the combined effect of 
morphology, water uptake behavior (reflected by the Tg depression), 
and chemical interactions between the inhibitor and the polymer matrix 
(reflected by the temperature at 5% loss). The results also show that the 
release behavior can be divided into early-stage and extended release 
behaviors. For consistency in this discussion, early-stage pertains to the 
first 20 min of immersion while extended immersion pertains to at least 
3 h of immersion. In practice, early-stage behavior is relevant to rapid 
inhibition of local corrosion [9,10] while extended immersion behavior 
is relevant for achieving inhibition stability.

The hierarchy of released fractions during early-stage release for 
both low and high loadings indicate that the temperature at 5 wt% loss 
and the Tg depression are useful predictors of the initial inhibitor release 
rate. Films with stronger inhibitor-polymer interactions show 5 wt% loss 
at higher temperatures, which, generally, translate to slower inhibitor 
release. The inhibitor-polymer interaction can be, to a certain extent, 
counteracted by the plasticization effect reflected in the Tg depression. 
Films with larger Tg depression have faster initial water uptake which 
increases the initial amount of inhibitor leached out.

From the film formulations tested in this work, it was observed that 
the temperature at 5% loss is strongly dependent on the loading. Lower 
loading leads to stronger inhibitor-polymer interaction. The dominance 
of this process minimizes any potential release rate increase from other 
processes, even from Tg depression. Meanwhile, at higher loading, 
coupling of the inhibitor-polymer interaction strength and Tg depression 
becomes more substantial. Weaker interaction combined with high Tg 
depression leads to very rapid release (e.g., THF-20) while stronger 
interaction still leads to slow release, regardless of the Tg depression (e. 
g., MEK-20).

Meanwhile, the hierarchy of released fractions during extended 
release suggests that morphology is the stronger controlling factor for 
this regime. Morphologies dominated by DMTD-rich domains (e.g., ag
gregates, layers) appear to promote higher fractional release rates in the 
long run as dissolution of these domains potentially leads to the for
mation of diffusion pathways which support faster transport as well as 
the extended availability of weakly-incorporated DMTD. As with early- 
stage release, the effect of morphology in extended inhibitor release can 
also be enhanced by Tg depression and counteracted by inhibitor-matrix 
interactions. Although these factors result in differences in the extended 
release behavior among the formulations, all coatings sustained DMTD 
release over the immersion period, thereby contributing to effective 
corrosion inhibition as demonstrated by the reduced localized corrosion 
observed after immersion.

Inhibitor-polymer interaction strength, Tg depression, and film cross- 
sectional morphology can be controlled through the solvent used for 
film casting. Solvents that can effectively dissolve DMTD (e.g., THF, 
MIBK, MEK) lead to more uniform films while poor solvents for DMTD 
(e.g., TOL) lead to more stratified films. Uniform dispersion appears to 
lead to both a potential for stronger inhibitor-polymer interaction and a 
more substantial Tg drop. Notably, specific solvent chemistries also lead 
to further changes in the interaction as observed with MEK-20 which 
warrant further investigation. The degree of aggregation can also be 
controlled by selecting effective solvents with less affinity for the in
hibitor (e.g., MIBK) and a faster evaporation rate as well as by adjusting 
the inhibitor loading. Fig. 13 provides a generalized schematic on how 
inhibitor-solvent compatibility can be used to tailor the inhibitor release 
rate at different stages, focusing on the 20 wt% formulation. While some 
differences in release behavior were observed for the 5 wt% films, these 
variations were comparatively limited and accompanied by relatively 
low overall inhibitor release. The schematic shows that, in the absence 
of dominant inhibitor-matrix interactions, the solvent power together 
with solvent evaporation rates can be tuned to achieve different release 
profiles which can be used to enhance both the effectiveness and sta
bility of corrosion inhibition.

4. Conclusion

A formulation strategy based on solvent-controlled inhibitor 
dispersion is demonstrated in this work. Using solvents with varying 
dissolving power toward DMTD enabled the formation of films with 
distinct architectures and dispersion states. The results show that sol
vent–inhibitor compatibility, solvent evaporation kinetics, and inhibitor 
loading collectively control the resulting film morphology. Poor DMTD 
solubility, as in toluene, led to stratified films, whereas better solvents 
such as THF, MIBK, and MEK produced relatively more uniform struc
tures with aggregation levels dependent on solubility and evaporation 
rate. MIBK, combining strong dissolving power with slow evaporation, 
yielded uniformly distributed DMTD-rich domains, whereas MEK and 
THF, which have strong dissolving power and fast evaporation, resulted 
in uniformly dispersed DMTD. On top of the solvent-inhibitor compat
ibility, higher inhibitor loading also intensified phase segregation and 
aggregate formation in all systems. These morphological variations 
directly influenced inhibitor release behavior. Films exhibiting weaker 
inhibitor-polymer interaction and larger Tg depression showed faster 
initial release due to enhanced water uptake. Furthermore, morphol
ogies characterized by DMTD-rich aggregates or layers promoted 
extended inhibitor release through gradual but sustained domain 
dissolution. Preliminary corrosion tests at damaged locations of the 
films applied onto AA2024-T3 substrates show a clear effect of the 
DMTD dispersion on the anticorrosive behavior of the coatings, with 
uniform and/or segregated dispersion apparently leading to higher in
hibition levels at 15 h immersion and lower DMTD contents leading to 
very effective corrosion inhibition. Overall, this work highlights how 
controlling solvent compatibility and inhibitor concentration provides a 
simple yet effective route to tailor both film structure and release ki
netics. Such potential enables the design of active corrosion protection 
coatings with optimized release behavior which is essential in achieving 
more effective and stable corrosion inhibition.
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