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Elucidating the Mode of Action of a Corrosion Inhibitor for Iron
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Abstract: Two polymetallic iron(i1)
complexes 1 and 2 have been synthes-
ised from the known corrosion inhibitor
3-(4-methylbenzoyl)-propionic acid HL!
and their crystal structures determined.

mode of action involves 1,3-bridging
didentate coordination of the carboxy-
late function of L' to two Fe ions,
hydrogen-bond formation between the
4-keto group of L! and a bridging surface

hydroxy group, as well as close packing
of the aromatic end groups, which
should generate a hydrophobic barrier
on the surface. Adsorption isotherm
experiments have been used to compare

Coordination geometries extracted from
these structures have been used as the
basis for molecular modelling onto ide-
alised iron(111) oxide surfaces as an aid to
understanding the efficacy of inhibitors

. plexes
of the 4-keto acid type. The proposed

Introduction

The design of ligands to bind strongly to metal oxide surfaces
is likely to involve very different criteria from those needed to
ensure stable complex formation in solution. For the latter
situation, a multidentate ligand (Scheme 1) which defines
most or all of the coordination sites on a single metal ion in a
strain-free, and preferably preorganised form of the ligand,

ﬁ( R
70 —
/__(
CN”I“..M.“\\\\O HO\M/X\M/X\M/X\M/OH
Nf'l‘o o~ Yo7 Mo Mo o
|
%(_QO o
(o)

sequestering polynucleating

Scheme 1. Diagram showing the difference between a ligand designed to
address one metal ion (sequestering) or several metal ions in a surface array
(polynucleating).
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the strengths of binding of related car-
boxylic acids onto iron(i) oxide surfa-
ces and indicate that the presence of the
4-keto function leads to the formation of
significantly more stable surface com-
plexes.

molec-

will give high thermodynamic stability on both enthalpic and
entropic grounds and thus lead to encapsulation of the metal
ion. Such an approach cannot be used to design a good surface
ligand because many of the coordination sites of surface metal
ions are imbedded in the oxide substructure. To enhance the
strength of binding in such a system it will be beneficial to use
a sufficiently rigid multidentate, polynucleating ligand that
will address as many metal ions as possible in the surface array
but not lead to sequestration of the metal into solution.
Formation of such a polynuclear complex with an unstrained
form of the ligand will be associated with favourable free
energy terms similar to those of the chelate or macrocyclic
effect.l!]

Modification of surface properties to generate a range of
useful effects has been approached? by functionalising the
polynucleating ligand. Whilst such an approach has been
demonstrably effective in “surface engineering”, there have
been few studies to define the nature of complexes formed at
the metal(oxide) surfaces. Herein we consider the mode of
action of a known corrosion inhibitor for iron and a range of
structurally related molecules in an attempt to establish
whether efficacy can be related to complex formation at the
oxidised metal surface.

The protection of metal surfaces against wear and corrosion
is an important area of industrial application.! In the case of
steel, metallic pretreatments incorporating chromium(vi®
and other metalsP! have proved effective in reducing the
activity of the surfaces. However, the potential carcinogenic
and ecotoxic hazards posed by solutions of chromium(vi)
employed in the manufacturing process have led to a greater
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impetus for their replacement by more benign substances.® 7!
Surface treatments based on organic ligands have demon-
strated a range of desired effects including adhesion promo-
tion, corrosion resistance, antiwear and mould-release proper-
ties.’l Therefore, by suitable design, a particular organic
ligand should be able to supply the desired surface effect
without the ecological risk associated with heavy metal
treatments. The corrosion inhibitor for iron, 3-(4-methylben-
zoyl)-propionic acid, HL' (Scheme 2), produced by Ciba
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Scheme 2. Structures of the ligands HL!, HL? and HL3.

Specialty Chemicals for use in water-borne coatings, meets
this criterion. Testing of this compound and the related
derivatives HL? and HL? has shown® that the presence of
both the methyl group in the para position of the aromatic
ring and the carbonyl group gives rise to a greater effective-
ness as a corrosion inhibitor in protective coatings. An
understanding of the mode of action of such an inhibitor on
the iron oxide surface will facilitate the design of more
effective anticorrosion agents. In practice, obtaining such an
understanding under the conditions of use of the corrosion
inhibitor is an extremely difficult task. Most surface-analytical
techniques give a wealth of information concerning compo-
sition, but few can supply de-
tails of surface structure, and
hence of the binding mode of
the ligand to the metal. This
information, and in particular a
knowledge of the types and
structures of complexes formed
at the metal(oxide) surface, will
be needed for rational design of
surface ligands. In order to
acquire this information, use
can be made of the tools avail-
able to the inorganic chemist,
such as the preparation of metal
complexes and their study by
single-crystal X-ray diffraction.
In a preliminary communica-
tion? we described an ap-
proach to this complex problem
based on the synthesis and
structural characterisation of
polynuclear iron(irr) complexes
of known corrosion inhibitors
(for example, HL') and the use
of the defined structural motifs
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to model potential binding sites on iron(i11) oxide surfaces. We
now report fully our earlier work and present further evidence
in the form of adsorption isotherm studies that support our
model for the mode of action of HL.

Results and Discussion

Synthesis and structures: Central to the understanding of how
ligands may bind to metal oxide surfaces is knowledge of their
metal coordination chemistry. X-ray structure determinations
of polynuclear complexes formed from solution can provide
an understanding of how the ligands address the coordination
requirements of the metal. Relating these requirements to the
situation of addressing an array of metal ions in an oxide
surface can provide insight into how ligands such as HL!
achieve their remarkable surface-protective qualities. To this
end we have prepared and characterised a number of
polynuclear iron(ir) complexes of HL!. Two of relevance to
this work are described below. The synthesis of these
complexes is based on methods previously reported!'® !l by
Lippard and co-workers.

Reaction of hydrated iron(i11) nitrate with one equivalent of
Na(L!) and two equivalents of sodium methoxide in methanol
gave a yellow powder that was analysed to be Fe(L')(OCHs),.
Slow diffusion of methanol into a solution of this powder in
DMF yielded yellow needles that were suitable for X-ray
single-crystal diffraction. Structure solution and refinement
showed the complex to be a decanuclear “ferric wheel” of
formula [Fe(OCH;),(LY)],, (1) (Figure 1). The structure
consists of a centrosymmetric ring of ten iron(ir) atoms held
together by twenty u,-methoxide ligands and ten 1,3-bridging
carboxylate ligands. Each iron(ii) atom is surrounded by six
oxygen donors in a slightly distorted octahedral geometry.

Figure 1. The structure of 1 in the crystal, showing the bonding of the carboxylate head-group to the Fe centres,
and the non-involvement of the ketone function of L. (Fe: green; O: red; C: grey; H: light brown. These colours
are also used in Figures 2, 4,7, 8, 9, and 10.) Bond length ranges [A]: Fe—O(methoxide) 1.962 —2.000, Fe—O(L')
2.004 -2.064 (esd 0.012). Bond angle ranges [°]: cis at Fe, 77.3-99.9; trans at Fe, 168.0—175.5 (esd 0.5).
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The iron—oxygen bond lengths are typical and, except for its
aesthetic appeal, the structure is unremarkable because
similar decanuclear iron(ii1) wheels have been reported with
both chloroacetatel'”! and acetatel'? ligands in preparations
that also used methanol as the solvent. In this work we found
that to prepare polynuclear complexes other than 1, the use of
methanol in all stages of complex preparation and purification
had to be avoided. In contrast to the ligands employed in these
earlier reports, L! has the possibility of further interaction
with the iron(ii) centres through the carbonyl oxygen of the
keto function, but, in the case of 1, this potential is not realised
and the ligand is merely dinucleating, spanning the apical sites
of two edge-shared pseudo-octahedral iron(ii1) atoms.

The function of the keto carbonyl group of HL!, in its role as
a corrosion inhibitor, was hinted at from the structural
determination of a second complex formed between iron(i1)
and L' Treatment of a solution of Na(L') in water with an
aqueous solution of iron(i) nitrate (0.43 equivalents) afford-
ed a light orange powder. The material was analysed as the
trinuclear species [Fe;(O)(L")s(H,0);] - L' and its identity was
supported by FAB mass spectrometric measurements. Several
oxo-centred trinuclear iron(i1r) complexes have been reported
in the literature with carboxylatel'3l and other ligands!" and
many have been crystallised."”! Diffusion of diethyl ether
vapour into a solution of the orange powder in acetonitrile
afforded orange —brown crystals in very low yield which were
suitable for X-ray diffraction. Structure determination and
refinement indicated that hydrolytic oligomerisation of the
oxo-centred trimer had occurred, resulting in an undecanu-
clear cage of formula [Fe;;(O)s(OH)s(L");s] (2) (Figure 2).
Oligomerisations of this nature have been described in the
literature. The formation of a similar undecanuclear iron(i1)
cage containing benzoate ligands has been ascribed!"! to
hydrolytic oligomerisation of dinuclear {Fe,O}*" units, whilst
the fusion of two of these undecanuclear iron(i) benzoate
complexes into a heptadecanuclear complex has been sug-
gested['¥] to involve the loss of {Fe;O}™* fragments.

The structure of 2 is more complex than that of 1 and can be
described as a distorted trigonal prism (defined by Fe3, Fe4,
Fe6, Fe7, Fe9 and Fel0) with two iron atoms (Fel and Fe2)
capping the triangular faces and three iron atoms (Fe5, Fe8
and Fell) capping the rectangular faces. Holding the metal
cluster together are six uj-oxide ions lying within the
polyhedron, and six u;-hydroxide ions lying on its surface
diagonally spanning the square faces with —-OH-Fe - OH—
bridges. The u;-oxide ions bridge between one iron on a
vertex, one capping a triangular face and one capping a square
face (for example, Fe2, Fe9 and Fell), whereas the us-
hydroxide ions bridge two metal atoms at the vertices and one
capping a rectangular face (such as Fe9, FelO and Fell).
Completing the coordination requirements of the iron(i11) ions
are the carboxylate oxygen atoms of fifteen L! ligands that
each span pairs of adjacent edge-sharing pseudo-octahedral
iron atoms. The iron —oxygen(oxido) bond lengths are much
shorter (av 1.909(17) A) than the iron—oxygen(hydroxido)
bond lengths (av 2.096(40) A), which allows clear distinction
between these two ligand types. In complex 2, as in 1, L! binds
to adjacent iron(irl) atoms through its carboxylate function in
a 1,3-bridging mode. Although the 3-keto oxygen atoms of L!
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Figure 2. The structure of 2 in the crystal, viewed along the pseudo-
trigonal axis of the metal polyhedron. The organic tail group of eleven of
the L! ligands is excluded for clarity. The four L! ligands depicted have
hydrogen bonds, shown as dotted lines, to hydroxides bridging the metal
core. Bond length ranges [A]: Fe—O(oxide) 1.878 —1.941, Fe—O(hydroxide)
2.049-2.176, Fe—O(L") 1.936-2.158 (esd 0.008). Bond angle ranges [°]: cis
at Fe, 75.9-109.3; trans at Fe, 154.6—-177.4 (esd 0.3).

ligands are not coordinated to metal ions in 2, they act as
hydrogen-bond acceptors for four of the six #;-hydroxide ions
on the surface of the iron(in)—oxo cluster (Figure 2). The
reason why two of the six bridging hydroxide ions are not
involved in a similar interaction with a nearby L! ligand is
unclear; they are however hydrogen-bonded to solvent (not
shown).

The change in stretching frequency of the carbonyl group of
L! upon hydrogen bonding to the bridging hydroxide of the
metal cluster in 2 is clearly evident in the Raman spectrum
(Figure 3). Four of the fifteen L! ligands in 2 are engaged in
hydrogen bonding with the cluster, which results in an
asymmetric doublet for the v(C—O) vibrational mode. The
frequency of vibration of the hydrogen-bonded carbonyl
group would be expected to be lower than that of the non-
interacting carbonyl groups, and this is evident in the
spectrum. The higher frequency peak, located at 1685 cm™!
in 2, matches closely that of the cyclic complex 1, where the
ten L' ligands are equivalent and a single peak for the
carbonyl stretching vibration is expected, as well as the
carbonyl vibration in the spectrum of uncomplexed HL!
(1684 cm™1).

Three of the four L! molecules that are hydrogen-bonded to
the surface of the cluster have very similar geometries
(Figure 4), and the associated Fe,(OH)L! unit can be consid-
ered as a potential model for docking on to the surfaces of
known iron(iir) oxides (see below). The 1,3-bridging carbox-
ylate group has a geometry similar to that in the non-
hydrogen-bonded ligands and to that observed for L! in the
decanuclear complex 1 (Table 1).

The combination of the conventional dinucleating mode of
coordination of the carboxylate group with the secondary
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Adsorption isotherms: In order
to investigate the effects of
structural changes in HL' on
its ability to bind to an iron
oxide surface we have conduct-
ed solution adsorption isotherm
experiments. The adsorbent
chosen was a pigmentary iron-
() oxide purchased from
Bayer AG. The oxide was iden-
tified by X-ray powder diffrac-
tion to be goethite (a-FeO-
(OH)). Solutions of HL!, HL?
and HL? in methanol/water
(95:5 v/v), with concentrations
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Figure 3. Raman spectra of a) complex 1 and b) complex 2, showing the splitting of the carbonyl stretching

frequency in the latter complex. The intensity axes have arbitrary units.

Figure 4. The conformation of the hydrogen-bonded ligand L' observed in
complex 2 and in models for attachment to the (021) plane of lepidocrocite.
(Hydrogen atoms of L! have been omitted for clarity.)

bonding of the 3-keto group in L! may provide a partial
explanation for its efficacy as a corrosion inhibitor. Evidence
that such a “multisite attachment” to iron(i1) oxides leads to
an increase in strength of binding beyond that for simple
carboxylates was sought by carrying out adsorption isotherm
measurements.

in the range 6.0 x 107> to 3.0 x
103 molL"!, were allowed to
equilibrate at 25 °C with known
amounts of the oxide. Measure-
ment of the concentration of
the remaining ligand in solution
by UV spectroscopy allowed the amount of ligand adsorbed
onto the iron oxide surface to be calculated. Plots of amount
adsorbed versus equilibrium concentration are given in
Figure 5.
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Figure 5. Adsorption isotherms for HL! (e, —), HL? (0, ----) and HL3?
(A, eeee). The lines through the data points represent best fits to the
Langmuir adsorption equation.

Table 1. Selected bond lengths [A] and torsion angles [°] for the ligand L! observed!® in the three unique ligands with a similar gauche conformation at the
methylene —methylene bond in complex 1, in four hydrogen-bonded units in complex 2, and in two models, A and B, for attachment to the (021) plane of

lepidocrocite.

Complex 1 Complex 2[a] Complex 2[b] Complex 2[¢] Complex 2[h] Model A Model B
FeLFe [A] 3.021(5)! 3.132(3) 3.160(3) 3.166(3) 3.015(3) 3.060 3.060
Fe-O [A] 2.032(19)! 2.048(9) 2.050(8) 2.068(8) 2.069(8) 2.015 2.072
Fe—O [A] 2.032(19)! 2.005(9) 2.013(8) 2.009(8) 2.010(8) 2.015 1.935
(C=)0OLO [A] N/A 2.870(12) 2.879(12) 2.908(12) 3.233(12) 2.929 2.86(3)l
C=0OLO(H) [°] N/A 124.4(10) 129.4(10) 126.3(10) 137.5(10) 129.7 143(3)ld
ace [°] 184(3)l 156.0(19) 158.1(8) 158.9(9) 151.4(9) 166.7 177.6
bde [°] —183(3)l —151.5(8) —146.8(9) —149.909) —162.6(8) —166.9 —175.6
cef [°] —161(5) —135.9(12) —139.2(12) —140.9(12) —148.0(12) —1159 —-6.7
def [°] 26(8)ll 45.4(15) 37.2(16) 38.2(16) 30.9(17) 59.7 175.6
efg [°] 67(4)L 58.0(15) 57.7(15) 53.7(16) 52.4(17) 49.4 71.6
fgh [°] 0(8)! —3.8(19) —1.5(17) 4.8(19) —1.6(21) -87 —17.6

[a] The labelling scheme for bonds is shown in Figure 4. [b] Average values with their associated standard deviations, s, for the five crystallographically unique
ligands. [c] Average values with their associated standard deviations, s, for the three unique ligands with gauche conformations at efg. [d] Average values for

three trifurcated hydrogen bonds.
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The data for each ligand can be fitted satisfactorily to a
Langmuir adsorption model [Eq. (1)], where 0 is the fraction

K[HL] na
=—————and 0 =— @

(1 + K[HL)) g
of surface sites occupied, that is, the measured amount of
ligand (n,) adsorbed on the oxide surface divided by the
theoretical amount of ligand (ny) needed to provide mono-
layer coverage, and K is the equilibrium adsorption constant.
The results of curve fitting to this model are given in Table 2
and, along with the raw data, are shown in Figure 5. The
differences between equilibrium adsorption constants (K) for
the ligands, as determined by the fitting procedure (Table 2),
do not appear to be significant whereas examination of

Table 2. Adsorption isotherm constants (standard deviations in parenthe-
ses).

HL! HL? HL
1y 10° [mol g 1] 1.26(2) 1.32(5) 0.87(4)
K 103 [Lmol 1] 1.4(1) 1.1(1) 1.4(1)

Figure 5 clearly reveals that the ligands do exhibit different
binding strengths. The numerical fits have been performed for
all the data points, some of which, it could be argued, should
be discarded as being outside the expected limits of exper-
imental error. For this reason a qualitative description only of
binding strengths will be given, which is based on comparison
of the slopes of the essentially linear portions of the curves
that are to be found at low equilibrium concentrations (less
than 5 x 10~ molL™"). In this region surface coverage is low
and binding strength is proportional to the slope of the
isotherm. In this regard therefore it can be seen that HL! and
HL? follow essentially the same isotherm and have similar
slopes in the concentration region 0 to 5x 10~*molL"},
whereas HL? behaves quite differently and has a lesser slope
in the low concentration region. This indicates that HL! and
HL? have similar adsorption binding strengths that are both
greater than that of HL?. In view of the structural differences
between the three ligands the presence of the keto function in
HL! and HL? must be the cause of the enhanced binding that
is observed with the iron oxide surface over that achieved by
HL?. We suggest that this could be a result of a favourable
hydrogen-bonding interaction between the keto oxygen and a
terminal hydroxide group on the oxide surface.

Despite the clear distinction between hydrogen-bonded
and non-hydrogen-bonded carbonyl groups in the Raman
spectra of 1 and 2 (Figure 3) attempts to probe the interaction
of HL! and HL? directly on the oxide surface by both SERRS
and DRIFT spectroscopy have to date been inconclusive. In
other work,['”l DRIFT spectroscopy has been used to dem-
onstrate the 1,3-bridging mode of coordination of a carbox-
ylate ligand to the surface of goethite.

Within experimental error there is no difference between
the fitted curves for HL' and HL?. This suggests that the
presence or absence of the p-methyl substituent in the
aromatic ring has little or no influence on the adsorption of
the ligands onto this oxide. Such a structural difference
between HL! and HL? would certainly be expected to become

Chem. Eur. J. 2000, 6, No. 8
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important at higher concentration where steric effects be-
tween molecules packing on the surface need to be consid-
ered. For this particular batch of oxide the specific surface
area has been determined by BET methods to be 18.8 m?g~!.
If we assume that monolayer coverage is occurring and we
take into account the value of n,; determined from the fitted
Langmuir equation (1.26 x 10~°> molg™!), we can calculate the
surface area on the oxide occupied by a single molecule of
HL! to be 248 A2 This is approximately five times larger than
the theoretical amount calculated for a single molecule of HL!
bound to an idealised oxide surface (see below) and may
therefore reflect a low density of suitable binding sites per
unit area on the real oxide. With such a large area available to
each individual HL! or HL? molecule the effects of steric
interactions between adjacent ligands are unlikely to be
observed in this experiment.

The efficacy of HL! in protective coatings is adversely
affected by the presence of inorganic anions such as sulfate,
chloride and perchlorate. At pH values below the point of
zero charge, pHy,., (8.1 for goethite®!) the oxide surface will
carry a net positive charge and inorganic anions will be
attracted to the surface where they are able to compete with
the organic inhibitors for binding sites. Isotherm measure-
ments have been used to investigate the competition between
these anions and HL! for surface sites on goethite (Figure 6).
In the presence of perchlorate (0.01 mol L~!) the adsorption of

0 f T T T J
0.0 0.5 1.0 15 20 25
HL] @0 /mail)
Figure 6. Adsorption isotherms for HL! alone (@, ——) and in the presence
of 0.01 molL-' perchlorate (o, ----), chloride (2, eeee) and sulfate

(A, o.o.),

HL! onto goethite does not seem to be affected and the
isotherms for both HL! alone and with added perchlorate are
identical within experimental error. The presence of chloride
(0.01 molL~') however causes the adsorption of HL! to be
significantly reduced, which indicates that chloride is able to
block some of the binding sites on the oxide surface. The
effect of sulfate is even more dramatic with HL! only able to
provide a fraction of its original surface coverage. This
observed order of SO,* > Cl- > CIO,~ as competitors for
displacement of L' agrees with that expected on the grounds
of stability constants'”l of Fe''—anion complexes with per-
chlorate either being non-coordinating or at best forming a
very weak complex. The greater effectiveness of sulfate over
chloride may be aided by the ability of sulfate ion to
coordinate to goethite surfaces in a dinuclear bridging

1411
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model?” thus offering a thermodynamically more stable
surface complex. The order of effectiveness of these inorganic
anions as competitors for surface binding agrees with that
found for promotion of corrosion by electrochemical meas-
urements,?!] illustrating the importance of adsorption phe-
nomena in the protection of metals.

Molecular modelling: An explanation of structure —activity
relationships for the carboxylate ligands L!-L? and evidence
for the “multisite attachment” to iron(i) oxide surfaces was
sought from molecular modelling. The first step was to
compare different iron oxide surfaces and select one for
detailed study. It has been shown that the predominant oxide
formed on lightly corroded iron surfaces is lepidocrocite (y-
FeO(OH)).”2l  Bravais—Friedel - Donnay — Harker theory
predicts? that the {020}, {021} and {110} Miller planes are
responsible for 94 % of the total surface area of lepidocrocite.
Layers coplanar with the (021) plane of lepidocrocite contain
iron(111) and hydroxide ions in a very similar disposition to that
found in 2, namely edge-shared Fe' octahedra, and for this
reason this particular surface orientation was chosen initially
as the model surface over the other two candidates. Depend-
ing on the conditions under which the iron has been corroded,
magnetite and goethite may also be present in rust samples.!
Very similar edge-shared Fe'! octahedra can be identified on
the (001) plane of magnetite and the (110) plane of goethite.

The generation of the model surface requires cleavage of
the lattice and breaking of Fe—O bonds. In order to satisfy the
coordination requirements of the iron and oxide ions left
exposed, the elements of water were added. For each hydroxy
group that was terminally attached to a five-coordinate
surface iron atom, a proton was attached to a surface u;-oxide.

We examined how dinuclear fragments from both 1 and 2,
consisting of L! with two iron(i11) octahedra, could be mapped
onto the generated surface in a periodic way to obtain the best
overlap between the edge-shared octahedra of the fragment
and those identified on the surface cell. One molecule of L!
was attached to each (021) surface cell in an #?> mode,
displacing two terminal surface hydroxy groups. In reality this
process would lead to a build-up of positive charge on the
surface and would be compensated by a corresponding
negative charge in the electric double layer.

The conformation of the ligand L! was allowed to change by
energy minimisation with the Universal force field. The
hydrogen-bonded L! in 2 has a gauche arrangement about the
methylene — methylene bond with a torsion angle efg of about
60° (Figure 4). Such an arrangement should allow hydrogen-
bond formation between the keto oxygen atom of L! and a
bridging hydroxyl ligand in the (021) surface of lepidocrocite.
For this reason the (C=)O --- (H)O distance was restrained to
29A and the C=O---O angle was restrained to 130°.
Resultant structural parameters are shown in Table 1 in the
column headed “model A”. These parameters are very similar
to those found in the four hydrogen-bonded ligands in
complex 2. The energy minimised surface structure (model
A) is shown in Figure 7.

While these modelling results confirm that L' can be
attached to an iron(iil) oxide surface by a combination of
normal coordinate bonds to two iron centres and a hydrogen

1412
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Figure 7. The bonding of a single molecule of L! to the 021 surface of
lepidocrocite by the “multisite attachment” mode found in the complex 2,
with an intramolecular hydrogen bond in the dinuclear unit (model A).
(Bond lengths and torsion angles in the complex are given in Table 1.)

bond to surface hydroxide, they do not rule out other
geometrical arrangements which can also give such “multisite
attachment”.

An alternative mode of attachment is shown in model B
(Figure 8). In this model the keto oxygen atom forms hydro-
gen bonds to hydroxyl units in adjacent rows of iron atoms.
Because of the high density of hydroxyl groups on the surface,
the keto group may be able to interact with several of these at
once. In an energy minimisation similar to that described for
model A but without any geometry restraints, the keto O
atom simultaneously forms three (weak) contacts with surface
hydroxy groups (O---O distances 3.06 A, 3.30 A, 3.40 A).

Figure 8. An alternative “multisite attachment” mode (model B) for
bonding of a single molecule of L! to the (021) surface of lepidocrocite,
involving hydrogen bonding to an array of hydroxy groups adjacent to the
dinuclear unit. (Bond lengths and torsion angles in the complex are given in
Table 1.)
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When distance and angle restraints are applied as defined for
model A, a viable trifurcating arrangement can be identified.

The geometrical parameters for the resultant model B are
contained in Table 1. The major conformational difference
between L! in models A and B is a rotation around bond e
which joins the carboxylate and methylene groups. Respective
values of torsions cef and def differ by approximately 110° in
the two models. All other torsions lie within 10° of parameters
observed in crystal structures. A gauche conformation is
retained between methylene groups in each model. As in
complex 2, an X-ray structure determination of the free ligand
HL! has shown this to adopt a gauche conformation between
the methylene groups in the solid state (Figure 9). This implies
that very little strain energy in the ligand will be involved in
coordinating in either model A or B. It is also apparent that
only minor conformational changes might be required to
provide L' with the ability to interact with up to three
hydrogen-bond donors at once.

r

"j..-—ﬂi.‘..—«:.—u.ﬁ-g*

S

Figure 9. The dimeric structure of the free ligand HL! (aromatic rings
viewed edge-on) showing the gauche conformation in the CH,CH, unit.

The energy-minimised structures for models A and B have
the aromatic ring lying at angles to the metal-oxide surface of
48° and 74°, respectively. Both of these periodic models have
all of the surface binding sites occupied by L! ligands. Very
good surface coverage is obtained with efficient packing
(Figure 10). The area occupied by a single molecule is the

Figure 10. The packing of nine L' ligands on the (021) surface of
lepidocrocite based on the bonding mode found in the structure of 2. For
each L! the carboxylate group is at the bottom left of the molecule as
viewed, and the methyl group is at the top right.
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same in both models and is equal to that of the surface cell,
45 A2 A very hydrophobic surface will result with very few
gaps between the ligand molecules. This should provide a
barrier to aggressive water-borne species such as oxygen and
electrolytes, and hence provide an explanation for the efficacy
as a corrosion inhibitor. The ligand HL? appears to bind
equally strongly to iron(imn) oxide surfaces according to the
isotherm studies, but the lack of para-methyl substituent
results in larger “holes” in the monomolecular surface film
and hence could account for it being inferior® to HL' in
protection of iron surfaces. Other types and positions of
aromatic substitution make it difficult to retain both the
bifunctional mode of attachment of the ligand to the surface
as well as close packing of the aromatic end groups. Of course,
the surface of corroded iron is not composed of just one face
of one oxide, and modelling of HL! onto other candidates
does not provide as good a surface coverage, but it just may be
the case that the presence of HL!, or indeed any surface active
ligand, could influence the nature of the oxide surface that is
formed in such a way as to favour its passivation. This has
been demonstrated in a recent study on the hydrolysis and
oxidation of iron(ir), which has shown that the presence of
sulfate salts leads to pure goethite, whereas chloride salts give
a mixed product of goethite and lepidocrocite.!

It is perhaps particularly significant that the mode of
application of HL! as the anticorrosive Irgacor 419 is in water-
borne polymer coatings. The period involved in the curing and
drying of these coatings will allow access of HL! to the iron
oxide surface and permit reorganisation to form stable
complexes of the types described above. An important feature
of HL! is that it appears to be able to address different binding
sites by the combination of the “classical” coordination bonds
involved in dinuclear complex formation by carboxylates and
secondary bonding of the 3-keto function to surface hydroxy
groups.

These studies have drawn attention to the importance of
ligand-to-surface hydrogen bonding as a method of enhancing
the stability of surface complex formation. The design of
ligands to exploit this and other forms of secondary bonding,
including interligand interactions, is the subject of current
work at Edinburgh.

Experimental Section

The ligands HL!, HL? and HL? were supplied by Ciba Specialty Chemicals
Inc., Basle, Switzerland. All other reagents were of analytical grade and
were used as received.

Preparation of iron(itl) complexes:

Complex 1: A solution of Fe(NO;);-9H,0 (0.93 g, 2.3 mmol) in MeOH
(10 mL) was added to a solution of Na(L!) (0.49 g, 2.3 mmol) in MeOH
(20 mL). NaOCH; (5.0 mmol) in MeOH (5 mL) was added to the resulting
orange-red solution, causing the precipitation of a yellow powder (0.60 g,
85 % ) which was crystallised by the slow diffusion of MeOH into a solution
in DMF to give a small quantity of yellow needles of [Fe(OCHj;),(L") ], 1;
C30H 70Fe0O5: caled: C 50.51, H 5.54; found: C 50.30, H 5.53.

Complex 2: A solution of Fe(NO;);-9H,0 (3.23 g, 8.0 mmol) in H,O
(25 mL) was added to a solution of Na(L') (4.01 g, 18.7 mmol) in H,0O
(75 mL). The resulting light orange powder was collected, washed with
H,O0, and dried under vacuum (3.83 g, 90 % ). This material was identified as
the trinuclear species [Fe;(O)(L')s(H,0);]-L!; C,;HgFe;0,5: caled: C
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Table 3. Crystallographic data for 1, 2, and HL.

1-MeOH
empirical formula C5H,74Fe Os,
M, 3123.2
space group triclinic, P1
a[A] 10.537(4)
b [A] 18.856(6)
c[A] 19.392(7)
a ] 101.23(2)
BI°] 105.36(2)
vl 94.96(2)
V [A3] 3605(2)
Z 1
T[K] 150.0(2)
crystal dimensions [mm] 0.49 x 0.16 x 0.16

u(MoK,,) [mm~!] 1.06

2-C,H,0-3GH,N-0.5H,0 HL!
CizsHig1Fe N3 Osgs C;1H,04

3886.7 192.21

triclinic, P1 monoclinic, P2,/c
19.534(3) 5.837(1)
21.320(11) 5.205(1)
22.821(14) 31.613(9)
83.71(4) 90

74.13(4) 90.75(2)

80.67(3) 9

9000(3) 976.8(4)

2 4

220.0(2) 220.02)

0.39 x 0.27 x 0.12 0.43 x 0.23 x 0.12
0.94 0.095

58.68, H 5.31; found: C 59.69, H 5.23. Slow crystallisation by dissolution in
MeCN and subsequent diffusion of diethyl ether into the solution produced
a tiny amount of orange-brown crystals after several weeks (m.p. 165—
167°C). Characterisation by single-crystal X-ray diffraction identified the
material as [Fe;;(O)s(OH)q(L') 5], 2.

Crystal structure determinations: Data for 1, 2 and HL! were collected with
a Stoe Stadi-4 diffractometer equipped with an Oxford Cryosystems low-
temperature device (Table 3). Absorption corrections were applied with
scan data for 1 (min/max transmission for 1=0.455/0.585). All structures
were solved by direct methods®! and completed by iterative cycles of AF
syntheses and full-matrix, least-squares refinement against F2 (SHELXTL,
Bruker AXS). Hydrogen atoms were included in the structures in
calculated positions, riding on parent C atoms, with U(H) =1.2 U,(C) for
aromatic H atoms and U(H)=15U,(C) for methyl H atoms. For the
structures of 1 and 2, disordered and part-weight solvate molecules were
found in the lattice which were modelled as MeOH in 1, and as Et,0,
MeCN and H,O in 2. No solvent was present in the lattice of HL!. All non-
hydrogen atoms within the cages were refined with anisotropic displace-
ment parameters: for 1, 564 parameters, wR2 = 0.3773 for 9265 unique data
(20 <45°), R1=0.1257 for 3919 observed reflections with F,>40(F),
largest residual peak and hole were respectively 0.596 and —0.589 ¢ A=3;
for 2, 2160 parameters, wR2=0.2501 for 19121 unique data (20 <42°),
R1=0.0872 for 10180 observed reflections with F, > 40(F), largest residual
peak and hole were respectively 0.907 and —0.627 ¢ A-3; for HL!, 130
parameters, wR2 = 0.1600 for 1278 unique data (26 <45°), R1=0.0673 for
555 observed reflections with F, >40(F), largest residual peak and hole
were respectively 0.156 and — 0.206 ¢ A-3. Crystallographic data (excluding
structure factors) for the structures have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication nos.
CCDC-102414, 102415 and 134655 for 1, 2 and HL!, respectively. Copies of
these data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).

Adsorption isotherm measurements: Preweighed quantities of goethite
(0.40 g) in polycarbonate centrifuge tubes were stirred with the desired
concentration of ligand in methanol/water (10 mL, 95:5 v/v) for2 hat 25°C.
For studying the anion effects, tetrabutylammonium perchlorate, chloride,
or hydrogensulfate was added to each tube in order to obtain a 0.01 mol L~!
solution of the anion. The suspensions were centrifuged and filtered, and
the supernatant diluted if necessary, for absorbance measurement by UV
spectrometry at 252, 242 and 213 nm for HL!, HL? and HL?, respectively
(Unicam UV-2 spectrophotometer). The measured absorbance was related
to the concentration of the ligand remaining in solution by reference to
calibration curves. The amount of ligand adsorbed was then calculated
from the difference between initial and final concentration. The data for
each ligand were fitted to the Langmuir adsorption equation (see text) with
Origin V5.0. The calculated equilibrium adsorption constants K and
maximum amounts adsorbed (ny) are given in Table 2.

Molecular modelling: All calculations were performed on a Silicon
Graphics Indigo2 work-station equipped with the Cerius2 molecular
modelling package from MSI. Bravais-Friedel - Donnay — Harker calcu-
lations predicted that for a single crystal of lepidocrocite the surface would
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comprise four sets of Miller planes: {020} (occupying 42.61% of total
surface area); {021} (29.04 % ); {110} (22.83%); {111} (5.52%). No suitable
carboxylate binding sites were found on the (020) plane, therefore
calculations were carried for the (021) plane. The resulting surface cell
had dimensions u =6.52 A, v=751 A, 6=101.8°. The ligand HL' was then
attached to neighbouring ferric sites, with the result that the carbonyl group
came into hydrogen-bonding proximity of a nearby u;-hydroxide. The
surface structures were minimised with the Universal force field. This is not
equipped with hydrogen-bond parameterisation so harmonic restraints
were applied to treat those aspects of the structure. The tolyl group (with
the exception of methyl H atoms) could be treated as a rigid body since
crystal structure analyses showed this fragment to be planar. Positional and
lattice parameters of the lepidocrocite were fixed. The retention of two-
dimensional periodicity avoids so-called “edge effects”, with an infinite
number of surface cells implicitly inferred in both the u and v directions.
The force field includes parameterisation for intermolecular contacts, so
the energy minimisation procedure takes into consideration the surface
packing arrangement. Resultant structural parameters are shown in
Table 1.
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