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ABSTRACT: Redox-active organic compounds have been studied as corrosion inhibitors
for steel. Even though it is clear that chemical interactions at the organic−metal oxide
interface are behind this inhibitive process, the detailed mechanism is not yet fully
understood. Using phenyl-capped aniline tetramer (PCAT), we have elucidated the
interactions at the interface with iron oxide. We demonstrate the partial reduction of fully
oxidized PCAT and the partial oxidation of fully reduced PCAT upon interaction with
iron oxide. X-ray photoelectron spectroscopy reveals the appearance of charged nitrogen
structures in PCAT deposited on hematite. Iron oxide ﬁlms in contact with reduced
PCAT show a higher conductance due to the introduction of defects, resulting in ndoping. In contrast, the iron oxide ﬁlm in contact with oxidized PCAT shows a lower
conductance, indicating that defects in the ﬁlm are removed via oxidation, thus reducing
the doping level. This is consistent with accepted models for corrosion inhibition, in
which PCAT assists in the formation of a passive oxide ﬁlm. These results are indicative of
interfacial charge transfer between PCAT and iron oxide. The extent of the charge transfer
and the direction of redox processes depend on the oxidation state of the molecules, enabling the construction of redox-active
devices, including sensors and switches.

■

INTRODUCTION
Redox-active organic compounds are known to protect
transition metals against corrosion.1 Their weak performance
under practical corrosion conditions has prevented their
widespread use in commercial settings. Therefore, a better
understanding of the chemical and electronic interactions at the
interface between metal oxides and redox-active organic
molecules is crucial to the design of better organic corrosion
inhibitor coatings. Furthermore, transition metal oxide−organic
interfaces have important applications in organic electronic
devices, such as photovoltaics,2 light-emitting diodes,3 and thinﬁlm transistors.4 All of these devices function on the basis of
the charge transfer at the interface between a metal oxide and
an organic layer. Metal oxides can be used in conjunction with a
broad range of organic materials because their chemical and
electronic properties can be tuned in order to create a desirable
alignment with the energy levels of the organic layer.5
It was discovered in 1985 that polyaniline (PANI)
electrodeposited on steel can inhibit corrosion.6 PANI acts as
more than a simple barrier coating in this case as it was shown
that breaching the organic layer does not necessarily initiate
corrosion in steel presumably as a result of an electrochemical
interaction between the polymer layer and the surface of iron
oxide.1,7,8 The mechanism that has been proposed to explain
© 2016 American Chemical Society

the corrosion inhibition of steel by redox-active organic
molecules is based on the assumption that by applying these
organic molecules in their oxidized states to metal surfaces they
can act as an oxidizers, improving the oxide layer structure by
creating a passive oxide.1,8 The metal oxide layer remains
passivated as long as the organic layer can provide a large
enough shift of the corrosion potential. This mainly relies on
two conditions: the presence of a suﬃcient number of active
redox-active compounds and the regeneration of reduced
organic molecules back into their active form through
reoxidation by ambient oxygen.1
It was recently suggested that limiting the extent of the
percolation network present in the organic layer is the key to
successful corrosion inhibition, even in the presence of large
defects in the organic layer. Rohwerder1 concluded that an
eﬀective redox-active layer should form a microscopic
percolation network at the interface rather than a macroscopic
one. This means that although good electric contact between
the organic ﬁlm and the passive metal surface is essential,9 it is
the redox activity of the organic ﬁlm that is vital for corrosion
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Scheme 1. Chemical Structure and Protonic Doping Process for PCATa

a

Doping the base states of oligomers (left) with HCl gas results in the salt state (right). The color of the methanolic solution of each state is visible
in the photograph beside each chemical structure.

mixture of magnetite and maghemite was shown to form on an
iron surface at room temperature upon exposure to oxygen at
pressures of as low as 10−4 Torr for only 120 s.21
Here we report the impact of the interaction of iron oxide on
the redox chemistry and electronic properties of diﬀerent
oxidation states of PCAT. The hematite single-crystal (1000)
surface was considered to be a model system. The charge
transfer and extent of doping were quantiﬁed using X-ray
photoelectron spectroscopy (XPS). Changes in the oxidation
states of oligoaniline were characterized using Raman spectroscopy. We also investigated the impact of protonic doping
on the doping level of base oligoanilines ﬁlms at an interface
with iron oxide. Finally, we examined these interaction/chargetransfer processes between iron oxide and diﬀerent oxidation
states of PCAT through I−V measurements made by
employing an array of interdigitated gold electrodes covered
with a thin layer of iron oxide placed inside a microﬂuidic
channel carrying a ﬂow of PCAT solution. The details of these
interfacial interactions are crucial pieces in the puzzle of
corrosion inhibition and allow for the design of redox-active
electronic devices such as chemical sensors.

inhibition and not its electrical conductivity. Instead a
macroscopic network of the redox-active polymers leads to
fast cation incorporation into the polymer, which results in its
fast reduction and thus breakdown of the coating.1,10 In
addition, the organic layer needs to provide enough passivation
current to polarize the surface in order to create a passive oxide
layer. Otherwise, the corrosion process would be accelerated
more than in the absence of an organic coating.1 This condition
can be achieved through the careful choice of organic
molecules. Oligoanilines have emerged as promising substitutes
for PANI in corrosion inhibition applications.11 They show the
same redox properties, higher solubility, and better processability than PANI. In addition, there is plenty of room for
tailoring their structure to achieve the desired properties.12 It
has also been reported that oligoanilines can show superior
corrosion inhibition to PANI.13 The phenyl-capped aniline
tetramer (PCAT, Scheme 1) is the smallest oligomer with at
least three oxidation states: leucoemeraldine base (LB, fully
reduced state), emeraldine base (EB, half-oxidized state), and
pernigraniline base (PB, fully oxidized state).14
Temperature-programmed desorption mass spectrometry,
UV−vis absorption spectroscopy, and X-ray photoelectron
spectroscopy (XPS) have already shown the possibility of the
vacuum deposition of PCAT on a quartz substrate under high
vacuum conditions.15 In addition to the superior processability,
PCAT is reported to lack order in its monolayers because of the
number of isomers available for each of its oxidation states.16
This disordered structure could fulﬁll the prerequisite for an
organic coating with a microscopic percolation network, in the
absence of a macroscopic one.1
Iron naturally forms several diﬀerent oxide and (oxy)hydroxide phases when exposed to ambient air and humidity.
The oxide layer is not passive and consists of an inner layer of
Fe3O4 (magnetite) and an outer layer of Fe2O3 (hematite or
maghemite).17,18 The structure of this top layer is of great
importance when trying to fully understand the corrosion
inhibition of steel by redox-active organic molecules. On
occasion, it has been wrongly assumed that the organic coating
is in direct contact with the metal phase rather than the native
oxide ﬁlm.19,20 However, a thin oxide ﬁlm consisting of a

■

EXPERIMENTAL DETAILS
PCAT in the leucoemeraldine oxidation state (PCAT LB) was
synthesized according to a literature procedure.14 PCAT in its
half-oxidized (PCAT EB) and fully oxidized (PCAT PB) states
were prepared using ammonium persulfate (NH 4) 2S 2O8
(Sigma-Aldrich) as an oxidizing agent. For the preparation of
PCAT PB, an excess amount of ammonium persulfate was
used. Although the preparation of an exactly half-oxidized state
of the oligomers is not possible through chemical doping,8 a 1:1
molar ratio of (NH4)2S2O8 to PCAT LB was used to
approximately prepare this oxidation state. To remove the
excess amount of oxidizing agent, both solutions were ﬁltered
and washed several times with Millipore water (18.2 MΩ cm)
under vacuum suction. To ensure that PCAT LB is also in the
fully reduced state, the as-synthesized PCAT LB powder was
mixed with an excess amount of L-ascorbic acid (Caledon
Laboratories Ltd.). The same puriﬁcation and ﬁltration process
applied to PCAT EB and PCAT PB powders was applied to
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Atomic force microscopy was performed in a dry nitrogen
atmosphere in tapping mode using a Veeco Enviroscope with a
Nanoscope IIIa controller. Typical line scan rates were 0.5 Hz.
Care was taken to ensure that the tip was not modifying the
surface during image acquisition. For all images, the background was subtracted and the lines were corrected by
matching median height levels using Gwyddion data analysis
software.25
The microﬂuidic devices are fabricated by ﬁrst sputter
depositing a 200 nm gold ﬁlm on a glass slide. Then an array of
500 interdigitated electrodes with 100 μm spacing was
photolithographically patterned. Next, a 14.2 nm iron oxide
ﬁlm was deposited on the gold electrodes under high-vacuum
conditions (base pressure ∼5 × 10−6). The iron source was a
clean iron wire (0.99%, diameter = 0.01 cm, OMEGA
Engineering) wrapped tightly around a clean tantalum wire.
To form iron oxide, pure oxygen gas (oxygen 2.6 grade, BOC
Canada Limited) was introduced into the vacuum chamber
through a leak valve (P = 5 × 10−4 Torr) during the slow
evaporation of the Fe source (∼1 nm/min), as monitored by
QCM. Subsequently, the substrate was exposed to hydrogen
peroxide vapor for over an hour to ensure that the deposited
ﬁlm was oxidized. A poly(dimethylsilioxane) (PDMS) microchannel (length/width/depth = 50 mm:5 mm:100 μm) was
fabricated by soft lithography. Subsequently, the PDMS
microchannel was bonded on top of interdigitated electrodes
by air plasma. Conductivity measurements were carried out
using a Keithley 2636 source measuring unit.

this sample. Finally, all samples were suspended in a dilute
solution of NH4OH (0.1 mol/L) in order to ensure that they
are in the base state. All particles were collected by vacuum
ﬁltration using an air aspirator.
Hematite single crystals (natural source, one-side epi
polished, SurfaceNet GmbH) with a surface orientation of
(1000) were washed with methanol (MeOH, HPLC, Caledon
Laboratories Ltd.) and Millipore water. All crystals were
exposed to UV−air plasma under low vacuum for 2 min. None
of the iron oxide substrates were sputter cleaned prior to
deposition of the organic ﬁlm, as this can cause the reduction of
iron oxide.22 Iron(III) oxide nanoparticles (Sigma-Aldrich)
with an average particle size of 50 nm were used for Raman
measurements. Nanoparticles were annealed in an air
atmosphere at 440 °C for 14 h in order to form a hematite
phase and remove any organic residue (Figure S5). All organic
thin ﬁlm depositions were performed in a home-built vacuum
deposition chamber equipped with a low temperature K-cell,
stage cryostat, and deposition monitor (QCM). To minimize
cross contamination, the vacuum chamber was thoroughly
baked prior to each deposition process. The base pressure of
the chamber was better than 5 × 10−6 Torr during all
depositions. All samples were stored in a dry nitrogen
atmosphere prior to transfer to the UHV analysis chamber.
NaCl (reagent grade, Caledon Laboratories Ltd.) was exposed
to sulfuric acid (reagent grade, 98.5%, Caledon Laboratories
Ltd.) in order to create water-free high-purity HCl vapor used
for the protonic doping of PCAT base ﬁlms on the hematite
substrates.
XPS probes the surface of the sample to a depth of 7−10 nm
and has detection limits ranging from 0.1 to 0.5 atom %,
depending on the element. A Kratos Axis Ultra spectrometer
with a monochromatic Al Kα X-ray source (15 mA, 1486.6 eV)
was used to record the photoelectron spectra of the powders
and coated organic ﬁlms fabricated on glass or a hematite
substrate. The PCAT base powders were pressed onto doublesided adhesive tape for XPS analysis. The bare hematite
samples were charge corrected to a binding energy (B.E.) of
284.8 eV for C−C and C−H. All of the other samples had the
main line of the carbon being mostly CC, and as such they
were charge corrected to the B.E. of 284.5 eV. High-resolution
(0.1 eV) spectra were obtained using a 20 eV pass energy and
an analysis area of 300 × 700 μm2. All acquired spectra were
analyzed using CasaXPS software (version 2.3.17).23 For peak
integration, a Shirley-type background and a line shape of
GL(30), which is 30% Lorentzian and 70% Gaussian, were
used. Standard deviations of XPS peak areas were calculated
using a built-in procedure in Casa XPS software to estimate the
precision error of output quantities by optimizing a set of peak
parameters.23
A Renishaw inVia laser Raman spectrometer was used to
acquire spectra over a range of 100−1800 cm−1, with a spectral
resolution of 2 cm−1, using a 20× objective excited with an Ar+
ion laser at 514 nm (2.41 eV) or a solid-state laser at 785 nm
(1.57 eV). All samples were cast and dried on glass substrates.
Data was collected on multiple locations on each sample and
recorded with fully focused 1 or 5% laser power having a ﬁeld
of view of 50 × 50 μm2. This will introduce less than 0.4 μW/
μm2 for the 514 nm laser beam and 6 μW/μm2 for the 785 nm
laser beam into the sample, which minimizes sample damage.24
All Raman spectra were normalized on the basis of their most
intense peaks.

■

RESULTS
Film Fabrication Method. Prior to studying the
interaction of oligoanilines with iron oxide surfaces, it is crucial
to know the possible eﬀects of the organic layer’s fabrication
methods on its chemical state. Two common fabrication
methods for small-molecule thin ﬁlms are drop casting12,26 and
vacuum deposition.15 Vacuum deposition has the beneﬁt of
controlling the ﬁlm thickness with subnanometer precision, but
the process involves expensive instrumentation.15,27 On the
other hand, drop casting is simple, and the morphology and
crystallinity of the ﬁlm can be altered on the basis of the choice
of the solvent, nonsolvent, and substrate; however, there is
poor control over the thickness of the ﬁlm.26
High-resolution XPS was utilized to examine the impact of
the deposition method on the chemical state of the organic
ﬁlms as well as pristine powders. The LB (Scheme 1a) and PB
(Scheme 1c) states of PCAT contain only benzenoid nitrogen
(amine structure) and quinonoid nitrogen (imine structure),
respectively, whereas the EB state of PCAT (Scheme 1b)
consist of equal amounts of these structures. Thus, the
oxidation states of PCAT can be assessed on the basis of the
percentage of amine and imine groups. Therefore, the N 1s
XPS spectra of the pristine PCAT LB, PCAT EB, and PCAT
PB powders were obtained to use as reference spectra for this
work.
The N 1s spectrum of the pristine PCAT LB powder (Figure
1a) exhibits only a symmetrical peak at 399.5 eV. This peak is
characteristic of neutral amine nitrogen (−NH− structure)28,29
and shows that the powder is in the fully reduced state as
expected. The XPS N 1s envelope peak of PCAT EB powder
(Figure 1b) at ∼399 eV is asymmetric with a distinct shoulder
at lower B.E. Deconvolution of this peak yields an amine
nitrogen peak at 399.6 eV and an imine nitrogen peak at 398.5
eV. On the basis of the area under these two peaks (65.9%
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under the amine peak, the powder was less than three-quarters
oxidized. The presence of two peaks associated with positively
charged nitrogen atoms is presumably due to the incomplete
washing of sulfate or persulfate from the product after the
oxidizing step. This argument is supported by the presence of S
2s and S 2p signals in the survey spectra of the PCAT PB
powder (Figure S7b) as an indication of a residual amount of
sulfate still present in this sample. No such signals have been
detected for the PCAT LB powder (Figure S7a).
To minimize the eﬀect of the substrate on the chemical state
of the deposited ﬁlm, glass slides were used as neutral
substrates. For the preparation of drop cast ﬁlms, pristine
PCAT LB powder was sonicated in MeOH (∼7.9 mM) for 2
min and was cast on glass slides at room temperature. Figure
2a,b shows the N 1s core-level XPS spectra of vacuum-

Figure 1. High-resolution N 1s XPS spectra of (a) pristine PCAT LB
powder, (b) PCAT EB powder, and (c) PCAT PB powder.

amine nitrogen, 34.1% imine nitrogen), this powder is not
exactly half oxidized. Although the EB state should be
theoretically 50% oxidized, this result is consistent with
previous literature reports for PANI EB8 because chemical
modiﬁcation of the organic molecules to an exact intermediate
oxidation state is diﬃcult to control.30 The N 1s peak of PCAT
PB powder was ﬁtted by four peaks at 398.3, 399.5, 400.3, and
401.4 eV (Figure 1c). The peaks at 398.3 and 399.5 eV are in
agreement with the B.E.29 of the nitrogen atoms in imine and
amine structures, respectively. On the basis of the previous
reports, the other two peaks at higher B.E.s can be assigned to
charged nitrogen species.3,32 The peak at 400.3 eV was
attributed to the nitrogen atom with delocalized positive
charge,31 and the one at higher B.E. (401.4 eV) was assigned to
the N+ atom in C(NH+)−C.31−33 On the basis of the area

Figure 2. High-resolution N 1s XPS spectra of (a) the PCAT LB ﬁlm
vacuum deposited on a glass substrate and (b) the PCAT LB ﬁlm drop
cast on a glass substrate.

deposited and drop-cast ﬁlms on glass substrates. The N 1s
spectrum of the PCAT LB thin ﬁlm fabricated by vacuum
deposition on glass was deconvoluted into two peaks (Figure
2a). The major peak is an amine peak (399.5 eV). The other
ﬁtted peak is a low-intensity imine peak (398.3 eV). This peak
makes only about a 1% contribution to the envelope peak. It is
also possible to ﬁt the N 1s spectrum of the organic ﬁlm drop
cast on glass (Figure 2b) by an amine (399.4 eV) and an imine
peak (398.5 eV). In contrast to the vacuum-deposited ﬁlm, the
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Figure 3. (a) The PCAT LB ﬁlm (2.5 nm thick) on hematite single crystal (5 μm × 5 μm), (b) the PCAT EB ﬁlm (2.5 nm thick) on hematite single
crystal (5 μm × 5 μm), and (c) the PCAT PB ﬁlm (2.3 nm thick) on a hematite single crystal (5 μm × 5 μm).

predicted for the aggregation of PANI in organic solutions.36
Zhang et al. reported that the highest extent of self-association
is observed for the EB state because of the possibility of
interchain hydrogen bonding between imine and amine
nitrogen sites. Because of the fact that the LB and PB states
consist only of purely amine or purely imine groups,
respectively, no such aggregation should be expected. Island
formation of oligoanilines on solid metal oxide surfaces
depends on the balance of molecule−surface and molecule−
molecule interactions. Water adsorption and dissociation on
iron oxide surfaces, including hematite, leads to the formation
of hydroxyl groups at diﬀerent surface sites,37−39 aiding the
interaction with the PCAT molecules through their amine and
imine groups. For PCAT LB, the lone pair electrons of amine
nitrogen can interact with the hydrogen of the surface hydroxyl
groups, in addition to the interaction between the lone pair of
electrons of the oxygen in the hydroxyl groups and the
hydrogen in the amine group. In the case of PCAT PB, the lone
pair of the imine nitrogen can interact with the hydrogen in the
hydroxyl group. This decrease in the interaction pathways
between the oxidized molecules and the substrate can account
for the lesser degree of surface wetting by PCAT PB and PCAT
EB ﬁlms.
Interaction of PCAT LB with the Hematite Surface.
Thin ﬁlms of PCAT LB were vacuum-deposited on hematite
single-crystal substrates. A bare hematite substrate was used as a
reference sample for the Fe 2p spectra. For all samples, highresolution Fe 2p, O 1s, C 1s, and N 1s XPS peaks were
collected. Deconvolution of the N 1s envelope peak of PCAT
LB-coated hematite shows three peaks (Figure 4): a primary
amine peak at 399.5 eV and two minor peaks at 398.3 and
401.2 eV. The component at 398.3 eV can be assigned to imine
(N− structure).29 As previously reported for PANI,32,33 the
higher B.E. component of the N 1s envelope peak was
attributed to the most positively charged nitrogen sites
(C(NH+)−C structure). On the basis of this peak assignment, the N 1s envelope peak consists of approximately 93%
amine nitrogen, 5% positively charged nitrogen, and 2% imine.
A comparison of these spectra with the N 1s XPS spectra of
PCAT LB powder as a reference sample (Figure 1a) indicates
the partial oxidation of PCAT LB on hematite. In addition,
even though there are reports on the X-ray-induced reduction
of materials in UHV,40,41 no such reduction was observed in the
case of PCAT LB on hematite by comparison to the N 1s XPS
spectra of PCAT LB powder.
Raman spectroscopy is an alternative tool to characterize the
interaction between these oligoanilines and iron oxide surfaces.
Under ambient conditions, it is a powerful tool to qualitatively
determine the oxidation states of PANI and its oligomers.42

contribution of the imine peak to the envelope peak was
increased to more than 20%. This partial oxidation may be due
to the prolonged exposure of the PCAT ﬁlm to ambience
during the sonication, deposition, and drying process. A
comparison of the deconvoluted N 1s XPS spectra shows
that vacuum deposition has a negligible eﬀect on the oxidation
states of the pristine PCAT powder whereas drop casting can
cause a considerable change in the oxidation state of the
precursor. Therefore, on the basis of this experiment and
because the thickness of the deposited ﬁlm can be more
precisely controlled through vacuum deposition, this technique
was used as the method of choice for the rest of this study,
unless stated otherwise.
Morphology of the Oligoaniline Films. There have been
several reports on XPS of redox-active organic compounds
deposited on steel and iron oxide substrates, attempting to
understand the interaction at this interface.8,34,35 However, to
the best of our knowledge all of these studies used organic ﬁlms
with thicknesses in the range of hundreds of nanometers to
micrometers. Because XPS is capable of probing only a few
nanometers from the surface, all of these studies are in fact
probing the interaction at the interface of the organic
compounds and the ambient surroundings or the interactions
in the bulk of the organic ﬁlm. Thus, to ensure that the XPS
data includes the signal from the interface of iron oxide and the
organic layer, the thickness of the organic layer must be limited
to a few nanometers. The deposition conditions (substrate
temperature and deposition rate) were optimized in order to
fabricate thin and uniform organic ﬁlms. The thickness and
morphology of each layer were studied by AFM. Vacuumdeposited PCAT, in its fully reduced state, on a hematite
(1000) surface tends to wet the surface and form dendritic
islands that are less than 7 nm thick (Figure 3a). The same
quality ﬁlms can be achieved for the PCAT EB ﬁlm (Figure
3b), although in this case the islands are more globular in
shape. Deposition of PCAT PB on the substrate kept at room
temperature (∼25 °C) led to the formation of two types of
island morphology; small, thin, globular islands and long, thick,
needle-shape islands (Figure S8). By keeping the substrate at
lower temperatures during the deposition (9−10 °C), the
number of needle-shaped islands decreases (Figure 3c). Thus,
the latter condition is preferable, as it leads to the formation of
a more uniformly thin organic layer. This variation in the
morphology of the islands is an indication that PCAT PB
molecules tend to dewet the surface more than PCAT LB and
EB molecules do, likely because of weaker interactions with the
surface.
The higher dewetting of the metal oxide surface by PCAT
molecules in higher oxidation states diﬀers from the trend
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the pristine PCAT LB disappeared and instead ﬁve bands at
1162, 1216, 1493, 1586, and 1612 cm−1 emerged (Figure 5b).
These bands are associated with the oxidization of PCAT.44
The coexistence of these bands and the low-intensity bands of
PCAT LB proves the partial oxidation of PCAT LB at the
surface of hematite particles.
Both Raman spectroscopy under ambient conditions and
XPS in vacuum indicate the partial oxidation of PCAT on
hematite. Scheme 2 depicts diﬀerent pathways for oxidation/
reduction and doping/dedoping of PCAT. On the basis of this
scheme, one route for the oxidation of PCAT LB is losing two
electrons and two protons, and thus the product of this process
remains in the base state (Scheme 2c). The other possibility is
the oxidation of the oligoanilines mediated by the hematite
surface. The removal of electrons from a base form of amine
nitrogen through charge transfer to hematite and the formation
of a positivity charged amine nitrogen is also an oxidation
process. The result of such a process is the salt form of the
molecule (Scheme 2a). Hence, the hematite surface can oxidize
PCAT LB as an alternative process to the oxidation of the
leucoemeraldine state under ambient conditions.8 It has been
known that polyaniline can be oxidized on the surface of iron
oxide by oxygen.46 Although extreme care has been taken to
minimize the exposure of the sample to air, this could be an
alternative source of oxidation of PCAT LB, as the sample has
been exposed to the laboratory atmosphere for a short amount
of time during the transfer from the deposition chamber to the
XPS chamber.
In Situ Deposition and Spectroscopy of PCAT LB on
Low-Carbon Steel. To examine whether the oxidation of the
PCAT LB ﬁlm on hematite was induced by the interfacial
interactions, the previously reported high-resolution XPS
spectra of the in-situ-deposited LB on a sputtered clean steel
substrate were reanalyzed.15 The layer-by-layer deposition of
LB had been performed in three diﬀerent thicknesses with the
ﬁnal thickness of approximately 5 nm. The N 1s XPS spectrum
of the sputtered cleaned steel shows a low-intensity spectrum of
nitrogen species at around 396.8 and 400.5 eV (Figure 6a). The
former peak is attributable to nitride compounds formed as a
result of the sputtering process of the steel. The latter peak is
indicative of an unknown organic nitrogen, possibly amide.15
After the ﬁrst deposition of LB (Figure 6b), two additional
peaks appear, an amine peak at 399.4 eV (53.89%) and an
imine peak at 398.2 eV (17.75%). After further deposition of
LB, the N 1s spectrum still can be deconvoluted into the same
three peaks (Figure 6c). The contribution of the amine peak to
the envelope peak increases (64.48%), and the contribution of
the imine peak decreases (13.98%). Finally, after the deposition
of approximately 5 nm of LB on steel, the N 1s envelope peak
can be deconvoluted only to a major amine peak (99.13%) and
a minor imine peak (0.87%) (Figure 6d).
Because the deposition and XPS analysis had been performed
in two interconnected vacuum chambers, the sample had not
been exposed to ambient conditions prior to data acquisition.
These results indicate that the partial oxidation of the thin LB
ﬁlm on steel is mediated by iron oxide. It also conﬁrms that the
LB ﬁlm was indeed partially oxidized through interaction with
iron oxide (Figure 4). In addition, using ultraviolet photoelectron spectroscopy, it has been shown that the deposition of
a thin ﬁlm of fully reduced PCAT on steel causes band bending
and a decrease in the work function of the metal oxide surface
by 0.5 eV.15 This makes it easier for LB to be oxidized on the
surface of iron oxide. This observation is consistent with our

Figure 4. High-resolution N 1s XPS spectra of PCAT LB deposited on
a hematite surface.

Because normal Raman spectroscopy lacks the surface
sensitivity of XPS, acquiring a strong Raman signal from the
few monolayers in direct contact with the hematite surface is
nontrivial. One way to amplify this signal is by increasing the
surface area of the interface between the organic layer and the
metal oxide. Therefore, instead of using a ﬂat single-crystal
surface, small iron oxide nanoparticles with a mean diameter of
50 nm were used. PCAT LB powder was mixed with the
annealed hematite nanoparticles (1:5 by weight) using a vortex
mixer. Both pristine PCAT LB powder and the mixture were
sonicated in MeOH for 10 min and were cast onto glass slides.
Because Raman features are known to be sensitive to many
parameters including temperature and laser power,24,43 the
lowest possible laser power (below 0.4 μW/μm2) was utilized
during spectra acquisition. For comparison, the most intense
peak of each spectrum was normalized to 1. The PCAT LB ﬁlm
showed the three main signature Raman bands of the reduced
state of PCAT at 1179, 1221, and 1622 cm−1 (Figure 5a).44,45
No bands indicating the presence of the other oxidation states
of PCAT are observed. For the mixture of hematite
nanoparticles with PCAT LB, all three bands observed for

Figure 5. Raman spectra of (a) the PCAT LB ﬁlm and (b) the
composite ﬁlm of PCAT LB and hematite nanoparticles.
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Scheme 2. Conversion between Diﬀerent Base and Salt States of PCAT at the Interface with Hematite

previously reported for PANI in contact with graphene.32,33 As
for the interface between PCAT LB and hematite, this peak is a
sign of charge transfer between the PCAT EB ﬁlm and
hematite. A comparison of the area under these ﬁtted peaks
with the deconvoluted spectra of the PCAT EB powder (Figure
1b) shows that the interaction of the PCAT EB molecules with
hematite leads to the partial reduction of PCAT.
Deconvolution of the N 1s peak for the PCAT PB-coated
hematite (Figure 7b) leads to the same four peaks that were
previously ﬁtted for the N 1s XPS spectrum of PCAT PB
powder (Figure 1c). However, the contribution of each peak to
the envelope peak has changed signiﬁcantly. Figure 8b shows
that the intensity of the amine peak increased drastically at the
expense of the imine peak in the PCAT PB powder (Figure 1c).
This demonstrates a signiﬁcant reduction of the fully oxidized
oligomers in contact with the hematite phase. However, the
number of charged nitrogen atoms was slightly decreased.
Therefore, the deconvoluted N 1s XPS spectra of PCAT EB
and PCAT PB ﬁlms on hematite substrates show the partial
reduction of the small molecules in addition to the interfacial
charge transfer at the interface.
Raman spectroscopy of PCAT EB and PB powders mixed
with hematite nanoparticles conﬁrmed the results obtained
from XPS. Raman spectra of pristine PCAT EB (Figure 8a) and
a mixture of PCAT EB and hematite nanoparticles (Figure 8b)
look almost identical, and both show Raman bands at
approximately 1162, 1214, 1496, and 1585 cm−1. These
bands are associated with PCAT in its half-oxidized state.44
The Raman spectra of PCAT PB powder (Figure 8c) and the
composite ﬁlm of PCAT PB and hematite nanoparticles
(Figure 8d) show several bands of oxidized PCAT. However,
the transformation of the shoulder of the bands at 1589 and

results regarding the oxidation of PCAT LB on hematite as
obtained by XPS and Raman spectroscopy. As the thickness of
the LB ﬁlm reaches approximately 5 nm, the contribution of the
imine to the N 1s peak decreases. The imine species remain
localized at the interface. Further deposition of PCAT results in
the attenuation of the signal from the interface. The nitrogen in
the newly deposited layer retains its amine character.
This shows that the interface-mediated charge transfer by the
iron oxide is limited to the proximity of the interface in
comparison to air oxidation, which can act on the bulk organic
ﬁlm. The comparison of the N 1s spectra of the LB ﬁlm on steel
with the same ﬁlm on a hematite single crystal shows the
absence of charged nitrogen peaks at higher B.E. in the former
sample. One possible reason behind this discrepancy could be
the diﬀerences in the chemical and electronic properties of the
low-carbon steel and hematite single crystal. The other major
diﬀerence between these two samples is the adsorbed water
ﬁlm on their surfaces. The hematite single crystal had been
exposed to the ambient environment, which allows for the
formation of a water ﬁlm on the substrate. The presence of
such a ﬁlm on this particular steel substrate is less likely due to
oxidation under dry nitrogen ﬂow.
Interaction of PCAT EB and PCAT PB with the
Hematite Surface. The same characterization methodology
applied to the PCAT LB-hematite interface was repeated for
other oxidation states of PCAT. Thin ﬁlms of PCAT EB and
PCAT PB fabricated on hematite single-crystal substrates were
studied by XPS. The N 1s XPS spectrum obtained from the
interface of a PCAT EB ﬁlm and hematite can be ﬁtted by three
peaks (Figure 7a). The peaks at 399.56 and 398.3 eV were
assigned to amine and imine nitrogen, respectively, and the
peak at 401.2 eV was assigned to positively charged nitrogen as
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Figure 7. High-resolution N 1s XPS spectra of (a) PCAT EB
deposited on a hematite surface and (b) PCAT PB deposited on a
hematite surface.

Figure 6. High-resolution N 1s XPS spectra of (a) sputtered, cleaned
low-carbon steel, (b) PCAT LB ﬁrst deposition, (c) PCAT LB second
deposition, and (d) PCAT LB third deposition on steel.

an oxidizer, improving the underneath metal oxide layer and
inhibiting the corrosion. However, these reports assumed EB to
be the oxidized form whereas it is only half-oxidized.8,34 In
addition, the organic ﬁlms used in those cases were several
micrometers thick.8 The base forms of PANI and its
oligoanilines are known to be extremely poor electrical
conductors. Therefore, it is expected that most of these
measurements beneﬁt not only from corrosion inhibition
induced by redox-active organic compounds in proximity to the
interface but also from other mechanisms such as barrier
coating protection. Our results expand the understanding of
corrosion inhibition by redox-active organic compounds by
using the fully oxidized PCAT (PB) instead of half-oxidized
PCAT (EB). In addition, using only very thin ﬁlms for the
organic coatings ensures that the observed change in the
organic phase was indeed induced by the underlying metal
oxide surface.
Interaction of PCAT Salt with Hematite Surfaces. Even
though there are reports on eﬀective corrosion inhibition using
redox-active organic compounds in their base form,42,47,48 most
of the research to date is focused on the application of the salt
form of these compounds.49−51 This is based on the
assumption that the higher conductivity of the salt ﬁlms will
assist with better integration of the entire organic layer and thus
more eﬀectively passivate any exposed metal.19,52 Kinlen et

1500 cm−1 in the PCAT PB powder spectrum to the separate
bands at 1619 and 1488 cm−1 in the mixture of PCAT PB with
hematite, respectively, can be interpreted as the sign of the
partial reduction of PCAT.44 One reason behind the greater
similarity between the Raman spectra of the PCAT PB and its
mixture with hematite nanoparticles is the fact that the
measurement has been performed in air and thus there is a
possibility of air-exposed oxidation. In addition, the observation
of this reduction event by both XPS and Raman spectroscopy is
an indication that this reduction was not induced by the X-ray
beam used in XPS.
The XPS spectra presented here (Figure 7a,7b) indicate that
the thin ﬁlms of PCAT EB and PB will be reduced by hematite
surfaces. The presence of N 1s signals at higher B.E. indicates
the possibility of charge transfer at the interface between
oxidized molecules (PCAT EB or PB) and the hematite
substrate. Raman spectroscopy, under ambient conditions, also
shows a partial reduction of PCAT PB molecules in contact
with hematite nanoparticles. No such reduction was observed
for PCAT EB molecules. These results are consistent with the
previously assumed mechanism for corrosion protection of steel
by redox-active organic compounds.8 It has been argued that
these compounds, if applied in their oxidized states, can act as
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Figure 8. Raman spectra of (a) the PCAT EB ﬁlm, (b) the composite
ﬁlm of PCAT EB and hematite nanoparticles, (c) the PCAT PB ﬁlm,
(d) the composite ﬁlm of PCAT PB and hematite nanoparticles.

al.42,46 have suggested that the conversion of ES state ﬁlms
fabricated on steel to LS state ﬁlms is done through redox
chemistry and to EB state ﬁlms though acid−base means. It is
not possible to directly deposit the salt form of PCAT in
vacuum. Therefore, to fabricate thin and uniform ﬁlms of
PCAT salt, all of the previously analyzed PCAT base ﬁlms on
hematite were exposed to gaseous HCl for 30 s and load-locked
back to the XPS chamber. The N 1s XPS spectra of PCAT LS
(Figure 9a) still can be properly ﬁt by three peaks of an imine
(398.5 eV), an amine (399.5 eV), and a positively charged
amine (−NH+−, 401.2 eV). Although the quantitative
comparison of these peaks with the N 1s spectra of PCAT
LB on hematite shows only a slight increase in imine content,
there is a more than a 2-fold increase in the number of charged
amines. This expected increase in the amount of cationic
nitrogen in PCAT salt is due to protonic doping by HCl gas.
The Cl 2p XPS peak from this sample (Figure S17) can be
decomposed into a 2p3/2 peak at 198.4 eV and a 2p1/2 peak at
200.0 eV. These peaks are attributed to the presence of chloride
species in the vicinity of nitrogen atoms in the structure of
PCAT. The absence of any peaks at higher B.E.s is a sign that
no covalently bonded chlorine was formed upon exposure to
HCl gas and thus is proof of the successful protonic doping of
PCAT.53
A comparison of N 1s XPS spectra of the PCAT EB ﬁlm on
hematite before (Figure 7a) and after (Figure 9b) exposure to
HCl gas shows the appearance of a fourth peak at 400.2 eV. On

Figure 9. N 1s XPS spectra of salt PCAT on hematite for (a) PCAT
LS, (b) PCAT ES, and (c) PCAT PS.

the basis of a previous report on PANI, this peak was assigned
to the delocalized positive charge on the backbone of the
oligomer.29 This new peak has the second highest contribution
to the envelope peak after the peak of the benzenoid nitrogen.
Although protonic doping does not lead to a signiﬁcant
increase in the amount of imine nitrogen, the amount of
positively charged nitrogen tripled.
The same number of ﬁtted peaks, with the same trend
between the doped (Figure 9c) and undoped (Figure 7b)
organic ﬁlms on hematite, has been observed for the fully
oxidized form of PCAT. On the basis of the previous reports on
the interaction of PANI and graphene,32,33 the N 1s XPS signals
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at higher B.E.s such as 400.4 and 402.0 eV are associated with
the electronic interaction between the two materials and were
considered to be a sign of the protonic doping process at the
interface.
Because all three PCAT base ﬁlms (LB, EB, PB) fabricated
on the hematite substrate have been exposed to the same
amount of HCl gas for the same period of time, the only
diﬀerence between the salt ﬁlms is the starting base structure
from which they are derived (imine and amine content). The
amount of amine and imine structure between the base PCAT
LB and EB ﬁlms on hematite and their corresponding salt ﬁlms
(LS and ES, respectively) stayed nearly constant, whereas the
content of charged nitrogen has been signiﬁcantly increased.
Although the comparison of the PB and PS ﬁlms on hematite
shows only a slight increase in the amount of imine after
exposure to HCl gas, the amount of charged nitrogen stayed
the same in both samples. This comparison between the base
and salt ﬁlms shows that the PCAT ﬁlms exposed to excess
HCl gas do not show more than an ∼20% cationic nitrogen N
1s signal. One way to determine the protonic doping level of
each ﬁlms is through the ratio of Cl/N atomic percentages,
derived from the area under their peaks. On the basis of this
method, PCAT LB and PB are doped to almost the same level
(25.0 and 25.9%, respectively), whereas PCAT EB was doped
to a lesser degree (18.9%). Another way to determine the
extent of protonic doping is by considering the ratio of charged
nitrogen atoms to the total amount of nitrogen. On the basis of
this method, the PCAT EB and PB ﬁlms are doped almost
twice as much (20.8 and 21.1%, respectively) as the LB ﬁlm
(11.4%). The results from the later method are in better
agreement with the expected structures in Scheme 2, which
shows the increase in protonic doping by moving toward
oxidized states. This is due to the fact that the ratio of Cl/N
atomic percentages includes all Cl− ions, some of which might
not participate in the protonic doping process.
Impact on the Substrate. In the case of the protonation of
the PCAT LB organic layer and its partial oxidation by
hematite, a partial reduction of iron oxide and the alteration of
its oxidation state should be observed. The B.E. of O 1s is
independent of the Fe oxidation states and thus cannot be used
to monitor the eﬀect of charge transfer on the hematite
substrate (Figure S8).54,55 Diﬀerent iron oxide and hydroxide
phases are commonly distinguished by their Fe 2p XPS
spectra.54 However, the analysis of Fe 2p spectra is challenging
because of issues such as peak asymmetry, complex multiplet
splitting, and overlapping B.E.s.22 The Fe 2p spectra of both the
bare hematite surface (Figure 10a) and the hematite surface
coated with PCAT LB (Figure 5b) exhibit two sets of peaks,
2p1/2 (∼724 eV) and 2p3/2 (∼711 eV), as a result of spin−orbit
coupling. They also show Fe 2p3/2 and Fe 2p1/2 shake-up
satellite peaks with B.E.s of around 719 and 733 eV,
respectively. On the basis of ref 22, the satellite peaks were
omitted from the ﬁtting performed for the 2p3/2 part of the
spectrum using a Shirley background. For each sample, the
envelope peak at ∼711 eV was deconvoluted into ﬁve peaks.
The positions, fwhm’s, and areas of these peaks conﬁrm the
presence of a single hematite phase.22 The absence of a peak at
around 706 eV conﬁrms that there is no metallic iron present in
either of the samples, as expected in the case of a hematite
single crystal.
The Fe 2p satellite peaks can in principle be used to identify
if any reduction of Fe3+ to Fe2+ occurring upon adsorption of
PCAT LB Fe3+ satellite peaks appear at ∼719 and 733 eV, in

Figure 10. High-resolution Fe 2p XPS spectra of the bare hematite
surface (a) before and (b) after vacuum deposition of 2.5-nm-thick
PCAT LB ﬁlm. Both spectra indicate the presence of a hematite phase.
(c) XPS survey spectra of the PCAT LB-coated hematite interface.

contrast to Fe2+ satellite peaks that are typically found at ∼716
and 730 eV.54,55 Despite a slight shift being observed between
the positions of the satellite peaks of the bare hematite and
PCAT LB-coated hematite samples, the spectra look largely
identical and the shift is possibly due to the uncertainty of using
C 1s as a charge-correction reference. The following calculation
will demonstrate how this subtle expected change in the
hematite phase due to the absorption of an organic layer is
below the sensitivity of the XPS instrument used in this work.
The Fe 2p and N 1s photoemissions contribute only 11.3 and
5.8% to the XPS survey spectra of the PCAT LB-coated
hematite surface (Figure 10c), respectively. From this share of
N 1s, only 2.8% of it is associated with the charged nitrogen
peak (CN+−C) giving an overall 0.15%. If we assume that all
eight nitrogen atoms present in each triclinic unit cell of PCAT
are projected onto the interface with the hematite surface in a
plane and the α-Fe2O3(1000) single crystal has a completely
Fe-terminated surface, then there will be an approximately 1:1
interaction between surface Fe atoms and the cationic charged
nitrogen.56−58 This could lead to about a 1.3% change in the Fe
2p spectra (0.15/11.3: N+/Fe 2p). This subtle change is very
unlikely to be detectable considering that the data used for such
a calculation is not truly coming from an interface but from a
few nanometers to each side of it. In addition, the presence of
an overlayer (organic layer) results in a background slope
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Figure 11. (a) Microﬂuidic channel fabricated on top of the 14.2 nm iron oxide-coated interdigitated gold electrodes. (b) Plot of current vs voltage
of the iron oxide-coated gold electrode after 1500 s of ﬂowing PCAT LB in MeOH (b1) and PCAT PB in MeOH (b2) into the microchannel. (c)
Plot of current vs time by applying a bias voltage of 2.4 V to the iron oxide-coated gold electrodes while ﬂowing MeOH, PCAT LB in MeOH, and
PCAT PB in MeOH in the microchannel for three consecutive measurements.

change and makes the comparison between the intensity of the
satellite and 2p3/2 peaks of each samples impossible.
Conductivity Measurement of Iron Oxide by a
Microﬂuidic Device. An alternative path for better understanding the interaction of PCAT with iron oxide is through
monitoring the change in conductivity of iron oxide while in
contact with diﬀerent oxidation states of PCAT (reduced and
oxidized). Thus, we have fabricated a microﬂuidic device to
sense these expected variations (Figure 11a). Because the thin
fabricated iron oxide ﬁlm (14.2 nm thick) has a high resistivity,
we have used an array of closely packed interdigitated gold
electrodes. Current−voltage curves were acquired by sweeping
the bias logarithmically from 1 mV to 2.4 V in 5 min intervals
while each analyte was ﬂowing through the channel over the
iron oxide ﬁlm (ﬂow rate = 0.2 mL/min). In the ﬁrst run, pure
MeOH was pushed through the channel. Subsequently, the

same measurement was repeated three times while PCAT LB
and PCAT PB solutions (3 mg/mL in MeOH) were ﬂowing
through the channel. Figure 11b shows the I−V curves of the
iron oxide ﬁlm upon exposure to ﬂows of PCAT LB and PCAT
PB solutions. Both curves are nonlinear, which is characteristic
of semiconducting materials. By ﬂowing MeOH through the
channel, the measured current starts to slowly decrease,
indicating an increase in the electrical resistance of the iron
oxide (Figure 11c). This indicates that the fabricated iron oxide
ﬁlm is not in its most oxidized form. However, when PCAT LB
starts to ﬂow, the current starts to increase quickly until
reaching the stable value of 9.91 μA after 1800 s of exposure to
this analyte. The trend reverses when ﬂowing PCAT PB
through the channel as the current starts to decrease to 8.99 μA
after 2100 s of exposure.
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This observation is in agreement with the results from our
XPS, Raman spectroscopy, and previous reports,7,8 which
suggest that upon adsorption of oxidized PCAT on iron oxide
the organic molecules will be reduced by oxidizing the metal
oxide substrate. This will lead to an increase in the electrical
resistance of the iron oxide, and thus the current will decrease.
On the other hand, the adsorption of reduced PCAT on iron
oxide will result in the oxidation of PCAT and a slight
reduction in the iron oxide, making it less electrically resistive.
The reproducibility of this experiment was conﬁrmed using a
second fabricated device (Figure S18).

access to the organic/oxide interface and have instead
monitored the changes in the bulk of the top organic
coatings.8,65 To avoid this issue, other reports have tried to
study the metal oxide ﬁlm instead by either chemically
removing the organic coatings prior to the introduction of
the sample to the XPS analysis chamber or by in situ
sputtering.35,66 By removing the organic ﬁlm, it was possible to
study the surface of iron oxide surface, but it has been shown
that sputtering of iron oxide can be destructive, causing the
reduction of iron oxide.22 To tackle this issue, the organic
coating was kept on the surface and instead the bare side of the
steel substrate was analyzed by XPS.34 However, because of the
limitation of XPS to top surface layers, the measured data was
only a representative of the bulk of the oxide layer and not the
oxide surface in contact with the top organic coating. This is an
important issue considering the layered structure of iron oxide.
We have demonstrated that oligoanilines such as PCAT are
suitable redox-active compounds for studying the corrosion
inhibition mechanism. PCAT has three oxidation state similar
to those in PANI but can be deposited in a well-deﬁned fashion
via vacuum deposition. This provides the possibility for the
fabrication of thin organic ﬁlms, enabling the study of the top
organic coating, the underlying metal oxide, and their interface
at the same time (Figures 4, 6, and 7). In addition, the thin
organic ﬁlm minimizes bulk contributions to the inhibition
process. XPS data on the interface between PB and iron oxide
showed the expected reduction of the organic phase. In
addition, it showed the appearance of charged nitrogen species.
The appearance of these structures is associated with charge
transfer at the interface. Under ambient conditions, the fully
reduced PCAT coating on the iron oxide surface was quickly
oxidized. Although the eﬀect of ambient conditions in this
oxidation process was previously suggested, we have observed
the oxidization when the experiment was performed under high
vacuum (Figure 6d). Even though the rate of oxidation was
noticeably slower, it proved the contribution of the surface to
this process. Although our XPS results showed that the changes
in the organic coating fabricated on the metal oxide surface can
be used as a gauge to indirectly monitor the changes in the
underlying metal oxide, we were unable to observe such
changes directly via XPS (Figure 10c). Therefore, we have used
an alternative method to directly characterize these changes
induced by a redox-active coating. For this purpose, changes in
the resistivity of an ultrathin ﬁlm of iron oxide through dynamic
exposure to fully reduced and fully oxidized oligoanilines were
monitored (Figure 11c). Even though this measurement is
unable to provide any information about the structure of the
iron oxide ﬁlm, it has demonstrated the charge transfer at this
interface. The resistivity of the iron oxide ﬁlm during exposure
to fully oxidized oligoaniline will increase because of the
removal of defects (Fe2+) from the iron oxide thin ﬁlm via
oxidation by oligoanilines. The reverse eﬀect was observed
while exposing the iron oxide thin ﬁlm to the fully reduced
oligoaniline. This process is associated with the oxidation of the
organic ﬁlm by the iron oxide at the expense of the reduction of
the oxide ﬁlm.
Charge transfer between organic thin ﬁlms and metal oxide
ﬁlms (or other substrates) is of relevance not only in corrosion
protection but also in organic electronics,3,5 sensor devices,67,68
and photocatalysis.69,70 Iron oxides (hematite in particular)
have been studied for photocatalytic applications in water
splitting for the hydrogen economy.69,71−73 The tuning of
dopant levels plays an important role in preparing suitable

■

DISCUSSION
Although a majority of previous studies indicate that polyaniline
coatings in their EB state are unable to protect steel against
corrosion, some reports argue otherwise.8,59 PANI EB consists
of 50% electron donor groups (secondary amines) and 50%
electron acceptor groups (imines). It has previously been
shown that half-oxidized PANI coatings are unable to induce a
change in the polarity of the CNT substrate.60 Despite the
possibility of charge transfer to the substrate (e.g., native oxide
on steel), because of its equal number of amine and imine
groups the total net of the transferred charge at the interface is
equal to zero. Therefore, a PANI EB coating is not able to
change the potential of the underlying steel substrate and is not
able to provide the overpotential necessary to form a passive
iron oxide barrier layer. Our results showed that whereas an
exact amount of oxidizing agent was employed for the
preparation of PCAT EB, the result was not the half-oxidized
state (Figure 1b). To the best of our knowledge, all of the
synthesis routes for the preparation of PANI and its oligomers
lead to the LB state.14,61,62 The lack of control over the
chemical oxidation process during the preparation of the EB
state leads to deviations from the structure consisting of exact
50% amine and 50% imine groups. Therefore, it is believed that
the discrepancy in the results from the corrosion inhibition
involving EB is related to the challenges associated with the
preparation of the exact half-oxidized state of redox-active
organic compounds. Our results indicate that under ambient
conditions PCAT EB will be further oxidized on the surface of
iron oxide (Figures 7a and 8a). This also provides another
explanation for the previous reports on the ineﬀectiveness of
EB in the corrosion inhibition of steel.63,64 Instead, we have
shown that for the less-studied base state of redox-active
oligoanilines, PB can withdraw electrons from the iron oxide
substrate (Scheme 2f). All nitrogen atoms in the fully oxidized
PCAT are in the sp2-hybridized imine form. Charge transfer
from the steel substrate to the electron-accepting imine groups
leads to the formation of a passive iron oxide ﬁlm, whereas the
PB ﬁlm will be reduced to the lower oxidation states (Figure
7b). Because the base states of PCAT are not conductive, only
the few ﬁrst monolayers at the interface with the metal oxide
will participate in the charge transfer. Therefore, a thin redoxactive coating can be suﬃcient for the application in corrosion
inhibition. Thus, to assess the success of a redox-active coating
in corrosion inhibition, one has to consider the extent of charge
transfer at the interface.
XPS has proven to be one of the most useful analytical tools
for surface and interface studies. However, its limitation to the
surface layers limits its use in studying the buried interfaces
involved in the corrosion protection of metal/metal oxides by
redox-active organic compounds. Most of the fabricated organic
coatings used in previous studies are too thick for XPS to allow
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hematite photocatalysts,74 but so far doping has been seen as a
static, irreversible process. Here we have shown that the doping
of iron oxide (hematite) ﬁlms can be adjusted in situ via the
redox state of adsorbed organic molecules. These molecules
function to stabilize the iron oxide ﬁlms and modulate their
electronic structure (doping level, conductivity) reversibly.
Although the label of interfacial doping has been applied to
situations where the dopants were initially introduced at the
interface and then allowed to diﬀuse into the bulk,75 that
scenario does not lend itself to switchable doping. What we
demonstrate here is a modulation of the electronic structure of
a semiconductor strictly through interfacial eﬀects.76 The
electrochemical notion of a shift in corrosion potential1,7 is
most compatible with the idea of redox potential doping (shift
in band edge potentials regardless of charge-carrier transfer)
rather than electronic doping.77 Modiﬁcations to the band
structure in the near-interface region (including but not limited
to band bending) are commonly discussed in semiconductor
physics,76 but in nanoparticles and thin ﬁlms, they can actually
be considered to be a bulk phenomenon. Although indications
of band structure modiﬁcation (or maybe band bending) in the
case of reduced PCAT on native iron oxide were found in an
earlier study from our group,15 our results presented here are
indicative of actual charge transfer, i.e., electronic doping,
although we have not attempted to elucidate possible changes
in the iron oxide band structure. Ways of distinguishing these
diﬀerent cases have been proposed,77 but further work will be
required on the PCAT/hematite system. Both doping
mechanisms result in desirable changes in the electronic
structure for electronic devices, sensors, and (photo)catalysts.
Of particular interest are conﬁgurations where the doping level
can be externally controlled. Electric ﬁeld switchable devices
(a.k.a. ﬁeld-eﬀect transistors, FETs) and photoswitchable
devices, e.g., based on azo-benzenes,78 are well-known, but
we can now add redox-switchable dopants to our toolbox.

stable than the asymmetrical form.79,80 This means that fully
reduced PCAT (LB) at the interface with iron oxide (Fe2+ or/
and Fe3+) will be oxidized in order to reach the equilibrium half
-oxidized state (EB). On the other hand, fully oxidized PCAT
(PB) at the same interface will experience partial reduction in
order to reach the half-oxidized state (EB).
We also showed that the conversion of PCAT base to its salt
form by exposure to HCl does not lead to a considerable
change in the oxidation states of PCAT but causes a drastic
increase in the number of cationic nitrogen structures. It was
also found that the PB and EB forms of PCAT can be doped
approximately twice as much as the LB form through gas -phase
protonic doping.
An important feature in the N 1s XPS spectra is the
appearance of charged nitrogen structures in all oxidation states
of PCAT at the interface with hematite. This is indicative of
interfacial charge transfer between hematite and PCAT, which
increases with the degree of oxidation of PCAT. Consistent
with previous reports,32,33 this interfacial charge transfer can be
considered to be a mutual interfacial doping process between
the organic and the metal oxide phases. Further evidence for
this interpretation comes from the possibility to detect the
oxidation and reduction of ultrathin ﬁlms of iron oxide using
conductivity measurements on the iron oxide ﬁlms.
Because of the close interactions of the redox states of both
PCAT and iron oxide, modiﬁcations of the PCAT layer through
acid−base or redox reactions can easily be detected through
conductivity measurements. This can be utilized in the design
of chemical sensing devices based on inexpensive iron oxide
ﬁlms. Molecular switches are an old concept, but practical
examples of the facile detection of their state with a thin ﬁlm
sensor are less common. The facile doping and dedoping of
iron oxide ﬁlms in contact with diﬀerent PCAT oxidation states
is an example of interfacial doping with a switchable dopant, i.e.,
a molecular switch. The idea that a small local change in carrier
concentration (in this case, due to a modiﬁcation of the doping
state) results in a large change in resistivity is somewhat
reminiscent of (but not identical to) a chemical ﬁeld-eﬀect
transistor (in which case the electric ﬁeld is modulated by the
creation of electric charges) in that it also constitutes an active
sensor. In addition to applications in sensors, PCAT can also
ﬁnd use in the stabilization of iron oxide nanoparticles81 for
biomedical applications, smart coatings (anticorrosion, controlled release),82,83 switchable membranes, and controlled
adsorption.84 PCAT and iron oxide form a ﬁne-tuned system
because of the alignment of the energy levels, but similar
interactions could also apply to other surfaces if suitable ring
substitutions for energy-level alignment are made. Although
PCAT is a good model system by itself, polyaniline or other
oligoanilines could be modiﬁed to also beneﬁt from these
interactions with iron oxide surfaces.

■

CONCLUSIONS
We have demonstrated the eﬀect of iron oxide surfaces on
redox-active PCAT molecules and vice versa. High-resolution
XPS measurements have shown the partial reduction of fully
and partially oxidized PCAT molecules at the interface with
hematite (1000) single-crystal surfaces. Partial oxidation of fully
reduced PCAT on an iron oxide surface has been reported for
the ﬁrst time. In situ deposition and XPS spectroscopy of the
thin ﬁlms of PCAT LB on steel have conﬁrmed that this
oxidation is truly mediated by the iron oxide substrate and not
only by ambient conditions. These conclusions were conﬁrmed
through the use of Raman spectroscopy under ambient
conditions. However, because of air oxidation, the degree of
oxidation of PCAT LB is higher than what is observed in
vacuum. This conﬁrms the previous theory of the role of redoxactive organic compounds in their oxidized states as oxidizers of
the native iron oxide ﬁlm.1,8 It also indicates the additional
importance of air-exposed oxidation,19 in addition to the role of
hematite in the completion of the redox cycle.
To understand why an organic molecule could experience
both reduction and oxidation at the interface of a transitionmetal oxide, it is important to consider that PCAT, in its base
form, has three main oxidation states. It is known that PCAT,
in its half-oxidized form, is in its most stable state. Although
PCAT EB can be found in both asymmetrical and symmetrical
isomers, in regard to their quinoid ring position it has been
shown that the symmetrical form is thermodynamically more
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