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Zinc-based metal-organic frameworks (MOFs), binary zinc
carboxylates ZnC,C, with C,, and C, = CH3(CH,),_,COO,
have been synthesised and characterised for anti-corrosion
applications. The crystallographic structures of ZnC,,C4 and
ZnC,(,C,¢ were determied from synchrotron powder diffrac-
tion data and refined by the Rietveld method. Protective
coatings on electrogalvanised steel composed of ZnC,Cg
have been developed by formulating a particular “carboxyl-
ating” bath. The ZnC,,C;¢ coating exhibits better anti-cor-
rosion behaviour than the pure Zn(C;4), and Zn(C;,), coat-

ings, according to electrochemical and non-electrochemical
measurements. The crystallographic results and corrosion
measurements demonstrate the great flexibility of the zinc
carboxylate lamellar structures in modifying the insolubility
and hydrophobicity of the protective coatings. In addition,
the conditions for the ZnC,,C;¢ coating process fulfil the
specifications for the surface treatment of zinc. Finally, these
new compounds, which can be easily synthesised in water,
provide a new and environmentally friendly anti-corrosion
treatment for metals.

Introduction

For several years, much work has been focused on the
implementation of a “green” treatment of metals. For this
purpose, the ability of saturated straight-chain aliphatic
monocarboxylates to inhibit the corrosion of Fe, Cu, Mg,
Pb and Zn in aerated solutions has been investigated.l'l The
carboxylate anions, CH5(CH,),, ,COO™ (noted C,,), act as
a converting agent at the metal surface in the presence of
oxidants H,O,, BO5™ or O,. Thus, once a critical concentra-
tion of cations (Fe**, Cu?* or Zn?*) is reached at the metal/
electrolyte interface a metallic soap film grows.

In contrast to research on the use of porous metal—
organic frameworks (MOFs) in catalysis or absorption ap-
plications,? the use of these compounds in anti-corrosion
treatment requires the construction of close-packed MOFs
on the metallic surface. The objective is to synthesise very
insoluble and hydrophobic MOFs.

In the case of zinc, the growth of protective MOFs on
the surface depends on the pH. Thin layers are formed in
neutral or slightly basic media and can be used for the tem-
porary protection of metals during storage for example, or
in the cooling water of heat exchanger equipment. As
proved by several analytical techniques, the protective film
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is formed of a layered zinc hydroxycarboxylate, Zns(C,),-
(OH)g, in the case of a heptanoate compound.®! On the
other hand, both thick and well-crystallised films formed
only of Zn(C,),-based compounds with » = 7 and 10 can
be quickly elaborated in an acidic medium. This acid treat-
ment, called “carboxylating”, appeared to be an effective
and a suitable replacement for phosphating or phosphating/
chromating processes.!

Recently, the crystallographic structures of zinc mono-
carboxylates Zn(C,), with short- and mid-length carbon
chains were solved on the basis of single-crystall® and syn-
chrotron powder diffraction data.’® All the structures are
characterised by a lamellar stacking of polymeric sheets
[Zn(C,),], perpendicular to the longest axis (¢ axis). The
sheets are linked by van der Waals interactions and made
up of a plane of zinc atoms parallel to (001). The ZnO,
tetrahedrons are linked by bidentate and bridging carboxyl-
ates, whereas the distance between the Zn atom planes (also
named interlayer distance d,) varies regularly and depends
on the number of carbon atoms (Figure 1). Thus, the sta-
bility is closely dependent upon the aliphatic chain length,
and this property induces a decrease in the solubility of
the zinc carboxylate [Zn(C,),] as the carbon chain length
increases.

From a chemical engineering viewpoint, saturated fatty
acids HC,, having a high number of carbon atoms are
handicapped by their weak solubility in aqueous baths and
their high melting points. For example, stearic acid HCg
has a melting point of 68 °C. These compounds need to
operate at high temperature, at around 55 °C, in a hydro-
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Figure 1. Interlayer distance dy of Zn(C,), vs. the carbon chain
length (from ref.>-6)),

organic solution containing 60 vol.-% of organic solvent.
These conditions are not readily compatible with industrial
applications of the surface treatment of zinc.

Thus, we have prepared new baths formed of mixtures of
two single carboxylic acids, HC,, and HC,,,, with a composi-
tion corresponding to the eutectic point of the binary dia-
gram!’! in order to use liquid acid baths at a lower carboxyl-
ating treatment temperature, about 45 °C. Moreover, the
existence of intermediate phases in the binary diagrams of
even saturated fatty acids with a formula of H,C,C,, led us
to expect mixed zinc salts. Indeed, 10 binary zinc carboxyl-
ates Zn(C,)»(C,)» 5, (with 18 = n and n' = 10) were syn-
thesised and then characterised by crystallography.

Finally, the coating of a binary zinc carboxylate was per-
formed on a zinc substrate by using the “carboxylating”
process. Its corrosion behaviour was characterised by elec-
trochemical and non-electrochemical measurements and
compared with single zinc carboxylate coatings.

Results

Structural Resolution on Powder

Syntheses engaging two single acids were performed in
aqueous solvent according to reaction (1).

Zn(NO3), + 2x NaC, + 2(1 — x) NaC,, —
Zn(cn)Zx(Cn')Z—Zx +2 Na+ +2 NO37 (1)

x=0.1,03,0.5,0.7, 0.9

For x < 0.5, the XRD pattern of the single zinc carboxyl-
ate with the longest carbon chain is systematically observed,
whereas for x > 0.5 two families of diffraction peaks are
present, one belonging to the XRD pattern of the shorter
carboxylate and the other, attributed to a new compound,
a binary zinc carboxylate.

For x = 0.5, only this new zinc soap was detected, so its
formula could be ZnC,C,, . Two examples of X-ray diffrac-
tion patterns of pure binary zinc carboxylates are shown in
Figure 2 and compared with those of their equivalent single
carboxylates.
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Figure 2. X-ray diffraction patterns of ZnC;yC;4 and ZnC,,C;¢ su-
perimposed on those of the single carboxylates of zinc, Zn(Cyy),,
Zn(Cyy); and Zn(Ce)y.

In all cases, for x = 0.5, the measured interlayer distances
obtained by small-angle X-ray scattering (SAXS) are very
close to those calculated from the arithmetic average of the
single zinc carboxylates (dy; Table 1).

It can be expected that each binary soap layer is formed
of two half layers of the single zinc carboxylates Zn(C,),
and Zn(C,),. Thus, as shown in Figure 3, these 10 binary
zinc carboxylates should also adopt a lamellar crystallo-
graphic organisation, C,—Zn-C,,, with x = 0.5 with the ge-
neral formula Zn(C,)>(C,)>_ 5.

By using the powder XRD data obtained at the Euro-
pean Synchrotron Radiation Facility (ESRF, Grenoble,
France), the crystallographic structures of the two binary
compounds ZnC;,C;4 and ZnC;,C,¢ were completely re-
solved. The first standard peak search with X-cell® permit-
ted the indexation of the two powder patterns in the triclinic
P1 space group, with the following lattice parameters.
ZnCioCia: a = 476, b = 4.78, ¢ = 29.11 A, a = 94.95, § =
95.51, y = 70.69° with FOM (figure of merit) = 1074.
ZnCoCig: a = 4.76, b = 4.78, ¢ = 31.08 A, a = 94.56, § =
94.56, y = 70.94° with FOM = 1211.

Profile matching procedures on the two patterns were
performed successfully and led to good agreement factors
with polarisation resistance R, = 5.6%, Ry, = 7.1, x> = 3.0
for ZnC;oCi4 and R, = 4.6%, R, = 6.5, x> = 1.97 for
ZHC10C16.

The atoms were localised in direct space by ab initio
methods using the FOX program.l The two monocarbox-
ylate chains were introduced as rigid bodies by using the Z-
matrix without H atoms, and the zinc atom was located in
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Table 1. Comparison of the interlayer distances d of single zinc carboxylates Zn(C,), and binary zinc carboxylates ZnC,C, calculated

and measured by SAXS.

n n' do[Zn(C,),]™ do[Zn(C, ), Calculated dy[ZnC,C, ] Measured do[ZnC,C, ]
[A] [A] [A] [A]
10 12 25 29.4 27.20 27.50
10 14 33.9 29.45 29.62
10 16 38.1 31.55 31.53
10 18 42.4 33.70 33.91
12 14 29.4 33.9 31.65 31.78
12 16 38.1 33.75 33.76
12 18 42.4 35.90 36.04
14 16 33.9 38.1 36.00 36.10
14 18 42.4 38.15 38.27
16 18 38.1 42.4 40.25 40.61

[a] From ref.[>
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Figure 3. Hypothetical model of a layered mixed carboxylate

the centre of an oxygen tetrahedron. The excess oxygen
atoms were corrected by the dynamic occupancy option im-
plemented in the FOX program. Then the model proposed
was refined by the Rietveld method using the FULLPROF
software.l'% During the refinement, soft constraints were
applied on the interatomic distances: d(C—C) = 1.54(1) A,
d(C-0) = 1.25(1) A and angles C-C-C 109(1)°, O-C-O
120(1)°. The Rietveld refinement of the two compounds led
to satisfactory agreement factors (Rpue, = 0.11 for each
phase). Data collection and refinement parameters for the
two structures are reported in Table 2.

The observed, calculated and difference patterns of
7ZnC,,C¢ are compared in Figure 4, and fractional coordi-
nates of non-hydrogen atoms are reported in the Support-

ZnC,C,,.

ing Information.

Table 2. Rietveld refinement parameters for ZnC;,C;4 and ZnC,(Cs.

ZnC,,Cyy ZnC,Cis

Empirical formula ZH(C10H1902)(C14H2302) ZH(CI()H]gOz)(C16H3102)
M [gmol ] 459.3 491.3
System triclinic triclinic
Space group Pl Pl
a[A] 4.7802(1) 4.7657(1)
b [A] 4.7797(1) 4.7833(1)
¢ [A] 29.1087(12) 31.0850(4)
a [°] 94.978(3) 93.281(2)
£ 95.445(3) 94.569(2)
7 [°] 70.907(3) 70.940(2)
Volume [A?] 624.57(3) 667.26(2)
D, [gem3)/Z 1.22/1 1.20/1
Wavelength [A] 0.851243(1) 0.851243(1)
Absorption coefficient (ur) 0.88 0.83
Angle range [°] 0.711-25.99 0.33-25.99
No. of points observed 8430 8555
Niep 203 227
R, 0.099 0.080
Ryp 0.154 0.109
Ve 13.6 6.22
Rprage 0.112 0.114

F 0.123 0.10
No. of constraints 32 41
No. of profile parameters 16 8
No. of parameters depending on the intensity 88 94
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Figure 4. Rietveld refinement of ZnC;,Cs.

The two structures are characterised by a stacking of lay-
ers perpendicular to the ¢ axis. The general projections of
the ZnC;(C;4 and ZnC,,C,4 structures along the a axis
show that each layer is made up of a plane of ZnO, tetra-
hedrons with carbon chains C, (C,() and C, (Cy4 or C)
on both sides, as displayed in the Figure 5.
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Figure 5. Projection of the structures of ZnC,C, along the a axis,
with ZnC,,C,4 given as an example.

a)

b)

Figure 6. (a) Projection along the ¢ axis and (b) basic block of the
ZnC,C,; structure, with ZnC;,C 4 given as an example.
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All the tetrahedrons have the same orientation, as in the
structures of the single Zn(C,)), with n even and =10 (Fig-
ure 6a). The ZnO, tetrahedrons are linked by bidentate and
bridging carboxylates with chains of the same length always
parallel to each other. Finally, the layer organisation of
these new crystallographic structures can be described by
the basic block represented in the Figure 6b.

The interatomic distances Zn-O vary from 1.980 to
2.008 A in ZnC,;,C,4 and from 1.953 to 2.006 A in
ZnC,,C . These distances are in agreement with the an-
ionic radii of the atoms reported in the Shannon tables.['!!
The C-C and C-O distances are close to 1.54 and 1.27 A
in the two phases. Selected interatomic distance and angle
values are reported in the Supporting Information.

Coating Synthesis and Characterisation

The carboxylating process was carried out in water/3-
methoxy-3-methyl-1-butanol (MMB) containing the oxidis-
ing agent H,O, and the carboxylic acids. The coatings car-
ried out with the two pure carboxylic acids HC;, and HC ¢
were compared with the coating performed with a mixture
of HC»,/HC,s with a composition of that of the eutectic
point in the binary diagram.

To use a pure carboxylic acid with a long carbon chain
such as HCy4, it was necessary to increase the operating
temperature to 55 °C and the organic solvent content to
solubilise sufficiently the carboxylic acid in the bath. In
contrast, the use of the HC,»,/HC,¢ eutectic mixture, which
is liquid at room temperature, allowed us to operate at
45 °C with a 50:50 vol.-% water/MMB. The operative con-
ditions are summarised in Table 3.

Table 3. Carboxylating process conditions for different bath com-
positions.

Carboxylating bathl® T [HC,JP  Water/MMB XRD analysis
[Cl  [sL] [vol.-%]
HC,, 45 60 50:50 7nC,,
HC,, 5577 40:60 ZnC,;
HC,,/HC¢ 45 4519 50:50 ZnC,Cie

[a] All carboxylating baths contain 5 g of H,O, per L', [b] All
HC,, concentrations correspond to 0.3 molL .

Figure 7 shows that the coating weight increases sharply
during the first seconds of the carboxylating process and
then reaches a plateau. A very high coating weight was at-
tained with the acid with the longest carbon chain length,
HC16.

Taking the coating kinetics into account, electrogal-
vanised steel sheets were treated for less than 15s with a
view to an industrial application and in order to have a
coating weight of around 1.5 gm 2, similar to the coating
weights produced in phosphating treatments. As expected,
the coatings formed in the HC;, and HC,4 baths contain
single zinc carboxylates, Zn(C;,), or Zn(C),, according to
the XRD analysis reported in Table 3. In the case of the

Eur. J. Inorg. Chem. 2011, 1315-1321
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Figure 7. Coating weight vs. immersion time in three carboxylating
baths.

binary HC;»/HC,4 bath, the coating is formed only of the
binary zinc carboxylate, ZnC,Cjs.

Concerning the morphology, the soap crystals are rela-
tively small in all three cases, around 5-10 pm, as shown in
Figure 8a,c,e. Nevertheless, the Zn(C4), coating on zinc, as
revealed by the SEM images in backscattered electron
(BSE) mode, exhibits many uncovered zones (white zones)
in comparison with the Zn(C;,), and ZnC;,C,s coatings,
which have very good coverage (black zones).

e) f)

Figure 8. SEM images of electrogalvanised steel after (a),(b) HC,»,
(¢),(d) HC4 and (e),(f) HC,»/HC,4 carboxylation processing (the
processing conditions are given in Table 2). The photos in (b), (d)
and (f) are in phase contrast (BSE mode).

Electrochemical measurements of corrosion resistance
were carried out in a reference corrosive water (ASTM D
1384-87 standard, noted ASTM). The results are compared

Eur. J. Inorg. Chem. 2011, 1315-1321
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with those obtained from the experiment performed on un-
treated electrogalvanised steel.

Whatever the bath, the corrosion potentials of the coated
samples are larger than those obtained with the untreated
sample, as clearly shown in Figure 9a. These high values
of corrosion potential reveal that all the zinc carboxylate
coatings inhibit the anodic reaction of zinc dissolution. The
binary coating is clearly the most efficient.
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Figure 9. Evolution of (a) corrosion potential and (b) polarisation
resistance of untreated and treated electrogalvanised steel as a func-
tion of immersion time (coating weight: 1.5 gm2).

According to the R, measurements (Figure 9b), all the
deposits show a higher polarisation resistance than the un-
treated sample and form an efficient passive layer on elec-
trogalvanised steel. Nevertheless, after 2-3 h of immersion
in corrosive water, the R, values of samples protected by
pure HC;, or HC;4 decrease to that of the untreated elec-
trogalvanised steel. In contrast, the ZnC,,C;4 coating dis-
plays the best corrosion behaviour under these conditions
with a relatively constant and larger value of R,, as well as
a higher corrosion potential.

To complete the study of the corrosion behaviour of
these coatings, climatic chamber tests involving successive
wet/dry cycles were performed over approximately
2 months.

According to Figure 10, the percentage of zinc surface
covered with white rust versus the number of climatic cycles
reveals that after five cycles the untreated electrogalvanised
steel is entirely covered with white rust, formed of Zn-
(OH), and Zns(COs),(OH)s, as proved by XRD. The
1319
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Zn(C¢), coating is more resistant, but the best results were
observed with the Zn(C;,), and ZnC,,C4 coatings, which
were not very corroded after 20 wet/dry cycles. Note the
binary zinc carboxylate coating exhibits good anti-cor-
rosion behaviour even after 65 wet/dry cycles.
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0- o o o HC16 bath
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s s
210 s HC12/HC16 bath
20 40
Cycle number 65

Figure 10. Corrosion of untreated and treated electrogalvanised
steels as a function of wet/dry cycles.

Note that the climatic chamber tests, more realistic for
testing the cosmetic corrosion of zinc, are consistent with
the electrochemical results obtained under immersion con-
ditions. Thus, this kind of coating could provide zinc with
long-term corrosion resistance against the development of
white rust compounds.

Discussion and Conclusions

One of the strategies for the design of new compounds
to protect the metallic substrate against corrosion is to
build an insoluble and hydrophobic layer acting as a barrier
against corrosion reactions. For that, compact metal-
organic frameworks can be good candidates if the condi-
tions of chemical synthesis are compatible with industrial
conditions. This kind of coating should be able to replace
some phosphating treatments carried out on electrogal-
vanised steels during the automotive processes.

Previous work has proved that the protection produced
by the carboxylating process increases with the length of
the straight alkyl chains. This parameter is crucial, because
it strongly influences the solubility of the zinc carboxylate
soap. Indeed, the cohesion of the structure is assured by the
electrostatic interactions in the ZnO, planes and also by the
van der Waals forces between the aliphatic chains on both
sides of these planes.

According to the results, the Zn(C,,), layer exhibits
interesting anti-corrosion properties, but they are not suf-
ficient to protect electrogalvanised steel for 2 months in a
climatic chamber. In contrast, the Zn(Ci4), layer exhibits
bad corrosion behaviour despite the fact that this com-
pound has a longer carbon chain length. In fact, the surface
coverage of Zn(C,4), is much lower than that of Zn(C),),
even though the Zn(Cy), layer has a high coating weight.
1320
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A possible explanation lies in the differences in the pro-
cessing conditions. In fact, the use of a pure long-chain
carboxylic acid demands a higher bath temperature and a
modified solvent composition. This change of parameters
increases the solubility of Zn(C,), in the bath, modifying
the conditions of crystallisation on the metallic surface and
thus the coverage of the coatings.

Consequently, it is necessary to use “soft” processing
conditions to synthesise the MOFs with long carbon chains
on zinc metal to increase the insolubility and hydrophobi-
city of the protective layer.

This objective was achieved by using in the carboxylating
bath a mixture of two fatty acids, HC,, and HC,,, in a ratio
corresponding to the eutectic point of the binary system.
The surface treatment did not lead to the deposition of two
separate zinc carboxylates, Zn(C,), and Zn(C,,),, nor only
the more insoluble, but to the growth of an original soap
that has a structure derived from a combination of the two
single carboxylates.

These new MOFs are characterised by an alternation of
short and long chains in the C,—Zn-C,, sequence, as proved
by the structure determinations of ZnC;,C;4 and ZnC;(Cjs.
Eight other binary Zn carboxylates have been synthesised
with the same crystallographic organisation. All these com-
pounds are probably isostructural or have very similar
structures. The stability of the C,,—Zn-C,, layer is also en-
sured by both the ionic interactions between the carboxyl-
ate group —COO™ and the zinc cations Zn>" in the plane of
the ZnO, tetrahedrons and the van der Waals interactions
between the CH, groups of two adjacent carbon chains in
different layers. The 3D cohesion between the layers is
mainly a result of the van der Waals interactions between
the terminal CHj3 groups of each monocarboxylic acid. The
surface coverage of the ZnC,,C ¢ coating is similar to that
of the Zn(C;,), coating, but its solubility is lower
{pK[Zn(C,),] = 14.4; pK(ZnC,,Cs) = 15.8}, which ex-
plains why it has the best anti-corrosion properties. The
coating formed from only Zn(Cs), is less soluble
{pK[Zn(C¢),] = 15.8} and more hydrophobic, but its poor
homogeneity on the surface explains its poor anti-corrosion
behaviour.

Now more complex carboxylating mixtures have to be
tested, with three or more fatty acids. Perhaps they would
lead to further improvements in the protection of metals
and allow new phases, ternary, quaternary, to be identified
that will enrich the zinc carboxylate family. Clearly, this ap-
proach will lead to bath compositions closely related to the
fatty acid mixtures produced by European flowering plants.
The crystallographic results have demonstrated the great
flexibility of the lamellar structures of zinc carboxylates. It
has been proved that carboxylate chains can easily be ex-
changed in original binary zinc carboxylate structures. Now
it is tempting to expect such exchange ability with cations,
namely cations with higher charges.

Finally, the use of these new flexible compounds, which
can be easily synthesised in aqueous solvent, provides an
interesting approach to new and environmentally friendly
anti-corrosion treatment of metals.

Eur. J. Inorg. Chem. 2011, 1315-1321
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Experimental Section

Synthesis of Single and Binary Zinc Carboxylates as Powders: Crys-
tallised powders of zinc carboxylates have been synthesised in aque-
ous solution by the addition of sodium carboxylates to zinc nitrate
solution. During the addition, the solution was maintained at 65 °C
and pH = 5. Then the white precipitate was filtered, washed with
distilled water and finally dried in a desiccator. The solubility of
the different compounds was determined by Zn?* analysis with
ICP-AES.

Powder X-ray Diffraction Study: The X-ray diffraction patterns of
the mixtures were compared with those of the single zinc carboxyl-
ates, Zn(C,), and Zn(C,),. The distances between the layers of
ZnO, tetrahedrons were evaluated by SAXS (small-angle X-ray
scattering) using an INEL XRG 3000 diffractometer equipped with
a Cu anti-cathode. For structural resolution, X-ray powder diffrac-
tion data were collected at the European Synchrotron Radiation
Facility (ESRF) by using the synchrotron radiation of the very high
resolution powder diffractometer installed on the beam line
ID31."21' A primary double-crystal monochromator Si(111) was
used for selecting the wavelength. Detection was ensured by a nine-
consecutive-crystals Ge(111) analyser. Each sample as a fine white
powder was introduced into a Lindeman tube (& = 1 mm). The
samples were spun on the axis of the diffractometer. Each capillary
was translated along the axis to give a fresh region of sample every
15 min to avoid radiation damage. Data were recorded by using a
wavelength of 0.851243(4) A at 100 K with an interval of 0.003°
and a total counting time of 2 h. CCDC-791660 (ZnC,,C,4) and
-791661 (ZnC,,C,6) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Coating Process and Characterisation: Coatings were performed on
square and double-faced zinc electrogalvanised steel sheets [pro-
vided by Arcelor Mittal (France)] by using a home-made pilot.[]
The different steps of the coating process are as follows. The steel
sheets were degreased in an alkaline bath containing Gardoclean
S 5225 and Gardobond H 7352 (Chemetal) at 55 °C for 360 s. They
were then rinsed with deionised water at room temperature for 60 s
before carboxylating at 45 and 55 °C. After coating, the film mor-
phology was examined by using a Philips XL30 scanning electron
microscope equipped with a Kevex Sigma EDS in the secondary
electron and backscattered electron modes with an acceleration
voltage of 10 keV. On the zinc surface, the different phases [zinc,
zinc(Il) carboxylate] were identified by energy-dispersive X-ray
(EDX) spectroscopy by measuring the C/Zn ratio and by imaging
the surface in the backscattered electron (BSE) mode. The surface
compounds were analysed by X-ray diffraction with an X’Pert Pro-
Philips diffractometer by using Cu-K,; and Cu-K,, wavelengths (/,
= 1.54051 A and 4, = 1.54433 A). The coating weight was deter-
mined by measuring the weight difference between the “carboxyl-
ated” sample and the same sample after coating dissolution under
ultrasound in 1,1-dichloroethane.

Electrochemical Measurements and Corrosion Tests: The electro-
chemical tests were performed under aerated conditions with a
three-electrode electrochemical cell connected to an EGG PAR
273A potentiostat driven by a computer. In this configuration, the
circular working electrode surface is vertical facing the Pt disk
counter-electrode. The reference electrode was a KClI saturated cal-
omel electrode (Hg/Hg,Cl,; E = +0.242 V/SHE), and all the work-
ing electrode potentials were measured relative to this reference.
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The corrosive medium used as reference in the electrochemical ex-
periments was the ASTM D 1384-87 solution (noted ASTM) with
the following composition: 148 mgL ! Na,SO, 138 mgL!
NaHCO; and 165 mgL' NaCl. The polarisation resistances (R,)
were recorded over 5 h with measurements performed every 15 min
at a scan rate of 0.166 mVs' for a range of 20 mV (E.,, =
+10mV). Test cycles in the climatic chamber (KBEA 300,
LIEBISCH) were carried out to simulate atmospheric corrosion:
8 h at 100% of humidity using twice-distilled water heated at 40 °C
followed by 16 h under ambient conditions.

Supporting Information (see footnote on the first page of this arti-
cle): Selected interatomic distances and fractional positions of
atoms in the structures of ZnC,(,C,4 and ZnC,,Cs.
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