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Corrosion inhibition by aniline oligomers through charge transfer:
a DFT approach
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Abstract

Prototype materials based on aniline oligomers have been shown to inhibit corrosion. The electronic behavior of these aniline trimers
parallels that of polyaniline (PAni), but the oligomers are a much more tractable system for analysis. The anti-corrosion process involves
the acid/base chemistry of the oligomers, their electron donor/acceptor properties, and the interaction of the oligomers with the metal
surface.

Thermodynamic parameters for several competing reaction sequences occurring during the interaction of an iron (or aluminum) surface
and aniline trimers are determined by hybrid ab initio/density functional theory (DFT) calculations. These parameters are used to interpret
the extent of electron transfer at the polymer–surface interface at equilibrium. The rate of electron transfer from the metal to trimer, and
from one trimer to another, is estimated using Marcus–Hush theory. The relevance of these rates to the corrosion process is illustrated. The
pH dependence of corrosion inhibition by oligoanilines and the effect of the spin state of the oligomer is discussed.
© 2003 Published by Elsevier B.V.
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1. Introduction

Polyaniline (PAni) has been widely studied for use in elec-
trical conduction[1], electroluminesence[2], rechargeable
batteries[3], and anti-corrosion applications[4]. Neverthe-
less, the facility of its use is restricted by its poor solubility,
which makes processing more difficult. The effectiveness
of its electrical conduction depends upon doping[5]. To
circumvent the solubility difficulties, the focus has shifted
somewhat from PAni to aniline oligomers[6], which serve
as both convenient models for PAni and useful materials
in their own right. Two surprising results are the demon-
stration that the effective conjugation length in PAni rarely
exceeds three aniline units[7], and that aniline trimers are
more effective than the polymer in corrosion inhibition[8].

PAni exists in three stable oxidation states, named leu-
coemeraldine base (LEB), emeraldine base (EB), and
pernigraniline base (PB), LEB being the most reduced
form, and PB the most oxidized. Similarly, the aniline
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trimer can exist in three stable oxidation states, which we
have named LEB1a, 1b, EB 2a, 2b, and PB3a, 3b, and
hereafter all references shall be to the “trimers”, unless
otherwise noted. LEB is slowly oxidized by air to EB [N,
N′-bis(4′-aminophenyl)-1,4-quinonediimine]; the conver-
sion of EB to LEB requires the action of phenylhydrazine
in ether[8] or hydrazine sulfate in acetonitrile, followed by
ammonium hydroxide[9]. EB, though stable to air oxida-
tion, is converted to PB by hydrogen peroxide. The reverse
reaction (PB to EB) is easily achieved by sodium borohy-
dride. Each of these forms is the result of a two-electron
oxidation or reduction.

The EB is easily protonated by aqueous or nonaqueous
[10b,c,f and g]halogen acids, to form first the emeraldine
hydrochloride4 (ES1), and next the emeraldine dihydrochlo-
ride5 (ES2). Both calculations and experiment have demon-
strated that ES2 has a paramagnetic triplet ground state,
whereas all the other trimeric forms are diamagnetic ground
state singlets[6c,d,7]. The salt forms are especially interest-
ing, because corrosion inhibition seems limited to the salt
forms, only the dihydrochloride is paramagnetic, and the
ES forms are electron acceptors. The salt forms have only
miniscule solubility in water, and the bases are completely
insoluble.
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Phenylimines, particularly in aprotic solvents, are known
to form hydrogen bonded complexes with proton donors
[11]. Hydrogen bonding interactions are believed to be
important in the polymer also[1f] . Since the salt form is
largely insoluble (and indeed, if it were soluble in water
it would hardly be a useful anti-corrosion coating), the
polymer–metal interface is anhydrous (for a sufficiently
thick coating of polymer). Phenylimines are so prone to the
complex formation, it is likely that the ES acts more like an
EB:HCl or HCl:EB:HCl complex than a conventional salt
in which both the cation and ion are completely solvated.
Consequently, all calculations involving ES1 or ES2 involve
the complete complex.

2. Computational methods

The Gaussian 94[12] suite of programs was utilized
for calculations of the optimized geometries, single point
energies, ionization potentials, and electron affinities of
all molecules, except for those calculations utilizing the
semi-empirical method ZINDO/1. Becke’s three-parameter
hybrid density functional B3LYP[13] was used for all
molecules, except for those of the iron clusters, for which
Hartree–Fock was used with the LANL2DZ effective core
potential (ECP)[14]. Energies were calculated for all pos-
sible spin states of the Fe neutral cluster, and, since the
high spin case was the lowest in energy, it was used as the
reference for all subsequent calculations.

Ionization potentials for each molecule, M were cal-
culated asH(M+) − H(M), and electron affinities as
H(M−) − H(M). Enthalpies were determined by sin-
gle point calculation at the B3LYP/6-311G(2d,p) level
on a B3LYP/6-31G optimized geometry for the trimers,
and B3LYP/6-31G+ [15] for the organic molecules. The
presence of a true minimum was verified by inspection
of the corresponding frequency calculation; zero nega-
tive frequencies confirmed a true minimum. Zero-point
energies and enthalpic corrections (at 298 K) were cal-
culated at the B3LYP/6-31G level for the trimers, and
B3LYP/6-31G+ for the others, with a scaling factor of 1.00
for all. The modest 6-31G basis set was used for the trimers
without polarization functions for geometry optimizations
and frequency/zero-point calculations of the trimers, since
earlier tests had shown that the geometries were virtually
identical, and that B3LYP calculations are rather insensitive
to the basis set level used for geometry optimization[16].
We therefore, decided to use the 6-31G as a prudent and
efficient compromise (Tables 1, 2).

Note that ionization potentials and electron affinities were
not computed by Koopmans’ theorem[17].

Polarizability tensors were calculated during frequency
calculations at the B3LYP/6-31G level, which has been
shown to be adequate[18]. The axes are those of thestan-
dard orientation employed by Gaussian 94, which defined
the long axis of the molecule as thex-axis, the shorter axis

Table 1
Relative energies ofsyn and anti aniline trimers

Ha µb �zz
c εd

syn-Emeraldine2a −914.440270 0.001 87.30 10.0
anti-Emeraldine2b −914.440132 0.063 82.27 8.4
syn-Eernigraniline3a −913.204723 2.231 84.67 9.5
anti-Pernigraniline3b −913.205447 2.554 85.33 9.7
syn-Emeraldine

hydrochloride4
−1375.284411 17.772 83.85 6.5

syn-Emeraldine
dihydrochloride (triplet)5

−1836.102323 25.545 84.04 4.9

a Calculated at B3LYP/6-311G(2d,p) on a B3LYP/6-31G optimized
geometry. Zero-point and enthalpic corrections to 298 K at B3LYP/6-31G.

b D−1.
c 10−24 cm3, as computed at B3LYP/6-31G.
d Calculated by Clausius–Mossotti equation.

Table 2
Enthalpies of spin states ofsyn trimersa

S0 T1

Pernigraniline −913.205447 −913.174938
Emeraldine −914.440270 −914.440132
Emeraldine hydrochloride −1375.284411 −1375.265902
Emeraldine Dihydrochloride −1835.477244 −1836.102323

a Calculated at B3LYP/6-311G(2d,p) on a RB3LYP/6-31G optimized
geometry for singlet, UB3LYP/6-31G optimized geometry for triplet.
Zero-point and enthalpic corrections to 298 K at R- or U-B3LYP/6-31G.

across the central ring as they-axis, and the normal axis to
the plane of central ring as thez-axis. Gaussian 94 provides
both the “exact” and “approximate” polarizabilities; herein
are used the “exact”static polarizabilities[19] (Figs. 1–5).

Semi-empirical calculations used the ZINDO/1[20]
method from within the HyperChem[21] suite of programs.
The aniline trimer/metal cluster assemblies were optimized
using ZINDO/1 with the metal surface constrained to crys-
tallographic coordinates without reconstruction (Fig. 6).
The constraint of the surface was achieved by setting the
force constants for all bonds, bond angles, and bond torsions
to be sufficiently large to prevent surface reconstruction.
Earlier tests run with smaller force constants resulted in
catastrophic deformations of the metal clusters, which were
physically unrealistic.

The semi-empirical optimizations used a convergence
limit of 0.2 kcal Å−1 mol−1 for the wavefunction, conver-
gence being accelerated by use of the direct inversion of
the iterative subspace (DIIS) method[22]. The convergence
limit for the optimization itself was 1.0 kcal Å−1 mol−1,
with use of the Polak–Ribiere conjugate gradient algorithm
[23–26].

The spin multiplicity for each cluster assembly was set
to “1” for the leucoemeraldine, emeraldine, emeraldine hy-
drochloride or pernigraniline forms on face-centered cu-
bic Al(1 0 0), and set to “3” for all the others. This was
done because previous experimental and theoretical evi-
dence suggested that the spin state of all the trimers was
a singlet, except for the emeraldine dihydrochloride which
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Fig. 1. Redox and conformation forms of aniline trimers.

was a triplet. Though it is possible that the substantial fer-
romagnetism of the body-centered cubic Fe(1 0 0) surface
would have resulted in a high multiplicity for each of the
trimer/Fe(1 0 0) clusters (as noted during Hartree–Fock cal-
culations), no higher multiplicity is available for use with
the ZINDO/1 method within the HyperChem suite of pro-
grams than a quartet.

Equilibrium constants for electron transfer (ET) reactions
were calculated by assumption that, in ET,�S is zero, since
entropy changes arise primarily from small electronic dif-
ferences in degenerate states[27]. Therefore,�H ∼ �G =
−RT ln K.

3. Results and discussion

The thermodynamic considerations necessary to classify
aniline oligomers are summarized as follows.

3.1. Aniline trimers as bases

Emeraldine base reacts with 1 mol of hydrogen chloride
to form the emeraldine monochloride salt4 (ES1).

EB + HCl → ES1,

�H0 = −12.1 kcal mol−1 − RT = −12.7 kcal mol−1,

Keq = 2.1 × 109.

Previously published results[6d,7] shows that4 is a ground
state singlet. Further reaction with another mole of hydro-
gen chloride yields emeraldine dihydrochloride salt5 (ES2)
which is a ground state triplet. Reaction enthalpies are
temperature-dependent, due to the change in the number of
molecules (thep�V term).

ES1 + HCl →3 ES2,

�H0 = +4.3 − RT = +3.7 kcal mol−1, Keq = 1.8 × 10−3
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Fig. 2. Molecular structures of aniline trimers, as optimized at
B3LYP/6-31G. Carbon atoms are black, nitrogen atoms are grey, chlorine
atoms are large white. Hydrogen atoms have been omitted for clarity, ex-
cept in the hydrochlorides, where the hydrogen atom from the hydrochlo-
ride is shown as a small white sphere.

Though the reaction to form the dihydrochloride salt from
the monohydrochloride salt is endergonic, the net reaction
of EB with HCl to form 3ES2 is exergonic.

EB + 2HCl →3 ES2,

�H0 = −7.8 − RT = −9.0 kcal mol−1, Keq = 3.8 × 106.

3.2. Enthalpy considerations and the coulomb term in
electron transfer

The enthalpy of reaction (�H0) for electron transfer was
calculated as the sum of the ionization potential of the donor

[IP(D)] and the electron affinity of the acceptor [EA(A)];1

�H0 = IP(D) + EA(A) (1)

since the enthalpy of the reaction D+ A → D+ + A− is
equal to

[�H(D+) + �H(A−)] − [�H(D) + �H(A)]

= [�H(D+) − �H(D)] + [�H(A−) − �H(A)]

= IP(D) + EA(A),

which is same as theEq. (1).
Since this neglects the coulombic interaction between the

cation and anion formed, the charge transfer enthalpy of
reaction at 298 K (�HCT) was computed[28] with distance,
r equal to 4 Å, which is a reasonable intermolecular distance
for stacked aromatic compounds in a crystal[29].

�HCT = IP(D) + EA(A) − q2

εr
. (2)

Hereε is the (static) dielectric constant of the medium (equal
to one for a vacuum) andq the charge on an electron. Other
effects, such as van der Waals and London forces, chemical
bonding, and solvent interactions, have initially been omit-
ted.

3.3. Aniline trimers as donors and acceptors

The redox characteristics of the trimers will determine
the limits of their utility in anti-corrosion applications, and
therefore must be assessed. The effectiveness of a particular
donor or acceptor can be assessed by computation (in default
of experimental determination) of the IP or EA. Thesmaller
the IP, the better the donor. Similarly, for acceptors,smaller
the EA (which would mean a more negative enthalpy), better
the acceptor.

Koopmans’ theorem[17] is often used to estimate the
ionization potential of an electron donor, by the approx-
imation that IP = −εHOMO. Hoffmann et al.[30] have
shown that this approximation is often very poor for hy-
brid density functionals like B3LYP, though it is better for
Hartree–Fock. Similarly, estimations of electron affinity by
examination of orbital eigenvalues are often misleading,
since Hartree–Fock has HOMO–LUMO gaps that are much
too large, and “pure” density functionals (those without any
contribution of Hartree–Fock exchange) have gaps that are
too small. By either coincidence or design, hybrid function-
als like B3LYP are usually within 0.2 eV of the true value of
the band gap. The LUMO energy (B3LYP) for both TCNE
and TCNQ is∼−2.02 eV, which implies that they are equally

1 Note that several sources use aminus sign in this equation. This
is because the electron affinity is defined somewhat differently. The
convention used here is to allow comparison with experimental IPs and
EAs as listed in reference[35].
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Fig. 3. Frontier orbitals of aniline trimers compared to TTF, TCNE, and TCNQ. Orbital eigenvalues calculated at B3LYP/6-311G(2d,p) on B3LYP/6-31G
optimized geometries for the trimers, and B3LYP/6-31G geometries for the others. Occupied orbitals are solid lines, unoccupied orbitals are dashedlines.

strong electron acceptors. However, TCNQ is a stronger ac-
ceptor and stronger oxidizing agent than TCNE, and this is
correctly found by the method used in this paper.

Previous calculations and experiments[6d] have demon-
strated that EB is an even more effective electron donor than
the prototypical organic donor (TTF). Calculations also sug-
gest that3ES2 should be an even more effective electron ac-
ceptor than acceptor than TCNE or TCNQ. Calculating the
IPs and EAs[31–33]:

TTF → TTF+1 + e−1, �H = +143.88 kcal mol−1

(6.24 eV)

EB → EB+1 + e−1, �H = +133.91 kcal mol−1

TCNE+ e−1 → TCNE−1, �H = −75.56 kcal mol−1

(−3.28 eV)

TCNQ+ e−1 → TCNQ−1, �H = −82.09 kcal mol−1

(−3.56 eV)
3ES2 + e−1 →2 ES−1

2 , �H = −87.71 kcal mol−1

ES1 is a more effective electron acceptor than EB, and
3ES2 is the best acceptor of all the emeraldines. It is suffi-
ciently strong to form a charge transfer complex with EB, so
long as they are at least as close as 7.1 Å (where�HCT = 0):

EB +3 ES2 → EB+1 +2 ES−1
2 ,

�H0 = +46.2 kcal mol−1, �HCT = −36.0 kcal mol−1

The equilibrium concentration of each salt vis-à-vis the free
base is also affected by the reaction

ES1 + ES1 → EB+1 +2 ES−1
2 ,

�H0 = +62.6 kcal mol−1, �HCT = −20.22 kcal mol−1

rate-limited by the diffusion of HCl through the matrix. This
reaction tends to maximize the concentration of the dihy-
drochloride salt.

Emeraldine trimer in the base form3a, b, (EB) is an
effective donor, but a relatively poor acceptor, such that, even
at a distance of 4 Å, disproportionation of EB is strongly
endergonic.

2 EB → EB+ + EB−1, �H0 = +101.2 kcal mol−1,

Keq = 3.3 × 10−14, �HCT = +18.4 kcal mol−1

for the forward reaction. The�H0’s for all the emeraldine
forms are summarized inScheme 1.

3.4. Anodic and cathodic reactions of corrosion

To assess corrosion, a trimer/metal model must be exam-
ined. Surface iron, modeled as a high spin five atom clus-
ter (Table 3), is a weaker electron donor than EB[34], yet
the reaction with3ES2 is still exergonic at 4.0 Å. Therefore,
while the reaction isfavorable for an atom of iron on the
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Fig. 4. Frontier orbitals of aniline trimers, calculated at B3LYP/6-311G(2d,p) on B3LYP/6-31G optimized geometries. Occupied orbitals are solid lines,
unoccupied orbitals are dashed lines.

surface with a molecule of3ES2 at the interface, it isunfa-
vorable if it involves a reactantnot at the interface.

11Fe5 +3 ES2 →9 Fe+1
5 +2 ES−1

2 ,

�H0 = +82.29 kcal mol−1, �HCT = −0.53 kcal mol−1

As, for example, with a iron atom in the bulk, or an3ES2
several layers from the interface (wherer 	 4 Å). Here, this
reaction is used to represent the local environment, while
ignoring long-ranged effects. Once this complex has formed,
the substantial coulomb attraction of the cation for the anion
will assist in the adhesion of the protective coating to the
surface. A similar reaction of polyaniline with iron has been

Table 3
Spin energies of Fe clusters

Multiplicity Ea

1 −611.823992
3 −612.087239
5 −612.172014
7 −612.176898
9 −612.263386

11 −612.568867

a Energies calculated at UHF/LANDL2DZ, except for singlet at
RHF/LANL2DZ.

reported.[35b] The 2ES−1
2 will furthermore, by virtue of

its negative charge, repel chloride ions, which are known
to anti-passivate iron surfaces[36]. Aluminum [34], though
a slightly poorer donator than EB, is a better donator than
iron. Therefore, charge transfer will be favored from the
aluminum surface to the trimer coating (Table 4).

The reduction of O2 and O−1
2 ;

O2 + e−1 → O−1
2 , �H0 = +7.55 kcal mol−1 (step 1)

O−1
2 + e−1 → O−2

2 , �H0 = +221.68 kcal mol−1

(step 2)

(or an equivalent pathway via hydrogen peroxide) are im-
portant cathodic reactions of corrosion; they effectively

Table 4
Energies of adsorption of aniline trimer derivatives on Al(1 0 0) and
Fe(1 0 0) clusters

Al(1 0 0)a Fe(1 0 0)a

Leucoemeraldine −416.41 −1833.07
Emeraldine −472.28 −1836.70
Pernigraniline −522.28 −2089.07
Emeraldine hydrochloride −549.32 −2099.90
Emeraldine dihydrochloride −629.84 −2171.42

a Energies (in kcal mol−1) as computed using ZINDO/1. No correction
was made for zero-point energies.
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Fig. 5. Frontier orbitals of aniline trimers compared to Al and Fe clusters. Orbital eigenvalues calculated at B3LYP/6-311G(2d,p) on B3LYP/6-31G optimized
geometries for the aniline trimers, at B3LYP/6-311G(2d,p) on a constrained crystallographic Al(1 0 0) cluster for aluminum, and at UHF/LANL2DZ on
a constrained crystallographic Fe(1 0 0) cluster for iron. Occupied orbitals are solid lines, unoccupied orbitals are dashed lines.

Fig. 6. Molecular structure of emeraldine dihydrochloride absorbed on: (a) Al(1 0 0) and (b) Fe(1 0 0), as calculated by optimization by ZINDO/1, with
each surface constrained to crystallographic coordinates. Color code as inFig. 2, with the constrained surface the two layers of white spheres in the
bottom of each graphic.
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Scheme 1. Thermochemical cycle.

constitute a competing charge transfer process. Since step
(2) is the rate-determining step, the most significant impact
on the cathodic corrosion current comes from attenuation
of this step. The ET steps depend on both the distance and
the dielectric of the medium. But why do metal surfaces
corrode in water, if water has such a large dielectric con-
stant? As, because when the distance is∼0 (physisorption
of oxygen onto the surface), there are essentiallyno solvent
molecules between the donor and the acceptor to minimize
the favorable coulomb work term.

3.5. Polarizability and the dielectric constant

Real materials involve multiple deposition of trimer onto
metal. If we want to analyze electron transfer through mul-
tiple layers of trimer, we need to account for the effec-
tive dielectric of the medium, whose effect (as seen in the
Rehm–Weller equation) is to decrease the magnitude of the
coulombic term. If the dielectric becomes large enough, the
coulomb term tends to zero. The dielectric constantε is cal-
culated from the Clausius–Mossotti equation

(ε − 1)(ε + 2)−1 = ρPmM−1 (3)

wherePm is the molar polarizability (Table 1), ρ the density,
andM is the molecular weight.

The polarizability of a molecule is described by a
three-dimensional symmetric tensor. If the trimer is so ar-
ranged that the central ring is parallel to thexy-plane, and
thex-axis runs through the central ring from imine nitrogen
to imine nitrogen, the tensor component�zz would apply
to electron transfer normal to the central ring. This is the
situation if the trimer is absorbed interfacially upon the
metal surface. The computed effective dielectric constants
are sufficiently close to 1.0 in thezz direction to justify the
use of a vacuum permittivity for ET from the surface. In the
other directions, the molar polarizabilities are much larger,
so much so that in thexx direction,Eq. (3) diverges. This
suggests that novel ET phenomena might be investigated
by exploiting the large anisotropy of the polarizability.

One can compare the effectiveness of ES as a dielectric
with that of the typical coatings[37–39]. Benzene has a di-
electric constant of∼2.4, whereas glass ranges from 5–10.
Therefore, it appears that ES is not a substantial improve-
ment over other materials that might be used, though it is
much better than a simple organic like benzene. Neverthe-
less, the naturally occurring passive layer that forms on iron
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(and steel), is a hydrated iron oxide polymer, of variable
composition. It is likely that the addition dielectric effect
(ε = 78.5) of the bound water is a component of the superior
passivation of the “giant polymeric oxide” as compared to
�-Fe2O3. It is known that hydrogen-bonding interactions are
important in PAni, and it is likely that such interactions are
an important reason why aniline trimers offer superior cor-
rosion to PAni. Each PAni chain has equal number of amine
(hydrogen-donor) and imine (hydrogen-acceptor) nitrogens,
as does each aniline trimer. The imines are unavailable for
hydrogen bonding, since they are already bound to hydrogen
chloride. The principal difference between the trimer and the
polymer, is that in the polymer, each amine nitrogen hasone
hydrogen available for donation, whereas each trimer amine
nitrogen hastwo hydrogens available. Nevertheless, in the
calculations in this work, the effect of hydrogen-bound wa-
ter on the dielectric constant of aniline trimers is ignored.

3.6. Adsorption of trimers on aluminum and iron

The idealized absorption geometry of5 is somewhat un-
realistic. To obtain a more accurate geometry of absorption,
the various aniline trimers were optimized on each of the
Fe(1 0 0) and Al(1 0 0) surfaces, where the extended surfaces
were modeled by a 28 atom cluster (Fig. 6). Though the
calculated energies of absorption are probably greatly exag-
gerated, the general trends suggest that the moreoxidized
the trimer, thestronger the binding to the surface. Chemical
bonding interactions are probably not negligible, as assumed
in the simple charge transfer model described above. Using
the same geometry as optimized by ZINDO/1 for5, but a
more truncated 8 atom surface model cluster, we calculated
the single point energy of the assembly at B3LYP/6-31G+.
The sum of the partial charges on the aluminum atoms∼1,
which indicates that there is a net loss of one electron from
the aluminum surface to5.

This calculation also provides an estimate forV, the elec-
tronic coupling between the surface and the trimer during
charge transfer.V was estimated[40] as one-half of the
difference between the eigenvalues of the HOMO and the
HOMO-1. SinceV ∼ 9.4 kcal mol−1 for the aluminum sur-
face with 5, V 	 kBT , which confirms that the electron
transfer reaction is strongly adiabatic. For the reaction on
the iron surface,V ∼ 9.7 kcal mol−1. For electron transfer
between2a and5, V = 1.9 kcal mol−1, but for transfer be-
tween5 and5, V is only 0.4 kcal mol−1, which is less than
kBT, so it is non-adiabatic.

3.7. Effect of oxide layers and defects

The model herein presented is still somewhat too
simple-minded in that it ignores the ubiquitous oxide lay-
ers. While it should be possible to clean an iron surface
and deposit a coating of organic with minimal formation of
iron oxide (due to kinetic factors), it is certainly impossi-
ble to say the same for aluminum. In what ways will the

oxide coating affect electron transfer? The first effect can
be estimated by modeling the oxide as a simple dielectric
medium. If the oxide is hematite (�-Fe2O3), ε = 25.0; if it
is goethite (�-FeOOH),ε = 11.7 [41]. If magnetite (Fe3O4)
has formed, the surface, at least in the magnetite region,
can not be modeled as a dielectric at all, since magnetite is
conductive. Corundum (�-Al2O3) has a dielectric constant
of 10.43. The Marcus theory derived rate constants below
can be corrected by assuming two electron transfers, the
first from the metal to the polymer through the oxide, and
the second from the oxide–polymer interface to the surface,
through the polymer. An accurate calculation is dependent
on knowledge of the oxide layer thickness.

There is also a difficulty that the ZINDO/1 calculation in-
volves the binding of oligomer to the metal surfaces, when
in fact it is most likely to be binding to an oxide layer.
Fortunately,�-Fe2O3 (at least 0001) is iron-terminated, and
�-Al2O3 is aluminum-terminated[41]. Therefore, at the in-
terface, within the accuracy of a semi-empirical calculation,
the calculated geometries of the oligomers might be expected
to not change substantially from what they would be on an
oxide layer.

A final difficulty of the proposed model is that the effects
of defects are not specifically addressed. Frequently in catal-
ysis, essentially all the reactions take place at defect sites.
We suspect that the effect of defects in the binding of ani-
line oligomers to the metal surface is minimized by the very
large surface area of the oligomer, which essentially inter-
acts with a large “generalized” area of the surface, whose
effects can be reliably modeled as an average of defect and
non-defect sites.

3.8. Calculation of electron transfer rates

We calculate the free energy of activation of electron
transfer�G∗ (in the case of strong coupling) by[42]

�G∗ = 0.25λ − V + V 2λ−1 (4)

and by

�G∗ = 1
2λ (5)

for the nonadiabatic case. Then the rate of electron transfer
is

kET = kBT h−1 exp

(−�G∗

RT

)
. (6)

The internal reorganization of the reactantsλin was com-
puted by the CNG (cation in neutral geometry) method
[43,44].

λin = �H{c0} − �H{c+1} + �H{n+1} − �H{n0} (7)

where �H{c+1} is the enthalpy of the optimized cation,
�H{n0} the enthalpy of the optimized neutral molecule,
�H{c0} the enthalpy of the neutral in the optimized geom-
etry of the cation, and�H{n+1} the enthalpy of the cation
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in the optimized geometry of the neutral molecule. We find,
λin = 9.5 kcal for2a.

Similarly, for an anion,

λin = �H{a0} − �H{a−1} + �H{n−1} − �H{n0} (8)

where �H{a−1} is the enthalpy of the optimizedanion,
�H{n0} the enthalpy of the optimized neutral molecule,
�H{a0} the enthalpy of the neutral in the optimized geom-
etry of theanion, and�H{a−1} the enthalpy of theanion
in the optimized geometry of the neutral molecule. For5,
we get,λin = 7.8 kcal mol−1. Since we chosen to calculate
the IPs of the metal clusters with fixed crystallographic co-
ordinates, we setλin = 0 for the clusters.

In the case of electron transfer from2ES−1
2 (call it

molecule, a), to3ES2 (molecule, b), the products are3ES2
(molecule, a) and2ES−1

2 (molecule b). There is no internal
reorganization since the effect of the reaction is simply a
renaming of the two molecules. There is also no coulomb
work term. The energy of energy of activation for ET is de-
termined solely by the outer (solvent) reorganization term.

The outer (solvent) reorganization energy is

λout = q2g(r, d)γ (9)

whereq is the electron charge,g(r, d) the distance between
the ions, andγ the solvent parameter.g(r, d) is approximated
by the expression [(2rA)−1 + (2rB)−1 − d−1] with rA, rB
being the radii of ions, andd the distance between the two
redox centers. Since the surface is essential non-solvated,
solvent reorganization effects are dominated by the elec-
tronic double layer. At the limit of the transfer of a single
electron, the effect should be vanishingly small. We set the
(2rA)−1 term equal to zero, effectively making the “radius”
of the surface infinitely large. For the radius of either EB
or 3ES2, we note that, in thez direction, the distance across
the molecule is 1.5 Å, so we set the “radius” to 0.75 Å. An-
other technique would have been to calculate the molecular
volume (1028.47 Å3 for 3ES2 by the ChemPlus add-on to
HyperChem), and then, making the assumption that the ion
is spherical, calculate the radius. This method yields a ra-
dius of 9.2 Å, which is twice as large as the distance, thereby
makingg(r, d) negative. We therefore set the radius to 0.75 Å
as a more reasonable solution.

γ = (εopt)
−1 − (εa)

−1 (10)

Usually,εopt is the square of the refractive indexnD. Since
nD is unknown for the aniline trimers, we estimate it as the
nD of aniline (1.5824)[45].

The total reorganization energy of ET isλ = λin +λout+
λso, whereλso is a spin-orbital coupling term, which is likely
to be insignificant for the trimers themselves and for alu-
minum, but could become important for iron. In this paper,
spin-orbit coupling is considered to be insignificant in com-
parison with the very large electronic coupling.

ET from the surfaces to the trimers is ultra-fast (Table 5).
This is a consequence of the very strong coupling, and

Table 5
Marcus parameters for aniline trimers

Donor Acceptor Va λin
a λout

a G∗a kET
b

Al 3ES2 9.4 7.8 0.00 3.88 9.4× 1010

9.4 7.8 27.02 1.88 2.6× 1012

Fe 3ES2 9.7 7.8 0.00 4.31 4.7× 1010

9.7 7.8 27.02 1.75 3.4× 1012

EB 3ES2 1.9 17.3 0.00 2.63 7.7× 1011

1.9 17.3 70.26 20.03 2.0× 10−1

3ES2
3ES2 0.4 0.0 0.00 0.00 6.2× 1012

0.4 0.0 70.26 17.57 1.3× 10−1

a kcal mol−1.
b s−1.

the modest size of the reorganization energy. Experimen-
tal studies on intervalence charge-transfer complexes, simi-
larly composed of aniline units, found equivalent rates[40].
Rates of ET are much faster from the metal surfaces to the
trimer, than from one trimer to another. This is, in essence,
one method of minimization of theactive cathodic current.
Another way to think of this is to consider the trimer layer
as anelectron buffer.

The passive corrosion current, the net migration of the
positively charged ferrous/ferric ion through the polymer
overlayer, is inhibited by the negative charge on the poly-
mer molecules. (Theactive corrosion current is inhibited
by the barrier effect, and by the electrochemical effects on
the cathodic and anodic reactions.) This negative charge

Scheme 2. Electron transfer between surface and trimers.
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Scheme 3. Electron transfer among surface, oxide layer, and trimers.

will eventually “leak” out to oxygen dissolved in the so-
lution. The rate of this leakage will be dependant on the
concentration of oxygen in the solution, which will itself
depend upon, among other things, temperature (Hadley’s
law). The leakage of electrons will reoxidize2ES−1

2 to 3ES2
(Schemes 2 and 3). This effect has been investigated at
elevated temperatures in air[35b], where the concentration
of O2 is, of course, much higher than in solution.

The primary effect of pH will be on the equilibrium con-
centration of ES2 versus EB. At higher pH, attack by OH−1

will displace Cl−1, to form a hydrogen-bound complex of
EB and water, which is ineffective at corrosion inhibition,
because of the poorer electron accepting properties of EB.
This accounts for the superior inhibition performance of both
PAni and the trimer in acid media, as compared to neutral
or alkaline media. While there are certain pH effects in the
free energy change of the reduction of dioxygen (the proto-
nation of O−2

2 to form H2O2), these effects are expected to
be essentially the same for all organic protective coatings.

4. Conclusions

The calculation of thermochemical properties of aniline
trimers in various oxidation states, in conjunction with simi-
lar calculations on cluster models of iron and aluminum sur-
faces, has shown that the emeraldine dihydrochloride is the
most effective form for corrosion inhibition. The transfer of
electrons from the surface to the trimer is energetically favor-
able (and kinetically fast) at the trimer/surface interface. The

oxidized metal atoms at the surface are inhibited from disso-
lution by the coulombic interaction with the trimer layer. As
charge builds up at the polymer interface, it migratesvery
slowly toward the trimer/air or trimer/water interface. The
electrons are eventually transferred to dioxygen; though this
reaction is energetically unfavored, the high relative concen-
tration of oxygen at the trimer boundary drives the reaction.
The reaction is made even more thermodynamically unfa-
vored by the dielectric effect of the trimer, which minimizes
the favorable coulomb term. Thus, a model for corrosion
inhibition by aniline trimers, based on the analysis of both
equilibrium (thermodynamics and potentials) andrate (ki-
netics), is advanced with the support of density functional
theory (DFT).
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