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ABSTRACT: Understanding the dynamics of organic thin film
formation is crucial to quality control in organic electronics and
smart coatings. We have studied the nucleation and growth of
the reduced and the oxidized states of phenyl-capped aniline
tetramer (PCAT) deposited on hematite(1000) surfaces by
physical vapor deposition. The fully reduced PCAT molecules
form 2D islands on the surface, whereas the fully oxidized
molecules form 3D islands. Through scaled island size
distribution, it was found that the critical island sizes, i, for
the reduced and oxidized molecules are i = 4 and S,
respectively. From the dependence of the island density on
substrate temperature, the activation energies for the diffusion
of the molecules away from the critical cluster were calculated

to be 1.30 and 0.55 eV, respectively. At low temperatures, the reduced and the oxidized PCAT molecules form compact islands
on the surface. At higher temperatures, the reduced islands become dendritic, whereas the oxidized islands become slightly
dendritic. The attempt frequencies for surface diffusion of the reduced and the oxidized islands were estimated to be about 5 X
10 and 8 X 10" s7', respectively. The former value is in line with the high degree of surface wetting by the reduced PCAT,
whereas the latter value shows the higher degree of intermolecular interaction in the fully oxidized PCAT and the low degree of
its interaction with the iron oxide surface. Interconversion between oxidized and reduced islands through exposure to a reducing
environment, and its impact on island morphology was examined. We also found that the presence of Fe?* defects on the
hematite surface did not impact the nucleation and growth of the molecular islands, likely due to a discrepancy in time scale. This
study elucidates the interactions between an oligoaniline-based molecular switch (PCAT) and hematite surfaces as a function of
molecular oxidation state, with applications in molecular electronics, chemical sensors, and smart coatings.

B INTRODUCTION

Organic thin films are key components of various electronic
devices. They function as the donor/acceptor layer in organic
photovoltaic devices," as the conductive channel in thin film
transistors,” and as the sensing material in chemical sensors.>"
The molecular orientation and packing plays an important role
in the function of these devices as the quality of the organic thin
films influences properties such as electrical conductivity or
charge carrier mobility.”” Therefore, understanding the organic
thin-film formation is important for the design of better organic
electronic devices and smart coatings. One of the primary steps
in organic or inorganic film formation is onset of nucleation
and growth of thin films.® Various studies have shown that the
nucleation and growth of the organic thin films follow different
behaviors than the metallic thin films. In general, the metallic
islands on surfaces held at room temperature form dendritic
morphologies and at higher temperatures transform into
compact islands. On the contrary, the islands of many large
organic molecules form compact morphologies when the
substrate is at low temperature and form dendritic islands at
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higher temperatures.”® Thus the models commonly used to
describe the former case” are unable to fully describe the early
stages of nucleation and growth of the organic films.* One of
the proposed reasons for these opposite trends is the difference
in intermolecular interactions in the organic films in
comparison with the metallic films."” Another reason is the
intrinsic anisotropy associated with the organic molecules in
contrast to the isotropy of the metal atoms.'” In addition, even
different oxidation states of an organic molecule can adsorb on
a surface with different conformations and in different
'U12 This becomes important in applications such
as organic electronic devices, which require a thin and

orientations.
homogeneous molecular layer.8 For example, it has been
shown that a vertical crystal of a tetraaniline can reach an
electrical conductivity of 12.3 S/cm, whereas its horizontally
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oriented crystal shows electrical conductivity values as low as
107* S/em.”

One of most studied tetraaniline molecules is the phenyl-
capped aniline tetramer (PCAT), a redox-active oligomer of
polyaniline (PANI) that mimics many characteristics of this
polymer."> Similar to PANI it has three oxidation states and
becomes electrically conductive through chemical doping.” The
reversible conversion of different oxidation states of PCAT (or
PANI) to each other makes it attractive for different
applications such as carbon nanotube field-effect transistors
with switchable polarity'* or resettable chemical sensors.” In all
of these applications and many others," the interaction of the
thin organic film with a substrate is crucial for the device
performance and thus requires a high quality of the organic
coating. The structure of the tetraaniline films on surfaces
prepared through drop-casting or vapor infiltration has been
studied previously.”'® It has been shown that the solvent,
substrate, and the doping/undoping of the oligoaniline can
significantly change the morphology, packing, and electrical
conductivity of the fabricated organic film.>'® Another
application of PCAT molecular layers is their use as active
coatin§s against corrosion of metals, particularly iron-based
alloys.'”"® This is based on the idea that redox-active molecules
in their oxidized form while in contact with the metallic
substrate can provide sufficient polarization potential to form a
passive oxide layer at the interface with the metallic substrate."’
As a result of this process, the organic molecule is reduced, and
the oxide layer protects the metal from corrosion. The
reoxidation of these molecules under ambient conditions
maintains the passive metal oxide film for prolonged protection
of the substrate.'” This reemphasizes that the key to the success
of such applications is the quality of the thin-film formation on
the substrate.

To understand the film formation of small organic molecules
(including PCAT) on a solid surface, the early stages of this
process, namely, the nucleation and growth of organic islands,
should be understood. These islands are in direct contact with
the underlying substrate and dictate the growth and
morphology of the next monolayers.'' A common method to
obtain nucleation and growth parameters on the surface is
through thermal desorption spectroscopy.”'' An alternative
method for finding such parameters is through determination
of the island size distribution by scanning probe microscopy.”’
This is followed by the determination of scaling island size
distribution through a scaling law. On the basis of this scaling
law, the size distribution of islands per unit area scales with
average islands size and can therefore be reduced to a
dimensionless function.”® On the basis of this function, the
critical number of monomers for the formation of a stable
island can be evaluated. More diffusion properties such as the
attempt frequency and the activation energy for diffusion of the
molecules away from the critical cluster (E,) can be found
through the study of island formation on the surface at different
substrate temperatures.8

Here we study the nucleation and growth of films of PCAT
in two oxidation states (fully reduced (LB) and fully oxidized
(PB)) on the surface of hematite. This system is used as a
model system for the commercial systems based on redox-
active organic thin films on metal oxide surfaces. Using island
size distribution and scaling island size distribution, the critical
island sizes (i) for the reduced and the oxidized oxidation states
of PCAT were determined. The shape, morphology, surface
coverage, and nucleation density of each state at various
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substrate temperatures were quantified and used to determine
E, and the frequency factor for the diffusion of each oxidation
state. These values can be used as a quantitative measure of
mobility and wetting of the surface of iron oxide by different
oxidation states of PCAT. Using a flat hematite single crystal
provides an opportunity to evaluate the diffusion parameters
with minimum interference from surface roughness or grain
boundaries. The impact of switching the oxidation state of
already deposited islands on their morphology was investigated.
Finally, the chemistry of the surface of the substrate was
modified through vacuum annealing without affecting the
surface roughness. This was used to investigate the effect of
oxidation states of the substrate on the critical island size of
each oxidation state of PCAT.

B EXPERIMENTAL DETAILS

PCAT was synthesized based on a literature procedure.”’ The
preparation of the fully reduced and the fully oxidized forms of
the PCAT free base was performed using the reducing and the
oxidizing agents as previously described.'” Natural sourced
hematite(1000) single crystals were obtained from SurfaceNet.
The single crystals are chemical-mechanically polished to have a
final RMS roughness better than 6 A over 20 X 20 um?®
Organic thin films were deposited on substrates in a homemade
vacuum chamber with a base pressure better than 4 X 107°
Torr using a low-temperature Knudsen cell with a glass
crucible. The sample holder can be cooled or heated in the
range of 0—70 °C. Single-crystal substrates were clamped
between two sapphire washers in a commercial sample holder
(RHK) equipped with a heater made of tungsten wire. The
substrate temperature was controlled using a temperature
controller (Lakeshore Cryotronics) connected to a Ni-NiCr
thermocouple clamped between the sample, and a copper sheet
was placed underneath the sample. The temperatures of the
hematite single crystals during the organic deposition process
(20—60 °C) are kept well below the threshold required for
evaporation of PCAT (above 110 °C). Using X-ray photo-
electron spectroscopy (XPS), it was previously shown that the
vacuum deposition under these conditions does not impact the
oxidation states of PCAT (LB and PB) nor does it cause
degradation of the organic films.'” The deposition rate was
monitored using a quartz crystal microbalance (Inficon, XTC)
that is positioned next to the sample holder. In all experiments,
the deposition rates were kept close to ~0.01 nm/s.

All samples were transferred to an ex situ atomic force
microscope (AFM, Veeco Enviroscope with a MultiMode Illa
controller) within S min of the deposition of the organic thin
films. All AFM measurements were performed in a dry nitrogen
environment and in tapping mode using antimony-doped Si
cantilevers (Bruker, model NCHV-A) with 320 kHz resonance
frequency and a maximum tip radius of 10 nm. All AFM images
were analyzed using Gwyddion software.”” In all AFM images
the false color ruler is shown beside the topography image.
Using this software, for all images the data were leveled by
mean plane subtraction. The polynomial background of all
images was removed with horizontal and vertical polynomial
degree of 2. If necessary, scares in images were removed using
the “correct horizontal scares” function of the software. Three
or more samples of each oxidation state of PCAT (different
coverages) deposited on hematite have been used for the
scaling island size distribution analysis. For each sample, at least
four AFM images have been acquired at different locations of
each surface and used to collect statistics. Raman spectra of
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PCAT powders were acquired using a Renishaw InVia Raman
spectrometer with a spectral resolution of 2 cm™ and an Ar*
ion laser at 514 nm (2.41 eV). The powders were dispersed in
methanol and drop cast and dried on clean silicon wafers. The
NaBH, used for the production of hydrogen gas was purchased
from Sigma-Aldrich.

XPS was performed using a Kratos Axis Ultra DLD
spectrometer with a monochromatic Al Ka X-ray source (15
mA, 1486.6 V). The approximate analysis areas for both survey
and high-resolution spectra were 300 X 700 um> For the
former and the later measurements, pass energies of 160 and 20
eV were used, respectively. The in situ annealing of the
hematite single crystal was performed in the XPS analysis
chamber with a base pressure better than 1 X 107® Torr. The
sample was heated radiatively and the annealing process was
dynamically monitored by XPS. For each cycle of annealing the
temperature was ramped to 350 °C and kept at this
temperature for S min. Then, the sample was cooled in
vacuum and was stored in a dry argon environment for 24 h
before it was load-locked back into the XPS analysis chamber
for further measurements. For each step, in addition to the
survey spectra, the high-resolution (0.1 eV resolution) C 1s, O
1s, and Fe 2p spectra were acquired. CasaXPS$ software (version
2.3.17) was used for analysis of XPS spectra.” Shirley-type
background and line-shape of GL(30) were used for all peak
integrations. All spectra were charge corrected to the binding
energy (BE) of 284.8 eV for C—C and C—H.

B RESULTS AND DISCUSSION

PCAT in its base form (undoped) can be prepared in three
different oxidation states: fully reduced, half oxidized, and fully
oxidized."” The molecular structure of each state is depicted in
Figure la—d. The fully reduced (Figure la) and the fully
oxidized (Figure 1d) forms of PCAT can be prepared using
excess amount of a reducing agent (e.g,, L-ascorbic acid) and an
oxidizing agent (e.g, ammonium persulfate), respectively.
Commonly, the preparation of the half oxidation state of
PCAT is performed through the addition of 1:1 molar ratio of
ammonium persulfate to fully reduced PCAT with the hope to
create an exact half oxidation state of the oligoaniline.'”
However, it is known that there is poor control over the final
oxidation states of the molecules achieved through this
procedure.”” In addition, using scanning tunneling microscopy
(STM), it has been shown that submonolayer films of vacaum-
deposited half-oxidized PCAT on the surface of Cu(110) show
disordered structures.”> This behavior has been attributed to
the multiple isomers of this oxidation state of PCAT (Figure
1b,c).”® The same conclusion was also arrived at using nuclear
magnetic resonance spectroscopy of this oxidation state.”’
Therefore, the focus of this work is only on the nucleation and
growth of the fully reduced and the fully oxidized PCAT, which
can be prepared with high precision. The oxidation states of the
former and the latter oligoanilines prepared through chemical
redox processes were examined by Raman spectroscopy. The
Raman spectrum of the fully reduced form (Figure 1f) shows
the main bands at 1179, 1221, and 1622 cm™’, an indication of
a successful reduction process. The Raman spectrum of the
oxidized form (Figure le) shows the bands at 1165, 1216, 1500,
and 1589 cm™ in agreement with the Raman bands of the fully
oxidized PCAT.”

Figure 2 shows the evolution of the morphologies of the fully
reduced and the fully oxidized PCAT on the surface of a
hematite(1000) single crystal as a function of surface

Figure 1. Molecular structure of different oxidation states of base
PCAT: fully reduced (a), half-oxidized symmetric isomer (b), half-
oxidized asymmetric isomer (c), and fully oxidized (d) states. Raman
spectra of the fully oxidized (e) and the fully reduced (f) base PCAT.

temperature. At a low substrate temperature (278 K), high
densities of the reduced and the oxidized islands with nearly
compact morphologies can be found on the surface. By
increasing the substrate temperature, the density of the reduced
islands decreases while the islands become more dendritic but
with smooth corners. Regardless of the temperature, for all fully
reduced islands their cross-section profiles show an island
height of ~3 nm (Figure 2). This dimension is close to the
length of PCAT molecules (~2.3 nm), as measured by STM
and evaluated by DFT calculations.” At surface temperatures
above 323 K, the main dendritic islands are surrounded by
small islands/nuclei with identical sizes. The same behavior has
been previously reported for hexaphenyl (6P) islands on
amorphous mica and was attributed to the existence of not well
amorphized areas of the substrate or possible surface
impurities.” At higher substrate temperature (338 K), the
number of these small islands decreases. This may be due to the
sufficient thermal energy present for their diffusion to the larger
dendritic islands. Another reason might be the transition from a
complete condensation into an incomplete condensation of the
incoming flux to the surface at ~338 K.° This means that the
sticking coeflicient for the incoming molecules is <1. Some of
them stick to the surface to form islands while others are
reflected back into the vacuum due to the high thermal energy
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Figure 2. AFM images (4 ym X 4 pym) of the reduced (left column) and the oxidized (right column) PCAT molecules on hematite surface at
different substrate temperatures (278, 293, 308, 323, and 338 K). The height cross-section of each figure extracted along the green line is represented

next to each AFM micrograph.

of the surface. The growth of the fully oxidized islands on
hematite surfaces as a function of temperature shows a similar
trend to the fully reduced islands. However, at any temperature
the density of the fully oxidized islands is lower than that of the
fully reduced islands. In addition, the effect of temperature on
the change in the island density of the fully oxidized islands is
far less than on the fully reduced islands. At temperatures
between 278 and 308 K, the islands are nearly globular. Above
these temperatures, their shape starts to become slightly
dendritic. The cross-section height profiles of the fully oxidized
islands at different surface temperatures show somewhat similar

heights, which fluctuate between 110 and 130 nm. This
behavior is an indication of far less wetting of the hematite
surface by this oxidation state of PCAT in contrast with the
good wetting of the same surface with LB islands. This growth
mechanism in which the island shapes are compact at lower
temperatures and become more dendritic at higher temper-
atures is opposite of what has been reported for the growth of
the metallic islands.”® This behavior has been previously
reported for other large organic molecules such as 6P'° and
hexathiophene.” In the latter case, at low temperatures the
islands are dendritic and an increase in the temperature makes
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them more compact. It is known that the commonly metallic
island §rowth follows the classical diffusion-limited aggregation
model.” In this process, at low temperature, atoms stick to the
nearest stable islands.'” These atoms do not have enough
energy to diffuse along the rim of the island, which hinders the
formation of compact morphologies. However, an increase in
the temperature provides enough energy for diffusion of atoms,
which causes the formation of compact islands that are more
thermodynamically stable.®

The kinetics of diffusion of atoms and molecules on surfaces
is defined by the ratio of the diffusion constant (D) to the
incoming flux to the surface (F). Through these parameters,
other parameters of a deposition process such as nucleation
density (N) can be calculated.”® These parameters are related
to each other through eq 1, where @ is the surface coverage,
A(0) is the average island size, C is a proportionality constant,
and y = i/(i +2) (1/3 < y < 1,i > 1), where i is the critical
island size.'**° The critical island size is the smallest number of
particles (atoms or molecules) required such that by addition of
one extra particle a stable island can be formed.® Once an island
becomes stable, it is assured not to undergo dissociation.”

N= C(%)_X = % (1)

It was shown that in the aggregation regime (typically 0.1 <
0 < 0.5) the island size distribution shows a scaling behavior.*
The aggregation regime by definition is a range of surface
coverages in which the island density remains nearly
unchanged.g’20 This means that the interisland length scale is
the only determinal length and thus is a sign of diffusion-
mediated growth.20 In diffusion-mediated growth, the distribu-
tion of islands of size a per unit area (N,(6)) scales with A(6)
through eq 2.*

N, = 04(0),(w) @

In this equation, f;(u) is a dimensionless scaling function
dependent on i while u = a/A(6). This function is defined
based on eq 3, in which C; and b; are only funtions of i and can
be obtained numerically.®

() = Ca exp(—bin""*) @

Other parameters such as E, can be obtained through
combination of eqs 1 and 2 with eq 4, where T and R are the
temperature and the gas constant (8.314 kJ/mol), respectively.

_Eu
D =D, exp( RT ) @
Assuming the situation in which F and @ are constant, N, and
E, can be related as N, a exp(—E,/RT) ™ a exp(yE,/RT). Thus
N, = ay exp(yE,/RT), where a, is a proportionality constant
that can be related to N, and E, through the following linear
equation

XYE,

InN,=Ina, + 5)

To obtain diffusion parameters of the reduced and the
oxidized PCAT on the hematite surface, the nucleation density
of these two species has to measured at various temperatures.
Figure 3 shows the island density as a function of temperature
(278 to 338 K) for these two types of PCAT islands on
hematite surface in the form of In N, versus 1/T. Data points of

Figure 3. Island density of the fully reduced and the fully oxidized on
hematite(1000) single crystal as a function of surface temperature.

each oxidation state of PCAT can be fitted with a linear line.
The adjusted R-square values for the fitted line to the reduced
PCAT data points and the oxidized PCAT data points are 0.993
and 0.998, respectively. The absence of any bend in these two
lines at this temperature range indicates that only one growth
mechanism is dominant.*'” On the basis of eq 5, the activation
energies of both the reduced and the oxidized PCAT islands
can be calculated using the slope of the linear fitted lines (yE,/
R). Thus to obtain E, values for each oxidation state of PCAT
islands, the evaluation of y values is necessary. Because y = i/ (i
+2), the i value has to be measured for each oxidation state of
PCAT. Therefore, the island size distributions of both the
reduced and the oxidized islands at 293 K and at different
surface coverages in the aggregation regime were measured.
Aggregation regime (typically 0.1 < 6 < 0.5) is the range of
surface coverages in which the island density remains nearly
constant, and the island size distribution shows a scaling
behavior.”*’ It was ensured that all samples of the reduced and
the oxidized PCAT islands on hematite are in the aggregation
regime as the island density at different coverages remained
nearly constant (11.12 + 0.69 and 2.05 + 0.19, respectively).
For each coverage, the N, has a maximum that is located at
A(0).”° To find i for each type of island, all island size
distributions are converted to f,(1) by multiplying N, by A(6)*/
0 and dividing a by A(6). This way, for each specific molecule,
the island density curves at different surface coverages are
scaled down to a single curve of f,(«).”” The maximum of such
curve is located around a/A = 1. Comparison of the
experimentally obtained f,(u) curves with f,(u) curves obtained
numerically for different i values through eq 3 is used to assess i
values of the islands. Figure 4ac shows the island size
distribution of the reduced and the oxidized islands,
respectively, each at two different surface coverages. The scaled
distribution of the island size distribution curve of the reduced
islands at two different coverages leads to two curves both
located around f,(u) for i = 4 (Figure 4b). Considering that i
has to be an integer number,” the residual sum of squares of the
experimental data and f;(u) was compared for different i values,
with i = 4 showing the best fit to the experiment. Therefore, five
reduced PCAT molecules are required to form a stable island.
The scaled distribution of the island size distribution of the
oxidized islands are located close to f;(u) for i = S (Figure 4d),
again based on a comparison of the residual sum of squares.
Therefore, six oxidized PCAT molecules are required to form a
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Figure 4. Island size distribution N,(6) of the reduced (a) and the oxidized (c) PCAT islands at different surface coverages. (b) Scaled island size
distribution of the island size distribution in panel a. (d) Scaled island size distribution of the island size distribution in panel c. In both panels b and
d the scaling functions f;(u) for critical cluster sizes of i = 1—6 are shown along the experimentally measured data.

stable island on a hematite surface. Using the critical island size
of the reduced and the oxidized islands, the y values will be 4/6
and 5/7, respectively. On the basis of this information and the
slope of the linear fits in Figure 3, the activation energies for
diffusion of the molecules away from the critical cluster for the
reduced and the oxidized islands are estimated to be about 1.30

eV (125 kJ/mol) and 0.55 eV (53 kJ/mol), respectively. E,
consists of two energy terms through E, = E; + iEy, where E; is
the binding energy of the critical cluster and E, is the activation
barrier for diffusion of each molecule. Although, it is not
possible to find the exact values of E; and Ey4 directly from the
megthod used in this work, their sum is typically dominated by
E,

In addition to the information previously obtained, the
attempt frequency (v,) for surface diffusion of the reduced and
the oxidized islands can be calculated. This parameter can be
evaluated using eq 6,° where y, is the intercept of fittings in
Figure 3 with the y axis, 17 is a weak function of 8 and i, N is the
number of surface sites per unit area, and F is the deposition
rate.

1n1/0+;1nF
i+2 i+2
(6)

The main information required for evaluation of these
parameters can be obtained from Figure 3 in addition to the
critical island size i for each oxidation state of PCAT. N, was

i 4
Yor = In(nN,) + 12 ln(ﬁo] -

estimated to be ~4.8 X 10" PCAT molecules per cm’.
Considering that the reduced islands are 2D and the oxidized
islands are 3D in shape, the value of # for both of these islands
was estimated to be ~2.5.° Therefore, on the basis of this
information the attempt frequencies for the reduced and the
oxidized islands on the surface of hematite(1000) were
estimated to be § X 10* and S X 10" s7!, respectively. The
attempt frequency for the reduced islands is significantly higher
than the typical attempt frequency values for the surface
diffusion of atoms (~10"' to 10%).° However, such large
attempt frequency values are not unrealistic because similar
values have been reported for other small organic molecules
with similar molecular weight (6P on Au(111) and mica).®?!
The high attempt frequency of 6P was explained through
transition-state theory based on the fact that large organic
molecules have many more translational, vibrational, and
rotational modes to be excited in comparison with a single
atom on the surface.® On the contrary, the obtained attempt
frequency for the oxidized PCAT islands is close to the typical
attempt frequency values reported for atoms on surfaces.’

On the basis of the evaluated diffusion parameters for the
reduced and the oxidized PCAT on the hematite surface, the
possibility to switch the morphologies of these islands was
examined. Figure Sa shows the AFM micrograph of the
oxidized islands on a hematite surface right after deposition,
whereas Figure Sb shows the same sample (not at the same
imaging location as Figure Sa) after its storage in a dry N,
atmosphere for about 4 months. Comparison of these two
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Figure S. AFM micrographs of fully oxidized PCAT islands deposited on a hematite(1000) surface at room temperature (a) and the same sample
after 4 months of aging in dry N, environment (b). (c) Height distribution of the islands in panels a, b and d—f. AFM of the sample in panel b after
exposure to a hydrogen atmosphere for 3 (d,g), 18 (e,h), and 86 h (fi). Panels g—i also show the height profile along the green line in the AFM
micrographs. Panels a, b, and d—f are 4 ym X 4 um. (j) 3D view of the sample in panel a. (k) 3DI view of a part of the sample in panel f.

Figures does not show discernible changes in the morphology
of the islands. However, comparison of the height distribution
of the islands (Figure Sc) in Figure Sab shows an increase in
their height after storage in a dry environment for 4 months,
indicating further dewetting of the surface by the oxidized
PCAT during the storage time. Next, the sample was exposed

to a hydrogen-rich atmosphere to chemically reduce the
oxidized PCAT islands. For this purpose the sample was
placed in a reaction cell containing a vial of 100 mg of NaBH,
in 1 mL of Millipore water (Figure S1). Figure Sd,—f shows the
morphology of the PCAT islands after 3, 18, and 86 h of
exposure to this atmosphere, respectively. Three hours of
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exposure of the sample to this reducing atmosphere leads to an
expansion of the islands (Figure Sd). This leads to a decrease in
the number of islands with heights over 140 nm (Figure Sc). A
closer look at the rim of these islands (Figure Sg) shows the
presence of small particles with a height of ~5 nm. A bare
hematite surface exposed to the same environment for 3 h
(Figure S2) lacks such structures, which shows that these
particles are originating from the PCAT islands. Further
exposure of this surface to the reducing environment for 18 h
leads to the coexistence of smaller islands along the initial
islands (Figure Se) while the concentration of small organic
particles at the rims of the primary islands increases (Figure
Sh). Finally, 86 h of exposure of the sample to the reducing
environment causes the collision of these islands with each
other, indicating their displacement on the surface (Figure Sf).
In addition, the smaller PCAT particles formed a continuous
thin film between the primary islands (Figure Si). These islands
are more easily distinguished from the original oxidized islands
in the 3D view of this sample in Figure Sk. The 3D view of the
as-deposited oxidized islands on the hematite surface before
exposure to a reducing atmosphere (Figure Sj) contains no
trace of these smaller islands. Figure Sc shows that the average
island heights do not drastically change by increasing the
duration of exposure of PCAT islands to the hydrogen
environment, but the total number of islands decreases.
Instead, it results in an increase in the concentration of the
small PCAT particles around the perimeter of the primary
PCAT islands. This is consistent with the notion that the
hydrogen gas mainly leads to the reduction of molecules on the
outer surface of the oxidized PCAT islands. Considering the
much higher attempt frequencies of the reduced PCAT in
comparison with the oxidized PCAT, the reduced molecules at
the rim of the islands can detach from the islands and diffuse on
the surface of hematite, forming islands with thickness of ~5
nm. This observation is consistent with a previous study of an
electrochemical actuation measurement based on conducting
polymers, showing the expansion of the redox polymer
structures upon their reduction and their shrinkage due to
their oxidation.*”

Nucleation and Growth of PCAT on Thermally
Reduced Hematite. To partially reduce the surface of a
hematite single crystal, the hematite substrate was annealed in a
vacuum environment. It has been shown that vacuum annealing
of hematite at temperatures above 350 °C leads to the
transformation of hematite to magnetite.33:34 Therefore, the
hematite substrate was annealed in two cycles under vacuum
conditions (base pressure <1 X 107® Torr). The progress of the
reduction process was monitored in situ by XPS. The Fe 2p,/,
and Fe 2p;, peaks of the pristine hematite substrate in Figure
6a are located at 724.7 and 710.8 eV, while its Fe 2p, /, and Fe
2ps,, shakeup satellite peaks are located at 733.1 and 724.7 eV.
The location of these peaks in addition to the absence of the
metallic Fe 2p peak is an indication of the presence of a pure
phase of hematite on the surface of this sample.”* In general,
the position of the satellite peaks is monitored during the
reduction or the oxidation of hematite. This is due to the more
distinct shift of these peaks in comparison with the Fe 2p, , and
Fe 2p;,, peaks.”* The Fe 2p spectrum of this sample after the
first vacuum annealing cycle shows the shift of the two pairs of
peaks mentioned above to lower BEs, which is an indication of
transformation of Fe®* to Fe’*. These peaks shift further to
lower BEs after the second annealing cycle, which is a sign of
partial reduction of hematite by loosing oxygen atoms from the

Figure 6. Partial reduction of hematite surface through vacuum
annealing. High-resolution Fe 2p (a) and O 1s (b) XPS spectra of
pristine hematite (1), Ist cycle of vacuum annealing (2), 2nd cycle of
vacuum annealing (3), and after storage of the sample out of vacuum
condition in dry Ar environment for 24 h (4).

surface. This is evident based on the continuous decrease in the
intensity of the O 1s spectra of the annealed surfaces (Figure
6b, spectra 2 and 3) in comparison with the pristine hematite
(Figure 6b, spectrum 1). The organic deposition chamber used
in this work is not attached to the preparation (annealing)
chamber, which requires the transfer of the partially reduced
sample in an inert atmosphere (dry argon) between the two
vacuum chambers. Therefore, it is necessary to examine the
stability of the partially reduced hematite surface against
oxidation in the absence of high vacuum conditions. Thus the
sample was kept in a dry argon environment for 24 h before
acquiring O 1s, Fe 2p, C 1s, and survey spectra of the sample.
As it is evident in Figure 6a, the Fe 2p spectrum of this sample
is slightly shifted to higher BEs, which is an indication of partial
oxidation of the surface but not its full oxidation. The same
conclusion can be drawn from the O 1s spectrum of this sample
(Figure 6b), which shows a slight increase in its intensity in
comparison with the partially reduced hematite surface
obtained after the second vacuum annealing cycle.

To examine the effect of the substrate’s oxidation state on
PCAT islands growth, a hematite single crystal was annealed
based on the above recipe. For each experiment the hematite
single crystal was loosely clamped between two sapphire
washers to avoid any thermal stress of the substrate, which
could possibly change its surface roughness. The base pressure
of the system was ~2 X 1077 Torr. After two cycles of
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Figure 7. AFM images of the reduced (a, 4 ym X 4 ym) and the oxidized (d, 10 ym X 10 gm) islands on partially reduced hematite surface at 293 K.
The cross-section of the heights of the reduced and the oxidized islands along the green lines in panels a and d are shown in panels b and e,
respectively. (c,f) Scaling island size distribution of the reduced and the oxidized islands on partially reduced hematite, respectively.

annealing at 350 °C (5 min each), the sample was removed
from the preparation chamber and quickly transferred into the
deposition chamber under dry nitrogen. Figure 7a shows an
AFM image of the reduced islands on a partially reduced
hematite surface. The morphology of the islands does not show
any noticeable difference to the reduced islands on a pristine
hematite surface at 293 K (Figure 2). The cross-sectional height
of the reduced islands on the partially reduced surface (Figure
7b) is ~3 nm, which is comparable to the heights of the
reduced islands on a pristine hematite surface (Figure 2). The
effect of the oxidation state of the hematite substrate on the
nucleation and growth of the reduced islands can be studied
through their scaling island size distribution analysis. The
scaling island size distribution of the reduced islands on
partially reduced hematite is located in the proximity of f;(u)
for i = 4, which indicates that the critical island size for this
system is close to four (Figure 7c). This is the same number of
molecules (five molecules) required for the formation of a
stable reduced island on pristine hematite surface. The same
analysis was repeated for the oxidized islands on partially
reduced hematite surface at 293 K. The AFM image of this
sample (Figure 7d) does not show any differences in the
morphology of these islands from the oxidized islands formed
on pristine hematite surface at 293 K. The cross-section heights
of these islands have maximum heights of ~120 nm (Figure 7e)
comparable to the heights of islands on a pristine hematite
surface. The scaling size distribution of the oxidized islands on

the partially reduced surface of hematite (Figure 7f) fits best
with f{(u) for i = S, which is the same critical island size (six
molecules) for the oxidized islands on a pristine hematite
surface. The partial reduction of the hematite substrate by
removing the oxygen atoms from its surface sites does not
appear to affect the nucleation and growth of different oxidation
states of PCAT. Therefore, the oxidized PCAT might not be
able to reoxidize the partially reduced surface of iron oxide until
after it has settled down into islands."” The oxidation of the
defect sites of the reduced iron oxide surfaces by the oxidized
PCAT requires sufficient interaction between the organic
molecules and the metal oxide surface. However, considering
that the oxidized molecules dewet the surface, no effective
interaction between the surface and the oxidized PCAT can
take place. This will prevent the PCAT film from forming a
uniform redox-active film for corrosion inhibition of steel.

B CONCLUSIONS

Thin films of two different oxidation states of PCAT on
hematite(1000) single crystal surfaces were grown. The
nucleation and growth of fully reduced and fully oxidized
PCAT as a function of substrate temperature (278—338 K)
have been studied. The nucleation density as a function of the
substrate temperature has been evaluated for each of the two
oxidation states of PCAT, which resulted in two linear fits. The
absence of any bend in these two fits was interpreted as the
dominance of a single growth mode. At low substrate
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temperatures (<293 K) both types of oligoanilines formed
compact islands on the surface. Increasing the substrate
temperatures to 338 K significantly affected the growth of the
reduced islands, leading to dendritic islands on the surface.
However, high temperatures only had a minimal effect on the
growth of the oxidized islands. In addition, at these substrate
temperatures the height of the reduced islands was ~3 nm,
whereas for the oxidized islands this value was on average ~120
nm. This significant difference between the heights of the
islands of two oxidation states of an oligoaniline indicates better
wetting of the iron oxide surface by the reduced state of PCAT
and dewetting of the same surface by the oxidized form of this
molecule. In addition, it was shown that the dewetting of the
hematite surface by the oxidized molecules continues over time.
Using the scaled island size distribution of the reduced and the
oxidized molecules at room temperature it was found that the
critical island sizes for the reduced molecules and the oxidized
molecules are four and five, respectively. This means that five
fully reduced molecules or six fully oxidized molecules are
required for the formation of their respective stable islands.
Furthermore, the activation energies for diffusion of the
molecules away from the critical cluster for the reduced and
the oxidized molecules on hematite surface were calculated to
be about 1.30 and 0.55 eV, respectively. The attempt
frequencies for surface diffusion of the fully reduced and the
tully oxidized islands on hematite surface were calculated to be
5% 10* and 5 X 10" 57!, respectively. The latter value is close
to the attempt frequency for the surface diffusion of atoms
(~10" to 10" s71). The former value is several orders of
magnitude larger than the common preexponential factor for
surface diffusion but still a realistic value.

It was also shown that the exposure of the oxidized islands to
a reducing atmosphere (H, gas) will lead to the chemical
reduction of the outer surface of the islands. The higher
diffusion prefactor of the reduced PCAT leads to the diffusion
of these molecules away from the PCAT islands, forming a thin
and continuous film of PCAT between the islands. Finally, it
was shown that the change in the oxidation states of the
substrate through partial reduction of the hematite surface does
not affect the nucleation and growth of the reduced and the
oxidized PCAT.
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