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1. Introduction

Industrial plants from boilers to secondary circuits of nuclear pressurized water
reactors, mainly constituted of carbon steel, are prone to corrosion. Film-forming amines
(FFA) have been used for several decades, in addition to chemical water conditioning, to
assure a satisfactory protection of the carbon steel surfaces [1]. FFA adsorb onto metallic
surface and/or surface oxides by their amino group(s) while their alkyl chain points outwards
limiting the aggressive species, such as oxygen, water and ions (CI, SO,%) to reach the
surface; thus, reducing the corrosion processes [1][2].

Several aspects of FFA behavior must be investigated in order to achieve the optimum
utilization of these molecules. In addition, there is no continuous and in situ measurement
system for the analysis of FFA onto the industrial circuit surfaces. The in situ analysis of
nanometric organic layers is technically and scientifically challenging, and even more on
rough surfaces. Electrochemical impedance spectroscopy (EIS) stands out as one of the few
techniques enabling the analysis of the inhibitive properties [3][4][5][6] and more recently,
the determination of thin organic layer thicknesses adsorbed onto rough metallic surfaces
[2][7]. In our recent work [8], N-oleyl-propanediamine (OLDA) adsorption kinetics onto
carbon steel surface has been examined for two temperatures (25 °C and 50 °C) by using in
situ EIS measurements. Furthermore, the adsorbed OLDA layer onto the steel surface has
been characterized as a function of immersion time and temperature by ex situ Raman
spectroscopy and polarization modulation infrared reflection absorption spectroscopy (PM-
IRRAS) analysis. It has been found that in a 200 mg.kg™* NaCl neutral electrolyte, the OLDA
adsorption and the corrosion kinetics of the carbon steel surface occurred simultaneously from
2 min of immersion and both phenomena intensified with increasing immersion time and

temperature up until the stabilization of the electrochemical system. Ex situ surface analysis



suggested that OLDA adsorbs heterogeneously onto the steel surface and mixed
OLDA/corrosion products layers were formed. The estimated thicknesses varied between 4
nm and 20 nm depending on the immersion time and temperature in agreement with the
previous work of Baux et al. [2][7] concerning octadecylamine (ODA). This previous study
allowed a methodology, combining in situ EIS and ex situ PM-IRRAS and Raman
spectroscopy techniques, to be proposed for monitoring the OLDA adsorption kinetics onto
rough surfaces in corrosive electrolytes.

The present work aims to further analyze the OLDA response in EIS to clarify its
dielectric contribution in the overall metal (carbon steel)/OLDA/solution response as a
function of immersion time and temperature. First, the dielectric response of “bulk” OLDA
(without any electrolyte) was analyzed by broadband dielectric spectroscopy (BDS). This
technique is generally used to study dielectric properties of polymers [9][10] and more
recently to investigate the dielectric properties of Self-Assembled Monolayers (SAM) [11].
Then, PM-IRRAS analysis of the adsorbed OLDA onto the carbon steel surface for three
temperatures (25 °C, 50 °C and 75 °C) were conducted to determine the thickness and the
molecules organization. Finally, the impedance spectra of the carbon steel/OLDA/solution
system were analyzed within the scope of OLDA dielectric and molecular structure
properties. Thusly, the adsorbed OLDA layer initially formed onto the carbon steel surface at
25 °C, in a deaerated alkaline solution, in order to strongly limit the corrosion processes of the
carbon steel, was further analyzed during temperature variations [25 °C ; 75 °C] based on the
methodology proposed by Roggero et al. [12] for the study of molecular mobility of polymer
based anticorrosive coatings by using EIS. The complex capacitance and conductivity
formalisms were used to study the signature of the adsorbed OLDA onto the carbon steel

surface from the impedance spectra.



2. Experimental
2.1. Materials

P265GH carbon steel cylindrical rods were supplied from SMB (France). Its chemical
composition in weight percent is reported in Table 1. For the EIS measurements, the lateral
part of the steel rod was covered with a heat-shrinkable insulating sheath, leaving only the tip
of the carbon steel (surface area of 1 cm?) in contact with the solution. Prior to the
experiments, the electrode was polished with SiC paper (grade 1200), rinsed with deionized

water and dried.

Table 1
Chemical composition (wt. %) of the P265GH carbon steel.
Element C Mn Si Cu Cr Al Fe
wt. % 0.14 1.03 0.22 0.05 0.04 0.04 Bal.

For the PM-IRRAS analysis, disks of 1 cm? and 2 mm thick were cut from the carbon
steel rod. The substrates were polished up to 0.25 um with diamond paste and then with Al,O3
suspension. Afterwards, they were ultrasonically cleaned with ethanol, dried and exposed to
UV-ozone for 15 min in order to remove organic impurities. Finally, they were fixed to the
rotating disk electrode to reproduce the hydrodynamic conditions used for the EIS

experiments.

N-oleyl-1,3-propanediamine (OLDA) with a purity of 98 % was supplied by
ODYSSEE Environnement. OLDA was analysed in two forms: as bulk product (as-received)
by differential scanning calorimetry (DSC) and by BDS and as adsorbed molecules onto a

carbon steel surface by ex situ PM-IRRAS and in situ EIS.



2.2. Electrolytical solution

The OLDA adsorbed layer onto carbon steel was prepared from the immersion of the
metal surface in a solution containing OLDA at a concentration of 100 mg.kg™. The pH of the
solution was adjusted at 11 by adding NaOH (0.1 M). The chosen experimental conditions are
close to those encountered in industrial water/steam circuit and strongly limit the corrosion
processes of the carbon steel. The same experimental conditions were used for the PM-

IRRAS analyses.
2.2. Differential Scanning Calorimetry (DSC)

DSC measurements, conducted with a Q2000 calorimeter, manufactured by TA
Instruments, were used to investigate phase transitions of OLDA “bulk”. A mass of
approximately 10 mg of OLDA, previously stored at 40 °C, was put in a standard sealed
aluminium pan. Three temperature ramps were applied (cooling, heating, cooling) in the

temperature domain [-40 °C ; 60°C] at 20 °C.min™ under helium flow.
2.3. Broadband Dielectric Spectroscopy (BDS)

BDS measurements were performed isothermally in the temperature range [-150 ; 50
°C] with a temperature step of 5 °C using a Novocontrol BDS 4000 impedance analyzer and a
commercial interdigitated electrode (Novocontrol-BDS 1410-20-150). Preliminary
experiments of the adsorbed OLDA onto the interdigitated electrode from an aqueous solution
containing 100 mg.kg™ of OLDA at a pH,s-c = 11 (by analogy with the EIS methodology) did
not yield an exploitable signal due to the too small quantity of adsorbed molecules. Therefore,
OLDA was deposited into the interdigitated electrode in such a way that the interdigits were
fully filled.

A sinusoidal voltage (U*(w, T)) (700 mV of amplitude) was applied in the frequency



range [10° Hz;10 Hz] inducing a current (I*(w, T)) out of phase with the applied voltage.
The complex impedance is the ratio between the applied voltage and the measured current

(Eq. 1).

U'(w,T)
I*(w,T) @)

The complex capacitance (C*(w, T)) of the interdigitated electrode is related to the complex

Z"(w,T) =

impedance according to Eg. 2.
1
Z (w, T) = m (2)
The complex capacitance (C*(w,T)) of the interdigitated electrode therefore considers
contributions from the substrate of the electrode (e, (w, T)) as well as the analyzed material

(e (w, T)) according to Eq. 3. Cyrefers to the capacitance of the interdigitated electrode.

C*(a), T) = CO(E;u(w; T) + Sr*n((l), T)) (3)
The complex capacity and conductivity, used for the interpretation of the data, were

calculated according to Eq. 4 and Eq. 5, respectively.

* _ 14 _ _Z”(w) . Z’(w)
Cw) = o) +itT(w) = @@+ @y ey @) “)
. 5 Z'(w) . —Z"(w)
* — +io" - _ + 5
0" (w) =o' (w) +ic" (w) 4 {[(Z’(w))z 4 (Z”(w))Z] l [(Z,(w))z + (Z”(w))Z]} 5)

Where C'(w) and C" (w) are the real and imaginary parts of capacitance, respectively, the ¢'
(o) and 6" (w) are the real and imaginary parts of conductivity, respectively, Z' (0) and Z" (®)
are the real and imaginary parts of the impedance modulus, respectively, A is the surface area

of the electrode, and ¢ is the thickness of the OLDA adsorbed layer.

The complex capacitance and conductivity values were directly calculated by the Windeta

software associated with the BDS apparatus.



2.4. Polarization Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS)

PM-IRRAS experiments of OLDA deposited onto the carbon steel substrates for three
temperatures (25 °C, 50 °C and 75 °C) were performed on a ThermoNicolet Nexus 670 FTIR
spectrometer equipped with a PM-IRRAS optical bench (incidence angle of 75°), following
the experimental procedure previously described [13]. The resolution was 4 cm™' and the
acquisition time 4 h. The PM-IRRAS spectra were calibrated in order to be presented in
IRRAS units [14][15]. The thickness of the deposited OLDA was estimated according to the

methodology described in our previous work [8].

2.5. Electrochemical Impedance Spectroscopy (EIS)

EIS measurements were performed with a Biologic VSP-245 apparatus with a
conventional three-electrode cell. The working electrode consisted of the carbon steel rod. A
Red-Rod reference electrode (saturated KCI) by Radiometer Analytical was used. The
counter-electrode was a large platinum grid. The working electrode rotation rate was fixed at
500 rpm. The temperature of the solution was controlled by a water circulating bath which
allowed an accuracy of £ 1 °C over the range [25 °C ; 75 °C]. The EIS measurements were
conducted in a deaerated solution by using a sealed electrochemical cell. Prior to the carbon
steel immersion, the solution was deaerated for 15 min by argon gas bubbling in a separated
vial. Then, the solution was transferred to the electrochemical cell where an argon flux was
maintained during the measurements. To further limit oxygen arrival, an oxygen scavenger
was added to the solution. In this study, N, N-Diethylhydroxylamine (DEHA) at a
concentration of 26 mg.kg™ was used based on its use as hydrazine substituent in industrial
water/steam circuits [16].

The protocol applied for analyzing the metal/OLDA/solution response in EIS as a

function of time and temperature is illustrated in Fig. 1.
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Fig. 1 Schematic diagram of the experimental protocol: a) OLDA adsorption kinetics onto the
carbon steel surface monitored by EIS [8] and b) metal/OLDA/solution electrochemical

response analysis during temperature variations.

Upon the contact between the carbon steel surface (already positioned into the
electrochemical cell) and the solution containing 100 mg.kg® of OLDA, the OLDA
adsorption kinetics was followed (Step 1 in Fig. 1). The impedance spectra were recorded
from 20 s of immersion and every 140 s for a total duration of 80 min. The EIS measurements
were performed under potentiostatic regulation at the corrosion potential (Ecor) in the
frequency range [100 kHz ; 90 mHz] and by applying a 50 mV,ns amplitude perturbation. The
detailed protocol has been previously described [8]. For the second step (Step 2 in Fig.1), the
impedance spectra were recorded every 10 °C over the range [25 °C ; 75 °C]. The diagrams
were collected at Ecor in the frequency range [100 kHz ; 10mHz] (10 points per decade) and
by applying a 70 mV s amplitude perturbation. The amplitude perturbations were chosen in
the linearity domain [20 MV s ; 100 mV ] as verified by a preliminary study. Due to the
limitation of the corrosion process by the chemical conditioning of the solution, the applied
amplitude perturbation can be increased in order to induce measurable OLDA dipole reactions
to the applied field [12]. For the impedance analysis, data above 5 kHz were not considered

due to experimental artefacts linked to the low conductivity (0.2 mS.cm™) of the electrolytic
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solution [17].

3. Results and Discussion

I. Analysis of the “bulk” OLDA dielectric response

3.1. DSC analysis of OLDA

The DSC ramp (first heating) of “bulk” OLDA is reported in Fig. 2. The thermogram
clearly shows that, from -25 °C to 35 °C, OLDA undergoes endothermic phase transitions

which can be associated to a progressive transition from solid state to liquid state.

2

Heat Flow

Temperature (°C)

Fig. 2. DSC thermogram (heating ramp, 20 °C.min") of OLDA.

The trimodal nature of the peak is difficult to interpret but it obviously reflects at least
three (semi)crystalline phases which melt at different temperatures. At room temperature,
OLDA presents, visually, at least two discernible phases, a liquid-like phase and a solid-like
phase probably related to the first/second peaks and the third peak, respectively.
Crystallization of organic molecules is described to be disturbed by the distribution of
molecular conformations allowing a greater number of structural options available for

crystallization and thus giving rise to polymorphs [18][19][20]. *H RMN analysis (data not
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shown) indicated a cis configuration of the molecule (C=C double bond) which, in addition to
possible molecular conformations, can participate to the polymorphism of OLDA. The 2 %
impurities (ionic species and/or amines with shorter alkyl chains), can also contribute to the
OLDA polymorphism, the study of which is out of scope for this paper. After 35 °C, the

entirety of OLDA is found in the liquid-like state.

3.2. Analysis of the charge transport process in OLDA by BDS

The imaginary part, C"', of the complex capacitance related to dissipative phenomena
inducing energy losses is presented as a function of temperature and frequency on the 3D

relaxation map in Fig. 3.

Fig. 3. 3D dielectric relaxation maps of “bulk” OLDA as obtained from BDS measurements.

For low temperatures ranging from -110 °C to -50 °C, two peaks in C"(®)
characteristics of relaxation modes of organic (macro)molecules can be observed. At low
frequency and for a temperature range [-20 °C ; 50°C], a conductivity rise becomes dominant.
Complementary experiments conducted on the interdigitated electrode without any deposited
OLDA showed that for temperatures from -150 °C to -20 °C, the obtained signal in Fig. 3

contained contributions from both the electrode substrate and the OLDA molecules. If OLDA
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presents any molecular mobility modes, based on SAM literature, they are likely to manifest
at this temperature range [11][21]. However, no molecular mobility mode could be identified
for OLDA “bulk”, probably due to a weak dipolar response compared to the interdigitated
electrode substrate. From -20 °C to 50 °C, at low frequency, an increase of about three
decades of the complex capacity in the presence of OLDA was noted. The phenomena that
occur at low frequency and high temperature can therefore be attributed to the OLDA and can
be related to the charge transport (conductivity) in the sample and/or to the charge
accumulation at the electrode interfaces [9]. Furthermore, an isotherm mode can be clearly
distinguished at 40 °C in Fig. 3.

The experimental data were converted to the electrical conductivity o*(w) formalism
according to Eq. 4, to emphasize the charge transport processes. The real part (o' (w)) of the
complex conductivity, related to the dissipative part of C*(w) is showed in Fig. 4 as a
function of frequency and temperature. For temperatures from -25 °C to 30 °C (Fig. 4a), the
conductivity spectra present low frequency dc conductivity plateaus, where the conductivity is
independent of frequency, and high frequency power-law describing the resistive and
capacitive behaviour of the analysed sample, respectively. The spectra seem to obey to the
“universal dielectric relaxation response” of disordered (non-crystalline) materials as stated
by Jonscher [22]. The low frequency domain reflects the charge transport processes whose
mechanisms are thought to be thermally assisted hopping of charge carriers (electrons and/or
ions) via localized states which lead to macroscopic conductivity over the analysed sample
[23][24][10]. On the other hand, the high frequency power law reflects the inability of charge
carriers to follow the applied field. From -5 °C, a significant decrease in conductivity can be
observed at low frequency, beyond the dc conductivity plateaus, which can be related to
electrode polarization phenomena and can result from the accumulation of charges on

electrode interfaces [9]. From 35 °C (Fig. 4b), these phenomena became less pronounced.
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Furthermore, for temperatures from 35 °C to 50 °C, a slight conductivity step can be observed
between 10° and 10° Hz corresponding to the transition from the high frequency power law to
the low frequency dc conductivity plateaus. The conductivity steps, in polymer domain, are
associated to specific modes of molecular mobility of the polymer such as a-mode (dielectric
manifestation of the glass transition). However, no glass transition was identified for OLDA

at the investigated temperature range (DSC measurements in Fig. 2).

1 0-7 _13)

30°C

38 °C

10-10_r ) ) ) ’ : g ; =)
102407 16° 10" 10 16° 10* 10° 10°
Frequency (Hz)

Fig. 4. Real part of the electrical conductivity calculated from BDS complex impedance
measurements on OLDA “bulk” a) from -25 °C to 30 °C and b) from 35 °C to 50 °C. The
temperature step between each spectrum is 5 °C.

The dc conductivities were extracted from the frequency independent plateaus and are
reported on an Arrhenius diagram (Fig. 5). Three domains can be distinguished. First, in
domain | (from -25 °C to 10 °C) an increase of nearly two decades of the dc conductivity
values can be observed. Then, from 10 °C to 40 °C (domain I1), the dc conductivity values

decrease from 1.10® to 2.10° S.cm™. This temperature range corresponds to the progressive
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transition of OLDA from a solid-like state to a liquid-like state as observed in DSC
measurements. The increase in the conductivity can therefore be attributed to the progressive
transformation of organized solid-like structure of OLDA (probably with different
(semi)crystalline phases) into a looser organization of the molecules in the liquid-like state. In
domain 1l (from 40 °C to 50 °C), the dc conductivity values increase with temperature
corresponding to the liquid-like state of OLDA. The 40 °C temperature corresponds to the
isotherm mode noted on the 3D relaxation map (Fig. 3) and to the temperature at which

OLDA is entirely in the liquid-like state (DSC measurements).

T{°C)
20 -10 0 10 2030405060
ABp———— 3 7 .
° . ®e . e 110
~ 20 . " ~.§
& - [10%
= * | -8
B9l b
: 16710
° | i

40 3.8 36 3.4 32 3.0
1000/T (K™)

Fig. 5. Arrhenius plots of the dc conductivity determined from BDS measurements of OLDA.

To summarize, no dipolar relaxation modes were identified at low temperature. BDS
analyses highlighted the thermal activation of “bulk” OLDA conductivity in the solid-like
state at low temperatures and in the liquid-like state at temperatures above 35 °C. The latter is
described by a resistive behavior over a wide frequency domain [10? Hz ; 10* Hz] and a
capacitive behavior only for frequencies higher than 10* Hz. The conductivity is strongly

influenced by solid-like to liquid-like transition as observed in DSC analyses.
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I1. Analysis of the adsorbed OLDA layer onto the steel surface

By analogy to the BDS methodology for the study of “bulk” OLDA, the adsorbed
OLDA layer onto the steel surface will be analysed as a function of temperature. First, ex situ
PM-IRRAS analysis were conducted to investigate the OLDA layer thickness and the
molecular structure in the temperature range [25 °C ; 75 °C]. Then, for the same temperature

range, the OLDA response in EIS spectra is analyzed.

3.3. Ex situ surface characterization by PM-IRRAS

The OLDA layer was formed during 80 min in a deaerated solution at a pHasec = 11

for three different temperatures, 25 °C, 50 °C and 75 °C and the IRRAS spectra are shown in

Fig. 6.
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Fig. 6. Ex situ IRRAS spectra of the OLDA layer adsorbed onto the carbon steel surface after
80 min of immersion in a deaerated solution containing 100 mg.kg™ of OLDA at a pHas-c =
11 for three temperatures 25 °C, 50 °C and 75 °C.

The three IRRAS spectra showed bands at 3004, 2925, 2854, 1470 and 1375 cm™
attributed to the stretching CH mode of the unsaturated C=C bonds (vCH(C=C)), to the
asymmetric (v,CH;) and symmetric (vsCH;) stretching modes of methylene groups to the
bending mode of methylene groups (6CH,) and to the wagging modes of the methylene

groups (wCH,), respectively. Furthermore, in the 1700-1500 cm™ range, two main
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contributions can be observed at 1650 and 1578 cm™. Apart from the bending modes of the
NH, and NH groups, other species are probably formed at the steel surface such as the -NH-
COO’ group, as previously reported [8][25]. Finally, no band relative to corrosion products
(iron oxides or hydroxides) is observed on the IRRAS spectra for all the studied temperatures,
confirmed by visual inspections of the carbon steel surface as well. However, the presence of
a nanometric thin oxide layer formed for these experimental conditions [26][27] and not
detectable by PM-IRRAS cannot be excluded.

The IRRAS intensity of the v,CH, can be used to estimate the OLDA layer thickness
onto carbon steel, as previously reported [8]. The estimated thicknesses are 1.8 nm at 25 °C,
1.6 nm at 50 °C and 1.5 nm at 75° C. It is important to note that the provided thicknesses
(only meaningful for isotropic and compact arrangement of OLDA molecules onto carbon
steel surface) should not be considered for their absolute values but more as an order of
magnitude of the adsorbed OLDA molecules. It seems that, for these experimental conditions
where the corrosion processes are very limited (absence of infrared bands of lepidocrocite y-
FeOOH at 1020 cm™) and the initial OLDA concentration in the solution is relatively high
(100 mg.kg™), the estimated thickness values correspond to an OLDA monolayer formed onto
the steel surface independently of the temperature over the range [25 °C ; 75 °C]. The values
are similar to those determined for OLDA adsorbed on model surfaces such as mica [25][28]
or those determined for OLDA adsorbed on gold [8]. It confirms thusly the role of corrosion
products on the OLDA accumulation onto the carbon steel surface (thicknesses greater than
the monolayer) and the formation of mixed layers OLDA/corrosion products as discussed in
our previous work [8]. The wavenumbers of v,CH, and vsCH, bands at 2925 and 2854 cm™,
respectively, indicate gauche defects in the alkyl chains [29] due to the cis configuration of
the molecule. The presence of gauche defects can promote a disordered layer in agreement

with previous studies [8][30].
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In the next section, the dielectric response of “bulk” OLDA and the molecular
structure of the adsorbed OLDA layer will be used as “references” to analyse the OLDA

response in the EIS diagrams of the electrochemical system steel/OLDA/electrolyte.

3.4. OLDA adsorption kinetics monitored by EIS at 25 °C

First, the OLDA layer was formed onto the carbon steel surface at 25 °C. Its
adsorption kinetics was monitored by EIS. Fig. 7 shows some impedance spectra [5 kHz ; 90
mHz] recorded for immersion times from 2 min to 80 min at 25 °C. The complete spectra [5

kHz ; 10 mHz] corresponding to an immersion time of 100 min is also reported in Fig. 7.
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Fig. 7. EIS diagrams (Bode plots non-corrected from R¢) vs. immersion time from 2 min to
100 min for the carbon steel immersed in a deaerated solution containing 100 mg.kg™ of
OLDA, pHasec =11 at 25 °C.

The diagrams exhibit predominantly a time constant at low frequency [10 Hz ; 10
mHz] associated to the electrolyte/metal interface phenomena and characterized by a charge
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transfer resistance (Ry) and a double layer capacitance (Cgy). In the high frequency domain [5
kHz ; 10 Hz], a second time constant can be guessed associated to the presence of OLDA onto
the carbon steel surface according to the literature [2][7][8].

Regarding the adsorption kinetics, the impedance modulus and the phase angle in the
low frequency domain increase progressively over immersion time. The time constant in the
high frequency domain is formed over immersion time as indicated from the slight impedance
modulus and phase angle increase in this frequency domain. The impedance data suggest the
progressive adsorption of OLDA onto the carbon steel surface without the simultaneous
formation of corrosion products, as compared to our previous work [8] and confirmed by the
PM-IRRAS analyses (Fig. 6).

Impedance diagrams (Bode plots) are powerful in revealing the resistive contributions
from the electrochemical interface such as faradaic reactions and diffusion-controlled
reactions. However, it has been shown recently that this formalism is not optimal for the study
of dielectric signature of organic layers, such as polymers [12] and SAM/gold surfaces
[31][32]. The complex capacitance formalism, on the other hand, allows the capacitive
contributions of a dielectric system to be highlighted. The features of the complex capacitance
would be related to dipole relaxation processes. C'(w) is associated with energy storage
(conservative phenomena) whereas C"(w) to energy losses (dissipative phenomena) due to
electrical charge transport or molecular mobility modes. Bueno et al. [31] have adopted these
formalism to explain the dielectric response of SAM layers adsorbed onto gold surfaces. The
adsorption of organic molecules onto a metallic surface would first cause a decrease of the
electrochemical double layer capacitance and, in addition, SAM dipolar relaxation processes.

The impedance diagrams were, therefore, transformed in complex capacitance by
means of Eq. 4. The real part (C'(»)) and imaginary part (C"(w)) of the complex capacitance

corrected from the electrolyte resistance (Re) are showed in Fig. 8a and Fig. 8b, respectively.

19



Re of a value of approximately 1600 Q.cm® was considered constant during the adsorption

process and it was determined from the real part of the impedance modulus at 5 kHz.
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Fig. 8. Complex capacitance spectra corrected from Rea) real part (C") and b) imaginary part
(C") obtained from the EIS measurements during the monitoring of the OLDA adsorption

kinetics from 2 min to 100 min.

A decrease of the real and imaginary capacitance values is noted in Fig. 8. Water
molecules, as well as other ionic species, initially present in the solution and onto the carbon
steel surface are progressively replaced by the OLDA molecules during the adsorption
process. The capacitance variations over immersion time could reflect modifications of the
electrochemical double layer capacitance due to the OLDA adsorption [33][34][35][36] over
all the studied frequency range. With regard to the complex capacitance spectra features: a
step-like decrease of the real part C'(w) with increasing frequency and a peak in the imaginary

part C"(w) appear when the immersion time increases and can be clearly seen after 100 min of
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immersion. The real capacitance plateau at low frequency could be related to the pseudo-
capacitance describing the electrochemical double layer as it will be discussed further in the
paper. At high frequency, the plateau would be related to a modified interfacial capacitance
due to the OLDA adsorption. The capacitance step would reflect the resistive behavior of the
OLDA layer as previously observed in BDS measurements. This hypothesis is supported by
the Bode plots (Fig. 7) which show two time constants. The C"(®) peak would be more likely
attributed to a mathematical convolution of the two time constants and not to a relaxation
process (Debye type relaxation) due to field-free reorientational and translational motions of
OLDA dipoles as reported for SAM layers [31]. Finally, the increase of the C"(®) at low
frequency range [10™ Hz ; 10 Hz] may indicate a contribution of charge transport of ionic
species onto the steel surface as a parallel to polymer systems [11].

To further support and elaborate on these hypotheses, the following section aims to
analyze the temperature dependence of the response of the electrochemical system in order to
dissociate contributions originating from the OLDA layer and the electrochemical double

layer.

3.5. Temperature dependence of OLDA conductivity and of the electrochemical double layer

capacitance in EIS experiments

3.5.1. EIS diagrams as a function of temperature

Impedance diagrams recorded for the adsorbed OLDA onto the carbon steel surface
from 25 °C to 75 °C, non-corrected and corrected from the electrolyte resistance (R.) are
shown in Fig. 9a and Fig. 9b, respectively. In this part, the eventual desorption of OLDA
molecules with temperature rise can be ruled out based on the PM-IRRAS analyses as
previously discussed.

For non-corrected diagrams, the impedance modulus in the high frequency domain
corresponds to the electrolyte resistance (Re). Re decreases from 2000 Q.cm? to approximately

21



500 Q.cm” with temperature increase due to the increase of the solution conductivity, Re being
proportional to the inverse of the solution conductivity [37]. In the medium frequency domain
[1 Hz ; 10™ Hz], the impedance modulus features a quasi-linear rise with frequency decrease
and the EIS spectra are superimposed for all the studied temperatures. In the low frequency

domain [10™ Hz ; 10 Hz], the impedance modulus decreases with temperature increase.
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Fig. 9. EIS diagrams (Bode plots) a) non-corrected and b) corrected from the electrolyte
resistance (R.) obtained for the OLDA / steel system for different temperatures. The

temperature step between each diagram is 10 °C.

It has been demonstrated that the R, contribution masks the capacitive response at high
frequency [2][38] and influences the extracted parameters. The EIS spectra for each
temperature were therefore, corrected from R, and the corresponding values are presented in
Table. 2. The R, correction reveals a shoulder on the impedance modulus between 5 kHz and

10 Hz, revealing a resistive behavior of the system. Regarding the phase angle, a plateau
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corresponding to a CPE behavior as previously reported for ODA layers [2] is not highlighted

in the exploitable frequency domain.

3.5.2. Analysis of the high frequency time constant: complex capacitance and conductivity

formalisms

The complex capacitance formalism (Fig. 10) was applied to investigate the
temperature influence on the dielectric signature of the adsorbed OLDA layer onto the carbon

steel surface.
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Fig. 10. Complex capacitance spectra a) real part (C) and b) imaginary part (C") obtained

from the EIS measurements for different temperatures from 25 °C to 75 °C.

The same spectral features are observed as before (Fig.8). The C'(w) plateaus at low
frequency does not vary with temperature. From 10? Hz to 1 Hz, C'(w) shifts to higher
frequencies with temperature increase. From 5 kHz to 10° Hz, C'(®) increases with

temperature rise. C"(w) shifts to higher frequencies with temperature rise over all the
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frequency range and at the low frequency range it increases with temperature.

In order to draw a comparison with the BDS results, the impedance data of the
electrochemical system steel/OLDA/solution were transformed into the complex conductivity
formalism according to Eq. 5. Two assumptions were made to transform the impedance data
into complex conductivity; a total coverage of the steel surface (A = 1 cm?) and the OLDA
layer thickness was taken as 1.6 nm independently of the temperature as estimated by ex situ
PM-IRRAS analyses. However, these assumptions are crude because the coverage of surface
is not total as it will be discussed further and the thickness of the layer can be slightly higher
in situ.

The real part of the conductivity ¢'(w) as a function of frequency and temperature is

reported in Fig. 11.
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Fig. 11. Real part of the electrical conductivity (¢' (®)) calculated from the EIS spectra

performed on the adsorbed OLDA layer during temperature variations.

The conductivity spectra exhibit pseudo-conduction plateaus from 5 kHz to 10° Hz, a
frequency range assumed to be associated with OLDA, but a power-law behaviour at higher
frequencies is not observed as for the “bulk” OLDA spectra in the BDS measurements or as
seen in EIS for immersed polymer systems [10]. The pseudo-conduction plateaus are followed
by a quasi-linear decrease of the conductivity with frequency decrease corresponding to the
frequency range in the Bode plots where the impedance modulus is also quasi-linear. The low
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frequency range presents pseudo-conduction plateaus as well, probably due to charge
transport of ionic species onto the steel surface, but due to the made assumptions which
pertain only to an ideal layer of OLDA, this frequency range will not be discussed further.
The capacitance values at 1 kHz (high frequency pseudo-plateaus) and the
conductivity values at 300 Hz (on the pseudo-conduction plateaus) were extracted and

reported in an Arrhenius diagram (Fig. 12).
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Fig. 12. Arrhenius diagram of the a) real capacitance extracted at 1 kHz (Fig. 10a) and b) real

conductivity extracted at 300 Hz (Fig. 11) from the EIS measurements for the different

temperatures.
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The real capacitance values increase from 8.5.107 to 1.1.10° F.cm™ with temperature
increase with a subtle change in slope around 45 °C. The conductivity value can be
considered as constant and from 45 °C to 75 °C, a linear increase is noted as temperature
increases, corresponding to an Arrhenius dependence. The change in slope of the conductivity
occurs between 35 and 45 °C which corresponds approximately to the end of solid-like to
liquid-like phase transition of OLDA “bulk”. It could be possible that with the increase in
temperature, an alkyl chain “melting” transition of the OLDA molecules occurs on the steel
surface. The same phenomenon has been described by Badia et al. [39] for melting transitions
of alkanethiolate monolayers self-assembled on Au nanoparticles. Before the melting point,
the alkyl chains are ordered in crystalline-like or gel-like state due to chain-chain Van der
Waals interactions. Beyond the melting point, a disordered state has been noted, associated to
the increase of the conformational gauche defects in the alkyl chains [40][41][42]. At 25 °C,
the OLDA layer is already disordered on the surface due to the cis configuration of the
molecule as previously discussed. As the number of gauche defects increases with
temperature, the chain free volume should increase as proposed by Badia et al. [39] as well as
the chains mobility and in consequence the OLDA layer disorder should increase. PM-IRRAS
analyses did not reveal an increase in the gauche defects number with temperature. It is
possible that the phase transition is reversible and as the analyses are carried out at room
temperature, the additional conformational gauche defects are not detected.

The activation energy (E,) for the OLDA layer conductivity and the capacitance were
calculated according to Eq. 6 for the temperature range [45 °C ; 75 °C]. These values were 16
kJ.mol™ (0.16 eV) and 4 kJ.mol™ (0.04 eV), respectively. The capacitance activation energy
could suggest the formation of gauche defects. The reported values in literature are on the
order of 0.022 eV [41]. The conductivity activation energy will be compared in the next

sections with the activation energy of the low frequency phenomena.
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E,
o= o,exp(— ﬁ) (6)

Where g, is the pre-exponential factor (S.cm™), E, the activation energy (kJ.mol™), R the

ideal gas constant (8.314 J.K™>.mol™) and T the temperature (K).

3.5.3. Analysis of the time constant at low frequency

A classical approach was applied to investigate the impedance variations in the low
frequency domain with temperature increase. The CPE parameters (Q,, agq), the charge
transfer resistance (R.;) of the low frequency time constant, and the electrolyte resistance (R,) at
high frequency were determined. The @, a4 and R, were graphically assessed by using a
graphical method [43] and by extrapolation of the real part of the impedance modulus in the
high frequency domain, respectively. The R values, however, cannot be accurately
determined because the impedance modulus in the low frequency region does not reach a
resistive plateau (phase angle is different from zero). Thus, the low frequency time constant
for each temperature was fitted with a simple R//CPE electrical equivalent circuit (EEC). The
Q4 @ar, Rer and R, values graphically determined and from the EEC are reported in Table. 2.
It can be seen from Table 2, that the Q4 and ay; values do not vary with the temperature and
the two methods lead to comparable results. The Q4 and ay were determined in the
frequency range where the impedance modulus (Fig. 9) and the conductivity (Fig. 11) are
quasi-linear with temperature increase. Furthermore, the estimated values correspond to the
capacitance plateau values at low frequency (Fig. 10a) (64 pF.cm™). This supports the
hypothesis that the capacitance plateau at low frequency is related to the electrochemical
double layer capacitance. On the contrary, the R, and R, values decrease with temperature
increase with an Arrhenius behavior, in the whole temperature range, reflecting the observed
variations from the impedance spectra (Fig. 9). The activation energy calculated from both

these parameters was approximately 20 kJ.mol™. This could suggest that the thermal
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activation of charge transfer mechanisms occurring at the carbon steel/electrolyte interface is
governed by the ion mobility (electrolyte resistance). The calculated activation energy values
are comparable to that obtained from the OLDA conductivity variation (16 kJ.mol™) in the

temperature range [45 °C ; 75 °C].
Table 2

Re, Quqi, adi, Rer values as a function of temperature estimated graphically and from the

adjustment of the low frequency time constant with an R // CPE electrical equivalent circuit.

" 2 Qi (-1 aql Ru(kQ.cm?)
T (Q.cm?) (MF.cm™s™)
(°C) | Graphical EEC Graphical EEC Graphical EEC EEC
estimation | adjustment | estimation | adjustment | estimation | adjustment | adjustment
25 1600 2098 71 69 0.85 0.86 311
35 1275 1699 73 71 0.82 0.85 197
45 995 1334 68 64 0.82 0.84 176
55 780 991 70 63 0.81 0.83 132
65 640 722 70 62 0.80 0.81 98
75 530 593 73 64 0.78 0.82 90

The gauche defects of the alkyl chains are favorable to the presence of structural
defects that allow the electrolyte to reach the interface (PM-IRRAS analyses). The possible
“melting” of the alkyl chains between 35 °C and 45 °C (DSC and BDS analyses) could
promote the increase of the conformational gauche defects [41] and increase the disorder in
the layer. The ions and water traverse the OLDA layer through the defects and/or the free
volume which would explain the same temperature dependence of the phenomena manifested
at high and low frequency [44].

Considering the coexistence of OLDA molecules and solution ions at the interface, it

is likely that the high frequency capacitance response previously discussed, reflects the
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capacity of OLDA, but also contains contributions of the double layer [45]. The pseudo-
plateau at high frequency on the capacitance spectra (Fig. 8 and Fig. 10) could be thusly
related to a modified double layer capacitance due to the OLDA adsorption. It is therefore
difficult to consider a representation of the system in which the surface of the metal would be,
in places, bare (pore-like) and that elsewhere the OLDA would form a monolayer film
presenting the capacity of the OLDA. Instead, the capacitive response of the interface appears
to be the sum of the response of the double layer on the unprotected surface (incomplete
surface coverage) (Cq) and the response of the double layer modified by the adsorption of
OLDA molecules (modified Cq). A schematic representation of the interface for these
experimental conditions is given in Fig. 13. Given the multitude of capacitive contributions in
the high frequency domain and in consequence the non-total surface coverage, the
determination of the OLDA layer thickness through the model of an ideal Helmholtz capacitor

does not appear appropriate.

’.O OLDA molecule

modified C
Carbon steel

Fig. 13. Schematic representation of the interface.
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4. Conclusions

A film-forming amine, N-oleyl propanediamine (OLDA), commonly used for the
protection of carbon steel surfaces against corrosion, was analysed in the present work with
the aim to investigate its dielectric contribution on impedance spectra. First, the OLDA “bulk”
was studied by BDS. Even though no dipolar relaxation was identified at low temperature, the
thermal activation of the OLDA conductivity was highlighted. The conductivity was shown to
strongly depend on solid-liquid transition of the OLDA molecules, as confirmed by DSC
analyses. Thusly, the conductivity manifested in a large range of temperature, from -25 °C to
35 °C in the OLDA solid-like state and above 35 °C in the liquid-like state. The impedance
spectra seemed to obey to the “universal dielectric relaxation response” (Jonscher law). In the
liquid-like state, a resistive behaviour over a wide frequency domain [10 Hz ; 10* Hz] and a
capacitive behaviour only for frequencies higher that 10* Hz were emphasised by the
complex conductivity formalism.

In order to analyse the adsorbed OLDA layer onto a carbon steel surface response in
electrochemical impedance spectra, the same methodology as before was applied. EIS
measurements were performed at constant temperature in the range [25 °C ; 75 °C] and the
complex capacitance and conductivity formalisms were applied to the impedance data. The
capacitance formalism allowed to highlight the capacitive behaviour at low frequency,
associated to the electrochemical double layer, and at high frequency, associated to a modified
electrochemical double layer by the OLDA adsorption onto the steel surface. No dipolar
relaxation modes were identified in this temperature range. The conductivity formalism
allowed to emphasize the OLDA resistive behaviour. By analysing the temperature
dependency of the high frequency capacitance, the formation of conformational gauche
defects on the OLDA alkyl chain was noted for temperatures higher that 45 °C, possibly

corresponding to a chain “melting” phenomenon. The conformational gauche defects on the
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OLDA alkyl chain in addition to the configurational ones, the latter confirmed by *H NMR
and ex situ PM-IRRAS analyses would increase the disorder in the OLDA layer and in
consequence the chain free volume. This could promote the infiltration of ions and water
through the free volume of layer. The hypothesis is supported from the same temperature
dependency of the OLDA conductivity and the electrolyte resistance. Finally, the ion mobility
seemed to also govern the charge transfer mechanisms occurring at the carbon
steel/electrolyte interface.

This methodology could be considered to further analyse and interpret the response in
impedance spectra by applying to other small organic molecules with different chemistry. It
can also be used to further investigate the effects of structural confinement of organic layers
by increasing or decreasing the ordering of the layer in both dry (bulk or adsorbed) and

immersed state.
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