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Abstract

alloys are discussed.

The reactivities of various fatty monoacids and diacids on copper metal-containing surfaces were investigated
through reflection—absorption infrared spectroscopy. The formation of copper carboxylates is detected on pure cop-
per surfaces, while copper and zinc carboxylates are simultaneously formed on brass surfaces. Following the decrease
of acid carbonyl and the formation of carboxylate infrared bands, it is shown that fatty monoacids C8 and C10 react
with clean/polished copper and its zinc alloy within 2-4 h, while those with chains > C12 react within days. At the end
of the processes, only the corresponding metal carboxylates are detected in all cases. An explanation for the above

is offered on a molecular mobility and acidity basis, where the lower monoacids (liquids in room temperature),

also having lower pK; values, favor higher reaction rates. Furthermore, it is argued that longer-chain fatty monoac-
ids, when deposited from their solutions, allow for favorable orientation resulting in self-assembled monolayer-type
molecular packing on the copper surface, which may additionally rationalize the slower reaction. Interestingly, fatty
diacids do not form any carboxylate products under the same conditions, as it is argued that their molecules may
efficiently pack as self-assembled multilayers on copper and ultimately protect it. The possible implications of the fatty
monoacid and diacid behavior on the archaeological organic residues level and regarding the stability of copper
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Introduction

Organic residues in archaeological copper alloy contain-
ers for cosmetics, burning oils used in rituals, and even-
tually, nutritional residues, may contain fatty substances,
which can easily undergo hydrolytic degradation [1-4],
mainly caused by environmental humidity, in the pres-
ence of acids (such as atmospheric carbon dioxide), or
bases (such as carbonates, hydroxy salts, etc.) [5-9]. Fur-
thermore, oxidation pathways in unsaturated oils can
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produce oxygen-containing products including dicarbox-
ylic acids [10-13]. The main products of this ubiquitous
process are free fatty acids, which may stay on the metal
surface for as long as their reactivity towards basic sub-
stances (i.e., metal oxides, hydroxides, carbonates, etc.)
and metals (such as iron, and copper) permits.

Strangely, relatively few studies have been conducted
for investigating copper salts in the context of organic
residues in copper alloy vessels [14—18] or other copper
surfaces [19-21]. Specifically, little attention was given
to the sources and formation pathways of these carboxy-
lates. On the other hand, metal soaps, such as those of
zing, lead, and copper, have been detected in the course
of investigations in art paintings, where they have been
considered as the saponification products of oil binders
with copper-containing pigments [22-27].
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The reactivity of copper metal towards carboxylic
acids is of course not new; in the notable example of
acetic acid attacking copper metal to form copper ace-
tates of various structures, the historical pigment ver-
digris is formed [28-30], the structure and alterations
of which have lately received renewed attention [31,
32]. This reaction is enabled in an aqueous environ-
ment, which allows the dissociation of acetic acid and
oxygen forming an energetically favored redox pair
with copper. However, questions regarding the reactiv-
ity of fatty acids (FA) with copper metal towards form-
ing the corresponding carboxylates have been left in
the dark, with only a few exceptions. In 1954, a Nature
paper was published briefly reporting the interaction of
fatty acid monolayers in the form of Langmuir-Blodg-
ett (LB) films with copper reporting that no reaction
may occur in an inert atmosphere, as oxygen is needed
in the redox cycle [33]. Another publication in 1983
reported on the heterogeneous reaction of copper sur-
faces with stearic acid resulting in copper carboxylate
with an infrared maximum of its symmetric stretch
at 1590 cm™! [34]. In the fields of art and culture in
particular, few publications acknowledge the saponi-
fication of fats [19, 35] and waxes [36, 37] on copper
surfaces. Later (2006), a systematic study regarding the
degradation of oil- and wax-painted copper surfaces
was reported [21], while more recently, efflorescence on
oil-covered copper alloy surfaces attributed to copper
soaps was visually detected and characterized by FTIR
[38]. In all the above, however, no further details have
been offered on the fatty acid reaction pathways on the
surface of copper metal.

On the other hand, iron has been well-investigated in
a similar context. Studies conducted on the surface of
iron metal and iron oxides have shown that long-chain
fatty monoacids (FMA) such as stearic, oleic, and lin-
oleic are similarly reactive towards these surfaces; this
was shown to be favored by monomolecular chem-
isorption of FMA mainly through their carboxyl func-
tionality. This phenomenon induces a significant effect
on the tribological parameters of steel metallic parts;
the lubrication industry was taken advantage of this
phenomenon towards formulations for reducing fric-
tion in machinery [39].

In the context of understanding the behavior of long
alkyl chain molecules bearing polar functionalities, con-
siderable research has been done on the ability of fatty
acids to form self-assembled monolayers (SAMs) on
typical ‘noble’ metals, such as gold, silver, and copper
[39-42]. FMA alkyl chains higher than C10 favor the for-
mation of SAMs, as the carboxylic groups anchor on thin
oxide films formed on the metal surfaces. It is interesting
to point out that SAMs have been shown to offer metal
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protection by forming anticorrosion films on such metals
[43].

In light of the above, the following questions arise: (a)
could copper carboxylates detected in archaeological
organic residues, originate through the direct interaction
of free FA with copper metal (b) can the carboxylate for-
mation be directly demonstrated through spectroscopy?
(c) How fast is this interaction occurring for various FMA
and fatty diacids (FdiA)?

In a previous study [14], the presence of a wide range of
FA and their metal soaps on the surface of metal vessels
through screening of organic residues inside copper alloy
containers from the early Christian era in Egypt (3—4th
c. AD) has been shown employing infrared spectros-
copy, while a wide array of FMA and FdiA was detected
through gas chromatography-mass spectrometry (GC—
MS). The variety of both types of identified acids, as well
as the amounts of the detected metal fatty carboxylates,
is impressive. Besides, an attempted infrared spectro-
scopic study of the above organic residues through sol-
vent extraction and subsequent deposition on mirror-like
copper-zinc alloy surface showed the formation of car-
boxylates within a matter of a few days or even hours;
this is shown in Fig. 1. The collection of these experimen-
tal data inspired this study.

Copper soaps have been detected on the surface of
beeswax-covered metal objects, and explanations were
offered to rationalize this as the result of the reaction
between the copper metal and free fatty acids formed
after wax degradation [36, 37]. A proof of concept has
been recently offered, illustrating the electrolytic forma-
tion of copper palmitate on the surface of copper coupon
serving as the anode [44]; evidence for the formation of
this specific soap was offered through FTIR and XRD.

Infrared spectroscopy has been highly successful in
investigating metal soaps and distinguishing them from
their fatty acid precursors [45-47]. The most impor-
tant infrared feature of carboxylates is the symmetric
and antisymmetric stretching vibrations of the carboxy-
late ion, generally occurring at 1600-1500 and 1420-—
1380 cm™. The actual maxima primarily depend on the
metal cations and the type of coordination, while no sig-
nificant dependence of carboxylate maxima on the fatty
alkyl chain lengths has been observed [11, 13, 47-49].

An interesting vibrational feature associated with
the symmetry of the metal-carboxylate coordination
is the difference between the antisymmetric (v,,) and
symmetric (v,) bands (often called the ‘delta; A), first
introduced by Deacon and Phillips [50]; the higher the
coordination symmetry, the lower the distance between
the antisymmetric and symmetric maxima [51, 52].
Unidentate coordination assumes the highest A values,
bridging geometries its lowest, while chelates and ionic
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Fig. 1 Consecutive spectra of caproic acid (C6) after deposition on copper-zinc alloy surface a full spectra; b zooming in the region 1800—
1350 cm™' from the same spectra. Ambient temperature was recorded at 23 °C and RH at 37%; time is given in hours:minutes
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structures (or salts) show intermediate values [47, 52, 53].
Besides, copper forms binuclear coordination complexes
(54, 55] with v, approx. 1580-1587 cm™" and the v, at
1415-1422 cm ™" with a Av~ 165 cm ™, where a bidentate
chelating geometry is obeyed [13, 39, 51].

Possibly, the most studied metal carboxylates are those
of zinc and lead. The former are of interest to this pre-
sent study, as the interaction of fatty acids on copper-zinc
alloy (brass) surfaces is reasonably expected to involve
zinc as well. The carboxylates have been found to have a
variety of structures ranging from polymer-like 2D coor-
dination structures with v, antisymmetric maxima at
15351545 and 1525-1530 cm™. A tetranuclear complex
with a maximum of 1590 cm™’, as well as linear coordi-
nation polymer-like structures with maxima at 1630 and
1544 ¢cm™!, were also reported [24, 26, 45, 48, 56].

Relatively fewer data are available for copper carboxy-
lates; crystal structure investigations have shown that
the d-spacings of copper stearate are relatively higher
than those of the corresponding zinc soap [46, 57], which
correspond to higher distances between carboxylic moi-
eties and affect their vibrational frequencies. Specifi-
cally, the antisymmetric infrared maxima reported for
copper carboxylates to be at higher values (1585 cm™?)
than those of the zinc carboxylates with an additional
one at 1508 cm™, while the symmetric band is found at
1415 cm™ [47, 54] giving a A value of 170 cm™. Addi-
tionally, copper carboxylate infrared spectra have been
reported to assume multinuclear coordination geom-
etries [44, 46, 47], although clear data have been shown
for the binuclear complexes, where two Cu(Il) ions are
bridged through four carboxylate units [54, 55]. These
geometries are established on the basis of multiple car-
boxylate maxima (or ‘multiplets’) as shown below.

Among the typical C-H vibrations in the infrared
spectra of the above types of molecules are the CH,
and CHj stretching vibrations; especially the antisym-
metric stretch in FA appears at 2940—-2920 cm ™! heav-
ily depending on the alkyl chain length (upshifted in
shorter chains), while in the corresponding soaps, it is
generally downshifted below 2920 cm™ [13], which can
serve as a diagnostic feature. Besides, the methyl wagging
and twisting progressions (14001200 cm ™), as well as
their rocking vibrations (740-720 cm™), offer weak but
significant features also depending on the chain length
[13, 47]. These are useful for investigating the inter-chain
interactions, which depend on the molecular alignment,
most efficient in long alkyl chains.

A versatile, yet powerful method to investigate the
formation of metal soaps on metal surfaces is reflection
spectroscopy often termed reflection—absorption infrared
spectroscopy (RAIRS) in the case of thin organic films, or
transflection in the case of thicker films. This technique
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is capable of investigating layered organic materials, ide-
ally, film-forming, along the z-axis perpendicular to the
metal surface [58-61]. It can therefore be used to record
fatty acids in the form of deposited layers on a reflecting
surface of copper metal and its alloys and their transfor-
mation into their metal salts [59, 61-65]. In this paper,
we demonstrate our results on the reactivities of various
fatty monoacids and diacids on copper metal-containing
surfaces; the reactivities among various acids with differ-
ent alkyl chain lengths are compared.

Materials and methods

Materials

Fatty acid standards were purchased from Sigma-
Aldrich: octanoic, or caprylic acid (CH;(CH,)¢COOH or
C8:0,>99%), decanoic, or capric acid (CH;(CH,);COOH
or C10:0,>98.0%), dodecanoic, or lauric acid
(CH;3(CH,),(COOH or C12:0,>99%), tetradecanoic, or
myristic acid (CH3(CH,);,COOH or C14:0,>99%), hexa-
decanoic or palmitic (CH3(CH,),,COOH or C16:0,>99%),
octadecanoic, or stearic acid (CH,(CH,);;COOH
or (C18:0,>98.5%), octanedioc, or suberic acid
(C¢H,5(COOH), or C8di, 98%) and nonanedioic, or azelaic
acid (C;H,,(COOH), or C9di, 98%).

Additional reagents and solvents were acquired as fol-
lows: sodium hydroxide (Sigma-Aldrich>98%), water
(Honeywell, HPLC grade), copper sulfate (anhydrous,
Sigma-Aldrich, >98%), ethanol (Merck, 99.5%), chloro-
form (Sigma-Aldrich, anhydrous, >99%, acetone (Honey-
well (>99.5%).

Synthesis of copper FA carboxylate authentics

Copper salts of fatty acids C8:0, C10:0, C12:0, C14:0,
C16:0, C18:0, C8di, and C9di were synthesized in two
steps, analogously to a previously published procedure
[13]. In the first step, 0.1 mmol of the corresponding
acids were neutralized by adding 1 mL of 0.1 M sodium
hydroxide aqueous solution (corresponding to 1 equiva-
lent of the base) under stirring; for the diacid (C8di and
C9di) sodium salts, two equivalents of the base were
added. A white precipitate (the sodium soap) was formed
for C12:0, C14:0, and C18:0. In the second step, 1 mL of
anhydrous copper sulfate 0.1 M (1 equivalent) was added
per 2 equivalents of the fatty monocarboxylic acids and
per 1 equivalent of the two fatty diacids. In all cases, an
intensely blue precipitate was formed. In the cases of
C12:0, C14:0, C16 and C18:0, C8di, and C9di, the copper
salt formation was assisted by sonicating the mixture for
15 min. The infrared spectra of products were recorded
(shown in Additional file 1: Figure S1), and their melting
point was determined (see Additional file 1: Table S1).
The color of copper suberate (CuC8di), after staying for
about a week in the open atmosphere, was changed to
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a darker blue color, and the recorded infrared spectra
showed a multitude of carboxylate bands at the 1600—
1500 cm ™ region.

Melting point measurements of selected lower-chain
salts were attempted by using an Electrotherma 9100
melting point apparatus. Capillary tubes (2 mm diam.)
sealed at one end were loaded with a sufficient amount of
the salts in powder form and then were introduced into
the device. The temperature ramp was set by default at 1
per minute. At 100 °C all samples had shrunk and dark-
ened in color, signaling a chemical transformation, which
carried on at 118 °C (C6), 134 °C (C8), 175 °C (C10),
118 °C (C9di). A more detailed description of the inves-
tigated fatty acids’ thermal behavior during the melting
point measurements can be found in the Supplementary
Information file.

Copper and copper-zinc alloy coupons and deposition

of fatty acids

Copper coupons were purchased from a local machin-
ery shop; pure copper coupons were assessed by XRF
(Alloys mode, see below) to be 99.8% pure; while copper-
zinc alloy coupons were assessed as 62.62% Cu, 36.72%
Zn, 0.54% Al, 0.05% Cr, corresponding to a typical yel-
low brass alloy with a two-phase structure. In the cases
where mirror-like surfaces were needed, all coupons were
previously rubbed with a hydrochloric acid-moistened
cotton tissue to remove the thin oxide patina and repeat-
edly washed with methanol; no chlorine was detected by
XRF surface analysis on the cleaned surface. The coupons
were subsequently polished with 4000-mesh sandpaper
on a rotating polisher. In the cases of “pre-corroded”
metal surfaces, similar coupons were used after expos-
ing for at least 1 month’s indoor environment at 20-25 °C
and approx. 40% relative humidity without the above-
mentioned steps of acid cleaning and polishing.

In both cases, copper corrosion products were assessed
by FTIR spectroscopy. To assess the condition of the cop-
per surface, spectra of both the cleaned/polished and
pre-corroded metal surfaces immediately before fatty
acid deposition were recorded, shown in Additional file 1:
Figure S3. In the pre-corroded coupons, a weak broad
maximum at 530-480 cm™! due to cuprite was recorded.
In the cleaned/polished coupons, these maxima were sig-
nificantly weaker (Additional file 1: Figure S3).

Fatty acids were deposited on copper and copper alloy
coupons from their 0.5-1.0%w/w ethanol or acetone
solutions. Infrared spectra were recorded to ensure the
evaporation of both solvents (approximately 1-2 min),
and accordingly, consecutive infrared runs were con-
ducted. As this method does not allow the fatty acids
to be evenly spread and layered on all surfaces, all con-
secutive infrared spectra needed to be run on the same
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3 mm-diameter circular spots, as allowed by the Bruker
Alpha II aperture iris attached on the reflection acces-
sory. On the other hand, this method allowed spectra
recordings from separate spots, corresponding to spa-
tially located deposited material of variable thicknesses.

Methods

Fourier transform infrared spectroscopy

A Bruker Alpha 2 FTIR spectrometer equipped with a
DTGS detector was used, assisted with an ATR acces-
sory (Bruker), or a reflectance accessory (Bruker), when
appropriate. In certain cases, a Perkin Elmer Spectrum
GS spectrometer was employed using the Spectrum
v.5.3.1 software. In all cases, the used coupons (approx.
2X2 c¢cm) were mirror-like by suitably polishing their sur-
face, immediately before each run. In all cases, the blank
run of the bare surface reflected its condition (weak
bands of oxides were recorded in most cases, showing
that oxidation occurs effectively, immediately after the
polishing process producing a thin micromolecular or
very thin metal oxide layer). Spectra were recorded by
employing the Bruker Opus 8.5 software and recorded
in reflectance mode (near-normal, or approx. 1° incident
beam) at the 4000-350 cm ™' range. Infrared Spectra of
authentics were recorded from powder samples of freshly
synthesized copper carboxylates (see above) in ATR
mode. Reference reflection—absorption spectra of fatty
acids on gold mirror were recorded in reflection mode
after their ethanol solutions were dripped on the surface
and consequent evaporation of the solvent.

Normalization of spectra

For better monitoring of carboxylate formation, and
following the FA consumption in a comparative man-
ner, compensation for loss due to evaporation has been
attempted in the cases of C6, C8, and C10 by normal-
izing on C-H vibrations that were assumed that do not
change during the transformation. Normalizing at
the 1480-1450 cm™ region where the contribution of
(vCH,+v,,CH;) from both FA and metal (copper and
zinc) carboxylates are observed, works satisfactorily, and
was consequently applied in all relevant cases.

Kinetics through consecutive infrared spectroscopy runs

Following the acid carbonyl (i.e., carbonyl groups in
carboxyl acid moieties) removal, and the carboxylate
increase, time drives could be followed, resulting in
kinetic graphs for all FAs. To this end, consecutive runs
of infrared spectra were recorded (in most cases using
the automated Repeated Measurements routine of the
Opus software) with a time interval adjusted accord-
ingly for each fatty acid, ranging from 1 min for Cé
and C8, to 12 h for C10. In all cases, full spectra were
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recorded at each time interval. Runs were conducted
mostly at ambient temperatures, recorded by employ-
ing a commercial thermometer-hygrometer; for rela-
tively short runs (i.e., runs ending within 2-12 h) at
room temperature (air-conditioned lab space moni-
tored by a commercial thermometer-hygrometer)
was recorded within+1 °C; actual temperatures are
reported in each case separately. In-lab relative humid-
ity (RH) ranged between 37 and 43%. For longer runs,
ranging up to a few weeks, as demanded by the higher
members (C14, C16 and C18), the ambient tempera-
ture fluctuated by over +2 °C. For better monitoring of
C14, C16 and C18, consecutive spectra were addition-
ally recorded at 40 °C; in these cases, the metal cou-
pons were placed on a heated plate with digital reading
adjusted at the requested temperature (+0.5 °C). In
these cases, the spectra of C14, C16, and C18 (Addi-
tional file 1: Figures S4, S5, and Fig. 5, respectively)
were repeatedly run, assuming that short abruptions
(approx. 10’) needed for the recordings do not signifi-
cantly interfere with the reaction rates, typically run-
ning over 10-30 day periods. For each fatty acid on
both substrates (copper and brass) multiple kinetic
runs were conducted, which however, resulted in
unsatisfactorily reproduced FA removal and carboxy-
late formation rates; this happens presumably, due to
uncontrolled solvent evaporation and subsequent dep-
osition of FAs on the metal surfaces resulting in largely
uneven fatty acid ‘films’ which affect reactivity at a spa-
tial level (also, see related comment in Discussion).

Blank test: control experiment on gold mirror

A blank test was run on a gold mirror to test the reac-
tivity of FA on inert surface. Acids C8 and C10 were
deposited on a 12 mm diameter gold mirror, in a similar
manner to their deposition on copper surfaces. Four days
after the deposition, the recorded spectrum showed only
the FA with no sign of any product carboxylate.

Control experiment in the absence of oxygen

Two identical runs of caprylic acid (C8) on copper-zinc
alloy coupon were conducted at 28 °C, one in the open
atmosphere (C8_Air), while the other inside a closed flask
under a nitrogen stream (C8_N2) and infrared spectra
were recorded immediately after the FA deposition. After
two hours, spectra were again recorded; C8_air showed
full consumption of acid and only carboxylate spectra,
while C8_N2 showed approximately 30% of remain-
ing FA, with some amounts of carboxylates, according
to spectra recorded at the initial and final times of the
process.
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Thickness estimation of fatty acid deposited layers on metal
surfaces

The fatty acid layers, or ‘films; formed after the deposi-
tion of their solutions in ethanol or acetone, construct a
generally uneven multilayered structure, where the layer
closest to the metal surface is assumed to be the most
reactive. The layer thickness can be calculated by apply-
ing Beer’s law, A=a z for acid carbonyl bands, where A
is absorbance (measured through areas under the car-
bonyl band), 4 is absorptivity, and z is the thickness in
um. Since absorptivity depends on the oscillator strength
of the bond and its polarizability, carbonyl bonds belong-
ing to the molecular layers closest to the metal surface
are expected to be more polarized with higher a val-
ues, showing downshifted maxima; in the cases of C14
and C18 two acid carbonyl maxima could be recorded
at~1700 and~1690 cm™' (see Fig. 5 and Additional
file 1: Figure S4), which reflect two different interac-
tion geometries between the carboxylic moieties. Using
absorptivity values of approximately 11 pum™!, previously
calculated [61] through correlation (R*=0.99) of acid
carbonyl infrared absorbances (areas under the carbonyl
band) and ellipsometrically measured thickness values of
polyethylene-acrylic acid copolymer films evenly spin-
coated on copper-zinc alloy coupons. The thickness (z)
values recorded in the present work were found to be
between 0.3 and 6.5 pm. Representative calculated thick-
ness values can be seen in Additional file 1: Table S2.

X-Ray fluorescence spectroscopy

X-Ray Fluorescence (XRF) spectra were acquired with
a Bruker Tracer 5G XRF spectrometer, using manu-
facturer’s ‘Alloys2’ calibration, in two phases; phase 1
(15's, 40 kV, 35.4 pA, no filter), and phase 2 (45 s, 15 kV,
61.9 pA, no filter).

Experimental design for fatty acid-metal surface
interaction
The interaction of fatty acid on copper metal-contain-
ing surfaces was investigated after depositing a droplet
of ethanol or acetone solutions of each fatty acid on the
surfaces of mirror-polished pure copper and copper-zinc
alloy coupons (see Materials and Methods, 2.1.2). Infra-
red spectroscopy in external reflection mode was chosen
as the analytical tool since it is capable of detecting the
consumption of fatty acids (decrease of the acid carbonyl
stretch at~1700 cm™) and the simultaneous formation
of the corresponding metal salts (increase of the COO~
antisymmetric stretch, v, at maxima specified in the
Results section).

For this, the coupons were accordingly mounted in
front of the 3 mm aperture of the FTIR system’s reflection
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accessory, and the kinetics of acid consumption/salt for-
mation was followed through a specific routine of the
software (see below). Subsequent spectra runs were
acquired allowing the monitoring of the fatty acid-metal
interaction until no further consumption of fatty acids.

(a) Samples of reference compounds in powder form
were analyzed by using the Bruker Alpha II ATR
accessory at 4000-400 cm™', 32 scans, and 4 cm™!
resolution. Consecutive spectra were recorded in
all cases immediately after the deposition of the
corresponding fatty acids. Kinetics graphs (Fig. 6)
were composed by plotting the peak heights of the
acid carbonyl maxima (acid consumption) and the
antisymmetric carboxylate band (soap formation)
against reaction times.

(b) The formation of carboxylates on cleaned/polished
copper and copper-zinc alloy coupons was followed
in reflectance mode at certain time intervals and
temperatures specified for each case in the results
section, by using the specific routine of Opus soft-
ware. In all cases, t=0 runs recording the initial
condition of the metal surface before the addition
of the fatty acid solutions (see above) were carried
out; in all cases, a null spectrum suggesting that no
oxides were present was obtained. Spectra in all
cases are shown after baseline correction, but no
further treatment. To highlight the effect of cop-
per corrosion products (i.e., copper oxides) addi-
tional experiments were done by depositing fatty
acids on pre-corroded copper and copper-zinc alloy
coupons; the presence of oxides is demonstrated,
by running blank runs of all surfaces immediately
before acid deposition; spectra are shown in Addi-
tional file 1: Figure S2.

(c) The control experiment in the absence of oxygen
was conducted at 28 °C by employing a copper-zinc
alloy coupon after depositing the C8 acid. After
recording the infrared spectrum (t~0), the cou-
pon was immediately placed in a glass bottle with a
modified lid having an inlet and outlet allowing the
flow of N, gas; the reaction was interrupted after
120 min, which corresponds to the approximate
time of full consumption of this specific acid in
an oxygen atmosphere; the infrared spectrum was
accordingly recorded.

Results

In this study, FA were deposited from their ethanol or
acetone solutions on mirror-like surfaces of 99.5% pure
copper and brass (63.88% Cu—36.05% Zn ‘yellow’ brass
alloy) coupons and the interaction phenomenon involv-
ing the transformation of the former was consecutively

Page 7 of 25

recorded with transflection infrared spectroscopy. All the
infrared maxima observed through this process, as well
as their assignments, are listed in Table 1. The infrared
spectra of fatty acids in the bulk have been previously
reported [13, 66—69]. Furthermore, spectra of fatty acid
carboxylate authentics, synthesized for the purposes
of this work, are shown in Additional file 1: Figure S1,
while their infrared maxima and assignments are listed in
Additional file 1: Table S1. As our results regarding fatty
monoacids (FMA) are different from those of fatty diac-
ids (FdiA), they are presented separately.

Interaction of fatty monoacids with copper and copper
alloy surfaces

The products formed through the interaction of FMA
C6, C8, C10, C12, C14, and C18 with mirror-polished
copper and copper alloy surfaces were investigated by
depositing droplets of their ethanol or acetone solu-
tions. The chemical interactions between FA and the
copper surfaces were followed through infrared spec-
troscopy focusing on the carboxylic (acidic C=0, see
above) and carboxylate bands (mainly, the v, of COO").
The carboxylate group shows two bands, one assigned
to the antisymmetric stretch (generally, a strong absorp-
tion at ~1600—-1500 cm™) and another to its symmetric
stretch (generally, weaker at ~ 14201380 cm™?).

A white-pale blue sediment was evident by visual
inspection of C6, C8, and C10 within 1-2 h after deposi-
tion on all coupons. As shown in the consecutive infrared
spectra of Figs. 1, 2, and 3 respectively, the FMAs were
gradually consumed with the simultaneous formation of
the corresponding carboxylates, while carboxylate bands
appeared in all trials in copper and copper-zinc alloys.
For these specific acids, consumption was faster than
the formation of carboxylates, while their final intensi-
ties were significantly weaker than the simultaneously
decreased acid carbonyl ones, suggesting effective evapo-
ration of the lower FA within the time frame of the entire
transformation (cf. melting points in Additional file 1:
Figure S1).

For C6 on the pure Cu surface, in particular, evapora-
tion was too fast for any reaction product to be recorded,
while on the copper-zinc alloy surface, carboxylates were
recorded immediately after deposition, while the C6
acid carbonyl was consumed within 30 min; beyond that
time, only weak carboxylate bands are evident). For C8
and C10, evaporation is slower occurring within ~2:30 h,
and 4 h, respectively. The prominent antisymmetric
stretch of copper carboxylate bands was recorded in both
types of metal coupons at~1585 cm™}, with a minor
one at 1520-1515 cm™’. On the other hand, on copper-
zinc alloy coupons, a single zinc carboxylate band at
1526 cm™ is observed for C6 (Fig. 1), two bands at ~ 1550
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Table 1 Main infrared peaks of fatty acids and copper carboxylates on clean/polished copper and copper-zinc alloy coupons

Fatty acids Cu carboxylates', cm™! Zn carboxylates?, cm™' Assignments Notes?

~3100 (br) - vOH Typically, very broad

2960-2956 2954 2956 v, CH; Only in monoacids and their carboxylates
Marginally variable, according to number
of carbons in acids

2934-2919 2930 (C6); 2920 (C8); 2014 2940(sh), 2926-2916 (C6-C18) v, .CH, Generally, CuC and ZnC down-shifted

2977-2911 (C10-C18) with respect to parent FAs
General trend: variable, according
to the number of carbons

2991,2951,2941,2911 (C8di) 2964, 2943,2931,2917,2906 2964, 2943,2931, 2917, 2906 Multiplets in diacids and corresponding

2977,2937,2915 (Codi) (C8di) (C8di) carboxylates; higher multiplicity for C8di

2942, 2927, 2909 (C9di) 2842,2927, 2906 (Codi)

2875-2872 2871 2870 v,CH; Variable, according to the number of car-
bons

2851 2853 (C6); 2851 (C8); 2848 2850 v,CH, Variable in CuC according to the number

(C10-C18) of carbons
2851 (C8di)
2849 (C9di)

2670, 2565 (FMA) - - vO-H«-O=C (dimer band Only in FA, often used diagnostically; weak,

stretch) structured with shoulders

2759, 2676, 2599, 2534 (C8di) More extended in diacids

2774,2698, 2621, 2553 (C9di)

1714 t0 1690 (C6, C8, C10, vC=0, acidic In C6-C12: single bands, maxima down-

C12) shifted upon acid consumption and film
thinning

1700, 1688 (C14, C18) In C14, C18 doublet at fixed maxima dur-
ing the FA consumption

1692-1690 In C8di, Codi

1616-1613 w (C6-C10) v,,CO0~ Intermediate band in copper carboxylates
1583 (C6) 1527 (C6) of C6-C10

1583 (C8) 1548, 1525 (C8)

1581, 1550,

1519w (C10) 1532-1524 (C10)

1585, 1537 (C12)

1525-1519 w (C12)

1585 (C12) 1537 (C14)

1586 (C18) 1540 (C18)

1589 (C8di) 1552, 1532 (C8di) Diacid carboxylate bands in both substrates
1600 (Cod) 1552, 1527 (Codi) were observed on pre-corroded surfaces

1465, 1416 1458, 1415 1468, 1456 6CH, scissoring FA: Split into two components (two
in diacids)

1457 (7) 1439(7) 1439(7) 6,,CH; Barely distinguishable in Cuand Zn
carboxylates

1436 6,,COH Relatively broad

1440-1431 1400-1396 (br) v,COO™ Generally medium-weak intensity for most
carboxylate bands; relatively sharp

1400 Intermediate (C8, C10)

1395 C8di and Codi

1382 nd nd 6,CH; (‘umbrella’vibration)

1356-1347 1366, 1341, 1366, 1341, TCH2 Splitting in progression bands for mono-
acids in their crystalline state (at room
temperature, higher than C10);

1318-1185 1312-1185 1312,1207 wCH2 In crystalline, saturated monoacids and diac-
ids progressions

1108 vC-OH Up shifted for longer hydrocarbon chains.
Weak or not observed for diacids

943-935 (br) GoopC~O-H0=C The dimer bending band; characteristic
of fatty acids

720, 800-607 720 720 pCH2 Stronger in long hydrocarbon chains;

the 725 cm™' peak doubly split in crystalline
monoacids
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Table 1 (continued)

Fatty acids Cu carboxylates', cm™’ Zn carboxylates?, cm™ Assignments Notes?

690 8oopC-O-H Overlapped in unsaturated acids

FA fatty acids, FMA fatty monoacids, FdiA fatty diacids, MC metal carboxylates, CuC copper carboxylates, ZnC zinc carboxylates

' Maxima values from both copper and copper-zinc alloy coupons
2 Maximum values from copper-zinc alloy coupons
3 Notes adapted from [13]

v: stretching vibration; v, symmetric stretching; v,,, antisymmetric stretching; 8: bending vibration; 6; symmetric bending; 6,, antisymmetric bending; &;,: in-plane

bending; &, out-of-plane bending; T: twisting vibration; w: wagging vibration

and ~ 1535 cm ™! appeared for C8 and C10 (Figs. 2, and
3 respectively), and a single band at 1537-1540 cm™ for
C12 (Fig. 4), C14 (Additional file 1: Figure S4) and C18
(Fig. 5); maxima and assignments are listed in Table 1.

For C6, C8, and C10, a band at 1614 cm™! was ini-
tially recorded, which was gradually decreased to form
the final copper carboxylate bands (spectra of Figs. 2a,
b, 3a, and b). The isosbestic points between the con-
secutive curves of the two carboxylates suggests that the
1614 cm™ transient band is possibly due to an interme-
diate copper carboxylate species, which will be discussed
in the next Section. In support of the above, indicative
kinetics curves are presented showing the decrease of the
starting materials (i.e., FAs), the formation of carboxy-
lates, as well as the intermediacy of the above-mentioned
transient species (see Additional file 1: Figures S2a for
C6, and Additional file 1: Figure S2b and Additional file 1:
Figure S2c for C8).

Interestingly, no similar intermediate was evident in
the runs conducted for the higher acids. More particu-
larly, the main features in the reactivity of C12, C14, C16,
and C18 with both copper-zinc alloy and pure copper
surfaces (Figs. 4, 5, Additional file 1: Figures S4 and S5)
showed (a) significantly lower kinetics (as indicatively
shown in Fig. 6), and (b) the absence of any intermedi-
ate species. Indicative consumption times of reactants
on copper alloy surfaces at around ambient temperatures
can reach approximately, 16 h (C12), 6 days for C14, up
to 30—40 days for C18 (Table 2). In all cases, the cop-
per carboxylate antisymmetric vibration is observed
at~ 1585 cm™!, while the symmetric one, at 1440 cm™.

Since the evaporation phenomenon interfered with the
chemical consumption of the lower acids, compensation
for loss due to evaporation has been attempted by nor-
malizing on C-H vibrations, assuming that their absorb-
ances do not change upon the transformation from acid
to carboxylate (see Materials and Methods, 2.2.2). This
technique allowed for comparative monitoring of the
acid carbonyl consumption and the carboxylate forma-
tion, thus offering indicative reaction rates. The above
are highlighted as an example in Fig. 2¢, d (showing the

normalized spectra for C8) which can be compared with
Fig. 2a, b (original spectra). In the kinetics shown in
Fig. 6, it is evident that the consumption of C12 is sig-
nificantly slower than that for C6, C8, and C10, without
the formation of an intermediate. The consumption of C8
and C10 during the time frame of the intermediate pres-
ence is slower, as shown in Fig. 2e, f, while it becomes
faster as it transforms into the final carboxylate.

Regarding higher FAs, myristic acid (C14) is consumed
in 2.5-5.5 days, also without any intermediate. For the
higher members, reactions were followed at 40 °C (see
Materials and Methods, 2.2.3); in particular, palmitic
(C16, Additional file 1: Figure S4), and stearic acid (C18,
Fig. 5) show similar reactivities and are completely trans-
formed to their corresponding carboxylates on both
types of surfaces after 20-24 days (Table 2).

Fatty diacids on copper and copper alloy surfaces

The FdiA, such as azelaic (C9di) and suberic (C8di) have
attracted special attention among researchers, as they
are markers of the oxidative degradation of unsaturated
lipids in oil paintings and of fatty substances as organic
residues contained in archaeological vessels [10-12, 14,
47, 71, 72]. However, their carboxylates in general have
received little attention.

The carbonyl maximum of both diacids on copper
and copper alloy surfaces appears at 1693-1691 cm™!
relatively lower than the corresponding authentics [13].
Furthermore, a comparison of their reactivity on clean/
polished metal surfaces under identical conditions with
those of monoacids showed negligible consumption of
the acids after their deposition. In particular, suberic acid
showed weak carboxylate maxima with its infrared inten-
sity of the carboxylate bands not further increasing after
a few hours (Fig. 7a, b, lower part). Azelaic acid formed
no copper carboxylate within the same time period, while
weak zinc carboxylate bands at 1547 and 1527 cm™" were
detected in the copper-zinc alloy coupons, which did not
further increase (Fig. 8a, b, lower part).

On pre-corroded coupons left in the open atmos-
phere for several weeks), immediately upon deposi-
tion both suberic and azelaic acids formed their copper
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Fig. 2 Consecutive spectra of caprylic acid (C8) after deposition on a pure copper surface and b copper-zinc alloy surface; insets: zoom

in the carbonyl-carboxylate region. The region 17801480 cm ™' from the spectra after compensation for loss due to evaporation of C8

after deposition on ¢ pure copper surface and d copper-zinc alloy surface (see Materials and Methods, 2.2.2). In all cases, consecutive spectra were
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Fig. 2 continued

carboxylates (1589 ¢cm™') on pure copper surfaces and
both the copper and zinc carboxylates (1552 and
1532 cm™ for the latter) on copper-zinc alloy, as shown
in Figs. 7a, b and 8a, b, upper part, respectively. The
infrared band maxima were close to those of the cor-
responding authentics [13]. Importantly, in all cases,

1600 1550
Wavenumbers 1/cm

the corresponding fatty acids did not further consume,
and consequently, the carboxylate bands did not fur-
ther increase. Cleaning the coupon surface with ethanol
removed all diacid quantities and left clean, mirror-like
pure copper and copper-zinc surfaces, with infrared spec-
tra similar to those of the coupons before the deposition.
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Discussion
The interface between the FA and the copper-contain-  gen, moisture, and the existence of metal oxide films.
ing metal surface depends on their chemical nature As a general remark, in all cases, FA deposited on the

and is affected by factors such as the atmospheric oxy-
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Table 2 Main spectroscopic data and reaction times of FMAs on pure copper and copper-zinc surfaces

Acids m.p.,°C? Cu

Cu-Zn

Consumption time® Carboxylate maxima

Consumption time® Carboxylate maxima

Notes

(Ve cm™) (v, cm™")
Cc6 -32 - n.d 35 min (25 °C) Cu: 1612 (w, int.), 1582 Evaporation of FA is suf-
Zn: 1526 (s) ficiently fast, interfering
c8 154 2'h 50 min (25 °C) 1612 (w, int.), 1584 (s), >1h(13°0) Cu: 1612 (w, int), 1582 with reaction; consumption
1510 (w) ~50 min (28 °C) 7n: 1526 (s) rate is lower in the first
stages that the intermedi-
ateat 1614 cm™' is pro-
duced
c10 310 3 h 40 min (20 °C) 1615 (vw, int.), 1581 (s), 4h(19°C) Cu: 1612 (w, int), 1586 (s)  Evaporation of FA interferes
1510 (w) Zn: 1550 (m-s), 1523 (m-s)  with reaction
C12 448 ~8days (20 °C) 1582 (s), 1512 (w) 14 h (20 °C) Cu: 1585 (s) After forming the first car-
Zn: 1537 (s) boxylate amounts, no other
C14 544 ~55days (20°C) 15861 25 days (20°C) Cu: 1584 (5) compounds or intermedi-
Zn: 1537 (s) ates were formed
(@) 629 > 18 days (40 °C) 1585 (s) ~24 days (40 °C) Cu: 1584 (s)
Zn: 1539 (s)
c18 70.1 >20 days (40 °C) 1585 (s) ~20days (30 °C) Cu: 1587 (s)
~ 15 days (40 °C) Zn: 1539 (s)

A values from [70]

8 indicative times (see Materials and Methods, 2.2.3)
v,santisymmetric stretch

s strong, m medium, w weak, vw very weak, int. intermediate

surfaces of both pure copper and copper-zinc alloy
interact with the metal surface and form the corre-
sponding metal carboxylates. The phenomenon is fol-
lowed by both the consumption of the parent acid
(carbonyl infrared bands) and the formation of the
products (carboxylate bands). As a control, a similar
deposition of fatty acids on gold mirror-like surfaces

did not produce any carboxylates, due to the inertness
of gold (see Materials and Methods, 2.2.4).

Most spectra bands of the carboxylate products cor-
respond to the reference spectra of copper carboxylates
(as shown through the synthesis presented in the experi-
mental section of this work) and zinc carboxylates [13].
Generally, well-crystallized metal soaps show sharp
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bands, while broad line shapes generally denote amor-  (C8) and 1424 cm™ (C10-C18) with A at~157-168 and
phous regions, due to complex mixtures. The main cop- cm™! (see values for the authentics in Additional file 1:
per carboxylate maximum shows the antisymmetric  Table S1) which has been assigned to a bridged bidentate
peak at 1580—1586 cm ' and the symmetric one at 1415  dimer with a geometry resembling that of a paddle-wheel
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[54, 55], shown in Scheme 1la. Besides, the line shape of
the carboxylate bands depends on the crystallinity of
the soap, which may variably depend on the surround-
ing medium [23, 24, 73]. At this point, based on the fact
that excellent crystals are formed during the processes
studied in this work, it should be noted that future work
involving X-Ray diffraction data to straightforwardly
compare with infrared results and particularly, with sym-
metry considerations and the A value is needed.

Reactivity and the intermediate

One of the findings of this research is the variation in FA
consumption and carboxylate formation rate depending
on their alkyl chains. For the lower FA, compensation for
evaporation was necessary through normalization, which
allows the study of the chemical process alone, and also
the better comparative monitoring of all species. The
infrared subsequential runs showed that C6, C8, and C10
(liquids in the temperature of these experiments) were
consumed considerably faster than the rest of the mono-
acids (solids); this was also visually confirmed. Caproic

acid (C6, m.p. -3 °C), which has the shortest alkyl chain
among those investigated, shows the fastest consump-
tion, which however, evaporated at room temperature
posing difficulty for its monitoring; evaporation was
slower for caprylic (C8, m.p. 16.5 °C) and capric (C10,
m.p. 31.4 °C) acids. Nevertheless, on average, their prod-
uct formation rates were found to decrease as alkyl chain
length increases.

Respectively, consumption of the corresponding FA
followed after compensation for evaporation through
spectra normalization (See Materials and Methods,
2.2.2), occurred in a matter of a few hours in near ambi-
ent temperatures on both types of surfaces, as shown in
Table 2, and Fig. 6, and Additional file 1: Figure S2. The
decrease of the acid carbonyl band (Fig. 2e, f for C8) dur-
ing the time drive shows first, a slow part for the lower
acids occurring almost simultaneously within the time
frame of the 1614 cm™! intermediate, followed by a faster
section until its full consumption.

The intermediate at 1615 cm™! is another interesting
result of this study. An analogous band at 1620 cm™! has
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been previously reported in the case of an ethyl acrylic
acid co-polymer, which was generally assigned to a cop-
per acrylate coordination complex [61]; this band was
more prominent in the case of heavily corroded copper
coupons bearing copper oxides (cuprite, Cu,O, and ten-
orite, CuQ). The fact that this same band is also formed
in unpolished copper surfaces in this study, leads to
the conclusion that this is also a carboxylate, possibly a
substitution product of FA and cuprous oxide (cuprite,
Cu,0), and, therefore, this most possibly refers to a
copper(I) carboxylate. Furthermore, considering the
symmetric stretch maximum at 1396 cm™! for the inter-
mediate, the high A value (~ 215 cm™) of this carboxylate
band suggests a low-symmetry unidentate coordination
[50, 52, 74], which could be explained by the Cu(I) com-
plex. In copper-zinc alloys, zinc is also oxidized in the
presence of oxygen and humidity to zinc oxide (ZnO),
and therefore, similar reaction schemes may explain the
zinc carboxylates at 1530, and 1560 cm ™.

An additional difficulty concerned the reproducibil-
ity of kinetic runs, after being attempted in multiples. In
addition to the evaporation phenomenon for C6, C8, and
C10 (mentioned above), the lack of random encounters
between fatty acids and metal sites available for the reac-
tion is a crucial factor, responsible mostly for the higher-
m.p. members, which are solid at ambient temperature.
It should be kept in mind that in the case of kinetics in
solutions, encounter and heat exchange randomness is
well-obeyed, and therefore reaction rates under similar
concentrations, temperature, and pressure can be satis-
factorily reproduced [75]. On the other hand, reactions
at solid—solid interfaces, such as the mid- and higher-FA-
metal interface are controlled by the molecular packing
and contact at the interface between the generally immo-
bile reagent molecules or ions [76]. Besides, the variabil-
ity of ‘film’ thicknesses (majorly influenced by immediate
solvent evaporation after dripping the fatty acid solution
on the metal surface) is an added factor that needs to be
controlled. Under our repeated kinetic runs, even though
temperature and FA concentrations in dripped solu-
tions were kept under control, fatty acids were unevenly
deposited on the surfaces, so that areas of higher FA
thickness suggest more molecular layers on the flat metal
surface. As a result of the gradual consumption of the
lower-lying FA layers, metal sites are partly covered with
newly-formed carboxylates, and are therefore, less avail-
able for reacting with the overlying FAs; this may result
in a non-uniform propagation of the overall reaction. At
this point, the need for reproducible conditions needs to
be addressed, among others, involving the study of uni-
molecular FA ‘films’ on copper and copper-zinc alloy sur-
faces and following their reaction rates towards copper
and zinc carboxylates. As a result, only ‘representative’
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kinetics, are presented in this work, which however dem-
onstrate the reactivity differences between the various
FAs.

The higher acids, lauric, myristic, and stearic, are react-
ing considerably slower reflecting the molecular mobil-
ity; stearic acid (m.p. 70.1 °C) for instance, at moderately
elevated temperatures (Table 3) reacts within 25 days on
the pure copper surface and 8 days on the copper-zinc
alloy surface, while its full consumption is projected to
reach ~40 days in room temperature (comparing Addi-
tional file 1: Figures S5 and Table 3). The lower reactiv-
ity of the higher FA can be linked (a) to their restricted
molecular mobility (depending on alignment and hydro-
phobic associations among alkyl chains [13, 77], and the
consequent orientation of the polar carboxyl end towards
the metal surface with a tilted molecular geometry (~ 15°
angle with respect to the normal) [39, 42, 43]), and (b)
to their lower acidities (pKa values of 4.8-5.0 for short
chains may reach 8-10 for C16 and C18, also controlled
by chain lengths and interchain distances upon packing,
as well as the chemical nature of the interface [78, 79]).
This allows a self-assembled monolayer (SAM)-type for-
mation that may offer a temporary protective layer, finally
resulting in a decrease of the reaction rate [42, 43].

Cu + 140y + HyO — Cu®' 4+ 20H~ (1)
RCOOH + OH~ — RCOO~ + H,0O )
2RCOO™ + Cu?*t - (RCOO),Cu 3)

Equations (1-3) explain the cupric carboxylates (infra-
red maximum at 1585-1580 cm™) gradually building
from all FA through the electrochemical processes (1-3).
At the first level, the intermediacy of oxygen is necessary
for the overall process, as shown in a controlled experi-
ment for C8 under nitrogen purging (see Materials and
Methods, 2.2.5). Given, also, that a thin film of cuprite
(Cu,O) is instantly formed through an electrochemi-
cal process on the copper surface when exposed to oxy-
gen (Eq. 4), this oxide may react with FA according to
the substitution reaction of Eq. 6. It needs to be pointed
out that no copper oxides could be detected during the
course of the reactions; the use of Raman Spectroscopy
could be proposed to this end.

Short and medium chains (C6, C8, and C10) allow
flexibility of movement, with FA molecules managing
to effectively anchor on the metal surface and promote
the reaction described in Eq. 6 of the following scheme
[43, 44, 80—82]. The participation of ambient water, as
shown in Equation, can be justified based on ambient
RH (ranging between 37 and 42% in these experiments).
Nonetheless, since no infrared peaks due to hydrated
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carboxylates, centered at 3300 and 1630 cm™' were

detected during the experiments on copper surfaces, it
appears that water does not participate in the carboxylate
formation (cf a previous work [13], where the hydrated
calcium and zinc carboxylates were formed in vitro).

Cu + 1509 — CuO (4)
CupO + 150y — 2CuO (5)
2RCOOH + Cuy,O — 2RCOOCu® + H,O  (6)

2RCOOH + CuO — RCOO,Cu® + H,0  (7)

which explains the fast formation of cuprous carboxylates
(1615 cm™) on pre-corroded copper and copper alloy
surfaces. Our experiments on clean/polished coupons
have also shown the same infrared band initially building
up as an intermediate and then being transformed into
cupric carboxylates.

Acid carbonyl maxima

The actual acid carbonyl infrared maximum depends
majorly on the ability for hydrogen bonding between
the OH and C=0 of adjacent molecules [13, 83]; the
stronger the intermolecular bonding, the stronger the
intermolecular attraction on both groups and the higher
the downshift of their maxima, as well as the line broad-
ening of their band shapes [84—87]. The actual carbonyl
absorption along with the dimer bands are typically
expected to better reflect intermolecular association and
proximity. However, when the fatty acids are deposited
from their solutions on a metal surface, a molecular layer
at the highest proximity to the metal surface develops
by orienting fatty acid molecules with their carboxylic
functionalities towards the surface [88]. This is reflected
in the actual carbonyl infrared maxima; proper orienta-
tion enforces an attraction between the negative edge of
the carbonyl and the electropositive metal surface, and
a maximum of 1715-1710 cm ™! is observed, downshift-
ing well below 1700 cm™!, reaching 1685 cm ™. In most
of our spectra, both maxima at 1710-1700 and 1690—
1685 cm™! are detected. This happens, presumably, due
to two types of interactions, the first between the two
carbonyl functionalities of paired FA molecules, typically
composing a well-documented loose dimer [13, 53, 83,
89], and the second between the metal and the carbonyl
functionality [90] which further downshifts the maxi-
mum at below the 1700 cm™" region. This phenomenon
is more obvious for the higher acids where their longer
chain assists an effective orientation into self-assem-
bled monolayers (SAM), i.e., closely packed conforma-
tions accommodating the long alkyl chains in a parallel
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fashion and the carboxylic groups spontaneously orient-
ing towards the surface of metals such as gold, silver, and
copper [40, 42, 88], and also, iron [39].

The reactivities of fatty acids can be explained on
the above basis. The SAM phenomenon is stronger
for the longer alkyl chain FA closest to the surface, as
shown by the acid carbonyl infrared maxima, observed
directly after deposition, which vary in the range 1710-
1688 cm™!. While caproic and caprylic acids (C6, and C8,
respectively, Figs. 1, and 2) showed generally upshifted
maxima at~1710 cm™!, upon consumption (and con-
sequent thinning of the FA layer) gradually downshifted
to 1705 cm™! (reflecting the weak molecular organiza-
tion of these acids). Capric acid (C10, Fig. 3) exhibits a
1705 cm™! maximum in its thick layers (estimated at
2.9 um, see Materials and Methods, 2.2.6), downshift-
ing to~1690 cm™ when reduced to a thinner layer
(<0.4 pm). On the other hand, C14, C16, and C18 (Addi-
tional file 1: Figure S4, and Fig. 5) show an acid carbonyl
doublet at ~ 1688 and 1700, reflecting an ordered assem-
blage of the lower FA layers, and a loose molecular organ-
ization, respectively.

Fatty diacids and protection strategies

Another interesting finding is the absence of FdiA reac-
tivity on clean/polished pure copper and copper-zinc
alloy surfaces. Suberic (C8di) and azelaic (C9di) acids
showed their maxima at 1690 and 1692 cm™}, respec-
tively, both downshifted compared to their bulk values
[13, 92]. This suggests the existence of closely packed
organized molecular conformations on the clean (i.e.,
corrosion-free) copper surfaces formed by anchoring
one of their two carboxylic functionalities on the metal
via deprotonation and carboxylate bonding [93, 94].
These conformations can be of either (a) the self-assem-
bled multilayer type, near-vertically tethered on the
metal surface through gauche (Scheme 1d) and zigzag
(Scheme 1e) conformations, previously reported to occur
in the bulk [13, 77] or (b) a near-horizontal array type,
stabilized on the metal surface by self-complementary,
hydrogen-bonded carboxyl groups. The first suggestion
may better explain the complete absence of reactivity
of C9di as the proposed assemblage of Scheme le may
account for the downshifting of the acid carbonyl band
to 1694 cm™' (similar to that on the gold mirror) as
compared to its bulk value at 1700 cm™ L besides, this
arrangement may work as an effective barrier for oxygen
and moisture, preventing their attack on the copper sur-
face. Similar self-assembled structures have been previ-
ously detected in the case of aromatic diacids on copper
[93]. Further evidence for the above can be provided in
future research through atomic force microscopy (AFM)
and scanning tunneling microscopy (STM). On the other
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hand, the immediate carboxylate formation by diacids on
pre-corroded surfaces suggests a fast substitution reac-
tion between the diacids and the copper oxide(s), simi-
lar to that of fatty monoacids, that leads to the formation
of carboxylates. The fact that the FdiA infrared bands
remain stable within the time range of our observation
at room temperature, implies that no redox reaction or
other similar transformation takes place. Given the fact
that a discussion has been going on regarding the anti-
corrosion action on metal surfaces through the use of
fatty acids [95], carboxylates and oxalates [96, 97], and
SAMs [43], the use of FdiA could be added as a possible
protective strategy, which opens a channel for promising
future research.

Applications in archaeometry
From the standpoint of organic residues on archaeologi-
cal copper surfaces [14], the detection of a 1585 cm™
infrared band in a sample suggests a carboxylate that
can be linked to a fatty acid precursor hydrolytically
produced from a fatty ester. Besides, in the case of brass
objects (i.e. Cu—Zn alloy), the presence of an additional
double maximum at~ 1550 and ~ 1525 cm™! can be con-
nected with the presence of low and medium alkyl chain
(C6, C8, and C10) fatty acids, while a maximum at 1537-
1540 cm™, with the presence of higher acids (C14-C18).
Besides, based on the results of this research, it could
be reasonable to theorize that detection of the 1615 cm ™
band is an indication of the action by C10 or lower FA
deposited on pre-corroded copper alloys. On the other
hand, the detection of other carboxylates but the absence
of this specific band could either mean FA higher than
C10, or FA of the lower range deposited on non-corroded
copper alloy. The entire group of both copper and zinc
carboxylates, in general, could work as molecular mark-
ers providing useful information regarding the type of
substances that were kept in copper containers, indirectly
specifying their uses and function.

A proposed variation of copper-based dosimeters

The variable reactivity of FAs on copper surfaces may
apply as a possible variation of the Oddy test [98-100].
This generally involves dosimeters made of copper or
other metal foils or coupons, originally proposed and
used for monitoring volatile corrosive environmental
pollutants. In light of the modifications that have been
proposed for adapting and developing the test [101,
102], and also taking the lead from a previous report on
the formation of copper soaps on reference copper alloy
plates [103], it can be proposed that if an organic solvent
extract of a free FA-containing organic material or resi-
due is dripped on copper, or brass-made dosimeters, cop-
per or copper-zinc carboxylates (depending on the type
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of metal), may be formed, which can be spotted by visual
inspection.

Furthermore, and more importantly, in light of the
results of this work, the above application has more par-
ticularly the capability to distinguish between various FA
chain lengths by simply inspecting the copper corrosion
state at certain intervals, on the basis that low-mid FAs
are expected to form carboxylates within hours, while
the higher ones, within days. Besides, given the volatil-
ity of the lower acids, contactless formation of carboxy-
lates may be expected, by simply exposing the dosimeter
in vapor-saturated residue-containing closed spaces. This
way, the presence of fatty acids in certain environments
can be monitored by the use of this method and thus be
a useful tool in the hands of conservators and museum
caretakers.

Conclusions

All investigated fatty acids are reactive on copper and
copper-zinc alloy surfaces forming the correspond-
ing carboxylates. Their diverse reactivity depends (a) on
their alkyl chain length (FA with longer alkyl chains react
slower), (b) on whether they have one or two function-
alities (i.e., monoacids or diacids), (c) on the elemental
composition and (d) on the condition of copper sur-
faces. Lower and mid-chain fatty monoacids depos-
ited on freshly cleaned/polished surfaces (i.e. carrying
minimal corrosion in the form of oxides), initially form
an intermediate copper carboxylate species (signature
peak at 1614 cm™!), which is subsequently transformed
into the major Cu(Il) carboxylate with a signature peak
at 1585 cm™L. In pre-corroded copper surfaces, the for-
mer band is immediately observed along with the other
carboxylates. It could be argued that the detection of
this infrared peak in archaeological organic residues
may reflect the initial condition of the copper or copper
alloy surface, drawing implications on the archaeometry
level; however, caution is needed in the interpretation of
such results as short-chain MFAs, along with the more
prominent FdiAs might be the degradation routes end-
products of unsaturated FAs. The detection of certain
carboxylates in organic residues within archaeological
copper objects can be connected to their corresponding
FA precursors, i.e., short, mid, and long chains, and lead
to an indirect determination of the organic substance
stored in a container.

The absence of reactivity of fatty diacids on clean cop-
per surfaces is an interesting phenomenon that could
contribute to fatty acid-based strategies for the protec-
tion of copper objects. More work is needed to further
investigate this phenomenon and its applications; specifi-
cally, the possible protecting action of diacids on copper

surfaces could be evaluated via E,,, and electrochemical
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impedance measurements on copper alloys at various  corresponding author was funded by the Special Account of Research Funds
conditions of the University of West Attica. It was also, in part enabled by the University of

West Attica adjunct professorship funding for the participation of Dr. Leonidas
Finally, the relative intensities between the acid car-
bonyl and the various carboxylate infrared bands and the
way they are connected with the reactivities of the vari-
ous acids could work towards developing an extension of
the Oddy test.
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FdiA Fatty diacids

MC Metal carboxylates
CuC Copper carboxylates
ZnC Zinc carboxylates

CudiC  Copper diacid carboxylates [# dicarboxylates!]
ZndiC  Zinc diacid carboxylates [# dicarboxylates!]
SAM Self-assembled monolayers
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Additional file 1: Figure S1. FTIR spectra of authentic copper carboxy-
lates. Infrared spectra (the 1650-1150 cm™' region) of authentic copper
carboxylates C6, C8,C10,C12,C14,C16,C18, C8di, and C9di. Table S1.
Selected infrared maxima and melting points of fatty acids and the corre-
sponding copper carboxylate authentics. Figure S2. C6. Indicative kinetics
of the carboxylic acid C6 and C8 and the corresponding carboxylate
bands: (a) caproic acid (C6), and the caproate species on Cu-Zn alloy; runs
on copper metal could not be successfully followed as due to reparation
the acid was elusive; caprylic acid (C8) on (b) copper and (c) copper-zinc
alloy surface. Data points in (a) were obtained from original spectra, while
data points in (b) and (c) were obtained from normalized spectra for com-
pensating loss due to evaporation. Figure S3. FTIR of polished/clean and
corroded Cu surfaces. Infrared spectra of metal surfaces (a) clean/polished
Cu surface; (b) clean/polished Cu-Zn alloy surface; (c) pre-corroded Cu
surface; (d) pre-corroded Cu-Zn alloy surface; and (e) for comparison,
C14 immediately after deposition on clean/polished Cu-Zn alloy surface.
Copper corrosion products on (c) and (d) appear as Reststrahlen bands at
the right end of the spectra. Figure S4. C14. The region 1800 - 1500 cm ™'
of consecutive spectra of C14 after deposition on clean/polished surfaces
(a) copper, and (b) Cu-Zn alloy. Runs conducted at 20 °C. Figure S5. Con-
secutive spectra of C16 after deposition on Cu-Zn alloy clean/polished
surfaces; (a) full spectra; (b) zoom in the region 1800 — 1500 cm™". Runs
conducted at 40 °C. Figure S6. Indicative kinetics of C18 showing acidic
carbonyl (1699 cm~") and carboxylate (1585 cm™"). Figure S5. Corre-
sponding absorbance time drives of C18 carboxylic acid and carboxylate
bands on (a) pure Cu, and (b) Cu-Zn alloy surface. Table S2. Estimation of
fatty acid film thicknesses on metal surfaces.
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